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Abstract 

The phase behaviour and thermo-physical properties of bitumen/solvent systems are 

of crucial importance for heavy oil and bitumen in-situ recovery methods as well as 

pipeline transportation, surface upgrading, and refining. The equilibrium properties of 

mixtures containing heavy oil are also important for the development of numerical 

simulators, the application of various thermal and non-thermal recovery processes, and 

the application of fluid extraction processes. 

The main objective of this study was the development of a comprehensive 

understanding of the phase behaviour of bitumen/solvent mixtures. A new pressure-

volume-temperature (PVT) apparatus was designed and constructed to acquire 

experimental data for the phase behaviour of bitumen/solvent mixtures and their thermo-

physical properties. A new methodology for phase detection and accurate volume 

measurements was proposed for obtaining single liquid, vapour-liquid, and liquid-liquid 

equilibrium properties as well as the extraction yield for bitumen/solvent systems.  

New vapour-liquid and liquid-liquid equilibrium data for Athabasca bitumen / ethane 

and Athabasca bitumen / propane mixtures were experimentally acquired and 

corresponding phase diagrams were generated over wide ranges of temperatures and 

pressures. The effect of different parameters, such as the solvent-to-oil ratio, pressure, 

and temperature, on equilibrium phase compositions, saturated phase properties (density 

and viscosity), and the distribution of fractions in different phases were studied. The 

optimal solvent for bitumen viscosity reduction was identified at different operating 

conditions. The potential applications of ethane and propane for the supercritical and 

subcritical extraction of valuable components from bitumen were also experimentally 

evaluated. The generated data were then modelled with the Peng-Robinson equation of 

state to accurately predict the phase boundaries and phase compositions. 

New measurements for thermo-physical properties of Athabasca bitumen / n-hexane 

and Athabasca bitumen / condensate mixtures were conducted at different temperatures, 
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pressures, and solvent weight fractions. The mixture density and viscosity data were 

evaluated with predictive schemes as well as with correlation models representing certain 

mixing rules proposed in the literature. The influences of pressure, temperature, and 

solvent weight fraction on the density and viscosity of mixtures were considered in the 

models and evaluated from the experimental results. 
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Chapter 1:  Introduction 

Heavy oil and bitumen reserves as an alternative to conventional oil reserves have 

attracted increasing attention in recent years. The world's total estimated reserves of 

conventional oil are one trillion barrels, whereas heavy oil, tar sands and bitumen 

reserves amount to six trillion barrels of oil in place (Das and Butler 1998).
 
The majority 

of heavy crude resources are in Canada (~36%) and Venezuela (~27%) (Janish 1979). 

Unconventional oils are very viscous and immobile at reservoir conditions; hence, 

recovery techniques that are used in conventional reserves are not applicable and 

practical for heavy oil and bitumen resources. Production of these oils requires 

specialized extraction techniques. Different technologies, both surface-mining and in-situ 

processes, have been developed for extracting these resources which may supply the fuel 

demand for the next few centuries. Open pit mining is applied for unconsolidated oil 

sands at shallow depths (depth less than 100 meters). In this technique, the bitumen 

mixed with sand is extracted and the bitumen is then separated from the sand using hot 

water and solvent (Tipman et al. 2001). The open pit mining is not applicable for oil 

sands that are deposited hundreds of meters deep. In-situ bitumen recovery from oil sand 

formations has become economically successful in Canada in the past two decades. 

Inventions and developments of recovery processes utilizing steam injection, such as 

cyclic steam stimulation (CSS) and steam-assisted-gravity-drainage (SAGD) have 

contributed to this success (Butler and Stephens 1981; Butler 1985). 

The current steam-based processes are not optimal: 1) high energy is required to 

generate steam makes the processes economically vulnerable to high fuel costs; 2) the 

product quality is poor (subject to substantial differentials in selling price); 3) the product 

requires dilution with expensive solvents in order to be transported by pipeline and 

accepted by heavy oil refineries; and, 4) significant emissions of greenhouse gases, large 

consumption of fresh water for steam generation, high costs of the produced water 
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treatments for reuse, and environmental concerns over the waste water disposal make the 

current steam-based processes not only economically vulnerable, but also very 

environmentally unfriendly. 

Solvent-assisted processes potentially provide remedies to the limitations outlined 

above. When bitumen is heated during the SAGD process, the heat provided by steam is 

consumed by the bitumen and the surrounding reservoir formations. Large portions of 

energy are lost and unrecoverable. In a solvent injection process, the solvent injected into 

the reservoir is largely recoverable with the produced bitumen. Solvents can also 

contribute to in-situ upgrading of bitumen to produce higher grades of heavy oil than the 

original bitumen. The compounded effects of solvent and heat on the bitumen viscosity 

can provide bitumen production rates that could be equivalent to or higher than those 

from injection of steam alone. This improved recovery product is complimented by a 

process that uses less fresh water and has lower greenhouse gas emissions. Improving the 

knowledge around the use of solvents for recovery processes supports the goals of 

developing recovery methods that have a reduced environmental footprint.  

Numerous schemes to utilize solvent and heat have been invented and patented, e.g. 

N-Solv (heated solvent vapour injection), ES-SAGD (expanding solvent-SAGD), 

SAVEX (vapour extraction initiated by SAGD) and LASER (liquid addition to steam for 

enhanced recovery). Each method appears to have shown promising results in laboratory-

scale tests (Fraunfeld et al. 2005; Orr 2009). However, there is a distinct lack of basic 

data and mechanistic knowledge relevant to the solvent/heat-assisted-recovery processes. 

Even the most fundamental experimental data, such as solubility of commonly used 

solvents in bitumen are not available. Quantitative effects of solvent on bitumen viscosity 

and phase behaviours are also not well understood. Despite the importance of 

experimental data for developing a good understanding of solvent-assisted bitumen 

recovery processes, there are few studies that have considered low operating temperatures 

(<120°C) and/or light hydrocarbon gases (i.e. methane and ethane). 
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In addition to their application for the recovery and production of bitumen, solvents 

are also utilized for transportation and processing of bitumen. The recovered bitumen is 

highly viscous at ambient temperature and its viscosity should be lower for economical 

transportation. There are several techniques for reducing heavy oil and bitumen viscosity: 

heating, dilution, and oil in water emulsion (Escojido et al. 1991). The heating method is 

not really practical in Canada, due to atmospheric conditions. In the winter months, heat 

lost is high due to very low temperatures.  

In Canada, USA, and Venezuela, dilution is the most practical method and has been 

extensively used by industry. The heavy oil viscosity is reduced by blending it with a less 

viscous hydrocarbon, such as condensate, natural gasoline or naphtha (Escojido et al. 

1991). There is an optimal viscosity for bitumen/condensate blends which can be 

obtained based on the size of pipeline and pump requirement. This optimal viscosity 

occurs at an optimal diluent concentration and corresponds to economical transportation 

of bitumen (Escojido et al. 1991). To obtain this ideal concentration, accurate viscosity 

data for the mixture of bitumen and diluent at different diluent concentrations are 

required. An appropriate model that can represent the viscosity and density of bitumen 

diluted with solvent is also very important and essential. Such a model will help in the 

accurate prediction of the thermo-physical properties of bitumen/solvent mixtures and 

improvement in the design and optimization of the process. 

Bitumen is a mixture of valuable components (e.g. light and medium hydrocarbon 

components) and undesirable components (e.g. asphaltene). To remove unwanted 

components and improve the quality of the produced oil, upgrading techniques and 

extraction processes have been considered by the oil industry. Light hydrocarbon 

solvents, such as ethane and propane, can be used for bitumen upgrading and supercritical 

extraction (Pang and McLaughlin 1985; Deo et al. 1992; Subramanian and Hanson 1998; 

Rose 1999). 

Supercritical extraction increases the amount of components extracted and has a high 

solvent recovery. At supercritical conditions, the solvent behaves like a liquid and its 
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solubility increases significantly; therefore, it can extract more components from 

bitumen. Another main advantage of supercritical extraction is high solvent recovery. The 

solubility of solvent can be dramatically changed by adjusting the temperature and 

pressure, and its value can decrease significantly. Ethane is one of the best candidates for 

the supercritical extraction of valuable components from bitumen. Ethane and carbon 

dioxide have favourable critical properties and can be used in the supercritical extraction 

process at relatively low temperatures (close to ambient temperature) (Yu et al. 1989; 

Rose 1999). Propane can also be considered for supercritical extraction, but at slightly 

higher temperatures (temperature more than 100°C) (Deo et al. 1992). 

Supercritical extraction has been a well-known technique for more than a century 

with wide applications in the food industry (Zosel 1978). However, it is a new technique 

for heavy oil and bitumen recovery, and a significant gap exists in the literature regarding 

the supercritical extraction of heavy oil and bitumen. The field and commercial 

applications of supercritical extraction require phase behaviour data of the 

bitumen/solvent systems. 

In conclusion, hydrocarbon solvents can be used for recovering, transportation, and 

processing of heavy oil and bitumen. Hydrocarbon solvents can be used as additives to 

steam-based in-situ recovery processes to improve the performance of the process and 

reduce its environmental impact. They are widely used for viscosity reduction in bitumen 

transportation, and they are used for surface upgrading or supercritical extraction to 

improve the quality of the produced oil. Apart from the process type, the phase behaviour 

and thermo-physical properties of bitumen, hydrocarbon solvents, and their mixtures are 

required to design and optimize these processes. 

This study is aimed at providing a good understanding of the phase behaviour of 

bitumen/solvent mixtures applicable for in-situ recovery processes, surface upgrading 

methods, and pipeline transportation. Thus, a PVT apparatus was designed and 

constructed to conduct the phase behaviour experiments for different bitumen samples 

from Athabasca field diluted with different solvents (ethane, propane, hexane, and 
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condensate). The generated results include the composition, density, and viscosity of 

phases at equilibrium condition as well as the extraction yield and phase partitioning 

occurs in bitumen/solvent mixtures. The measured density and viscosity data for bitumen, 

solvent, and their mixtures were evaluated with predictive schemes as well as with 

correlation models representing certain mixing rules proposed in the literature. The 

influence of pressure, temperature, and solvent weight fraction on the density and 

viscosity of mixtures was considered in the models and evaluated from the experimental 

results. The vapour-liquid and liquid-liquid equilibrium compositions were modelled with 

Peng-Robinson equation of state. The simulated distillation (SimDis) data were used to 

characterize the bitumen and the component properties (boiling point, molecular weight, 

and specific gravity) were calculated from the extrapolation of existing correlations. 

This dissertation is organized into eight chapters. Chapter 1 provides a general 

description of the application of hydrocarbon solvents in the production and processing of 

heavy oil and bitumen. It also lists research objectives followed in this study and the 

organization of the text in different chapters. Chapter 2 provides an extensive description 

of the designed experimental apparatus and procedures. It includes the design, fabrication 

and quality check of the apparatus. The experimental procedure and methodology used 

during the course of this study are explained in full detail in this chapter. 

The measurements of bitumen properties, such as density, viscosity, compositional 

measurements, molecular weight and saturate-aromatic-resin-asphaltene (SARA) 

analysis, are presented in Chapter 3. The density and viscosity were measured over a 

wide range of temperatures and pressures. These measurements were used for the 

interpretation of the solvent effect on bitumen properties and also used for a modelling 

study, as detailed in the remaining chapters. 

Chapters 4 and 5 present the vapour-liquid and liquid-liquid phase equilibria for 

bitumen/ethane and bitumen/propane mixtures. The results of vapour-liquid equilibria 

cover the solubility, density, and viscosity measurements of the saturated liquid, K-

values, and gas-oil ratio (GOR) for the temperature range of 50 to 190°C and the pressure 
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range of 1 to 8 MPa. For liquid-liquid equilibrium conditions, the properties of 

equilibrium phases as well as component extraction using ethane and propane were 

investigated. The effects of pressure, temperature, and overall solvent concentration on 

the phases’ composition, density, viscosity, and compositional analysis have been 

studied. 

Chapter 5 ends up with the results of a series of phase behaviour experiments at 

constant solvent concentration for ethane, propane, and butane. In these experiments, the 

effect of dissolution of different solvents on the thermo-physical properties of the 

saturated bitumen was investigated. Along with gaseous solvents (ethane and propane), 

two liquid solvents (n-hexane and condensate) were considered in the phase behaviour 

studies in Chapters 6 and 7. A different approach was considered for these experiments. 

A specific amount of liquid solvent was dissolved in bitumen, and the viscosity and 

density of the liquid were then measured. At high concentrations, possibilities of liquid-

liquid equilibrium or formation of solid asphaltene were considered and investigated. 

Chapter 8 presents the phase behaviour modelling study of bitumen/solvent systems 

using the Peng-Robinson equation of state. The modelling study starts with bitumen 

characterization using the compositional analysis, density and molecular weight of the 

bitumen. The characterized bitumen was then introduced into the equation of state model. 

Finally, the equation of state was tuned to match the vapour-liquid and liquid-liquid data.  
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Chapter 2:  Apparatus and Verification
1
 

This chapter provides an extensive description of the designed experimental 

apparatus and procedures. It includes the design, fabrication and quality check of the 

apparatus. The experimental procedure and methodology used during the course of this 

study are explained in full detail in this chapter. The validation of generated experimental 

data is also presented in this chapter. The designed experimental apparatus was used for 

all phase behaviour measurements reported in this thesis. 

One of the major challenges in the phase behaviour experimental study of heavy 

crudes, such as bitumen and solvent systems, is the long equilibration time that is 

dependent on the experimental conditions. These conditions include pressure, 

temperature, and the unique properties of the solvent and oil. Oil viscosity is the key 

factor that determines the equilibration time, especially at low temperatures found in 

reservoirs where the oil viscosity (e.g. Athabasca bitumen) is in the order of million 

centipoises. 

Previous researches into the phase behaviour of bitumen/solvent systems show that 

equilibration is the most time-consuming part of the experiments. Effective mixing, 

through agitation by rocking, results in a reduction in the time required to reach 

equilibrium. At low temperatures, around room temperature, the experiments still require 

a long time to reach equilibrium even when the equilibrium cell is agitated. 

In our previous study (Kariznovi et al. 2011a), we reviewed experimental setups that 

have been used for the phase behaviour study of bitumen/solvent systems and highlighted 

their shortcomings and limitations. A new apparatus that can cover a wide range of 

temperatures (up to 200°) and pressures (up to 40 MPa) was proposed to overcome these 

                                                           

1 Some portions of this chapter are reprinted from “Fuel Processing Technology, 102, H. Nourozieh, M. Kariznovi, J. Abedi,
Development and evaluation of a modified experimental apparatus for phase behavior study of solvent–heavy crude systems, 116-123, 

Copyright (2012), withpermissionfromElsevier.”and“Fuel, 90, M. Kariznovi, H. Nourozieh, J. Abedi, Experimental apparatus for 

phase behavior study of solvent–bitumen systems: a critical review and design of a new apparatus, 536-546, Copyright (2011), with 
permissionfromElsevier.” 
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shortcomings. The proposed experimental setup was verified using simple binary and 

ternary systems. The apparatus was validated using data from the literature for three 

different systems: vapour-liquid, liquid-liquid, and vapour-liquid-liquid. The results for 

these systems were compared with published data and good agreement was obtained. 

In this chapter, the proposed apparatus and its modifications are explained in detail. 

The rocking mechanism in the proposed apparatus accelerated the experiments and 

reduced the equilibration time; however, it still takes a few days to run an experiment for 

the phase behaviour study of bitumen/solvent mixtures at low temperature conditions. 

Thus, it is necessary to conduct parallel experiments either using two apparatuses or 

using a new approach. Conducting parallel experiments in phase equilibrium can 

significantly reduce the time required and provide the opportunity to undertake two, 

three, or even more experiments simultaneously. The experimental results of Luo et al. 

(2007a) indicate that the equilibration time for a Lloydminster heavy oil and propane 

system at constant temperature and different pressures were almost the same. 

Accordingly, the design of an experimental apparatus with two or more equilibrium cells 

installed in an oven could significantly increase the number of experiments that can be 

conducted in a certain period of time. 

The experimental results by Luo et al. (2007b), Zou et al. (2007), Jossy et al. (2009) 

and Nourozieh et al. (2010) indicate that solvent-to-bitumen ratio affects equilibrium 

phase properties, such as density, viscosity, volume, and phase composition. The solvent-

to-solute ratio is also a significant parameter in supercritical fluid extraction processes, 

where the low volatility materials are extracted from various mixtures. Generally, two 

different techniques have been applied for cases where the bitumen-to-solvent ratio was 

constant. The first technique uses flow-cell apparatus, in which both the solvent and 

bitumen were continuously injected into a mixing cell (Yu et al. 1989). The equilibrium 

fluids were then transferred into a visual cell separator, where the phases were segregated 

by density difference. The second technique, proposed by Han et al. (1992), was used to 

collect solubility data for solvents in heavy hydrocarbons. The bitumen was fed into a cell 
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and the solvent was added to keep the pressure constant. Thus, an apparatus with two or 

more equilibrium cells in a temperature-controlled oven could be used to conduct 

multiple simultaneous experiments with different solvent-to-bitumen ratios at constant 

temperature and pressure. 

Following this discovery, an apparatus capable of conducting two parallel 

experiments at the same time was designed. The apparatus is capable of conducting 

experiments related to phase behaviour study of bitumen/solvent mixtures which are 

applicable for both in-situ recovery methods and fluid extraction processes. In addition to 

the phase behaviour study of heavy oil systems, the apparatus can be used for the 

experimental investigation of phase partitioning, phase separation, and component 

extraction using different solvents. This modification can be expanded to more 

equilibrium cells. 

2.1. Designed Apparatus 

The experimental apparatus was designed to acquire the following experimental data 

for various bitumen/solvent systems at a wide range of temperatures and pressures: 

1. The solubility of solvents in bitumen 

2. The number of phases, volume ratios, and the composition of each phase at 

equilibrium 

3. The viscosity and density of the saturated phases 

4. The extent of extraction 

5. Asphaltene precipitation and flocculation 

The schematic diagram of the apparatus is shown in Figure 2–1. It consists of two 

feeding cells, two equilibrium cells, four sampling cells, an auxiliary cell, a density 

measuring cell, a viscometer, and three Quizix automated pressure-activated pumps. The 

equilibrium and sampling cells, density measuring cell, and viscometer are placed in a 

temperature-controlled Blue M oven. The Quizix pumps charge and discharge water to 
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displace the fluids or keep the pressure constant. The equilibrium, sampling, feeding, and 

auxiliary cells are equipped with pistons to prevent the contamination of the mixture with 

water. The pistons are sealed with Viton o-rings supported by Teflon® backup rings. 

The density measuring cell and viscometer are used for phase detection, showing a 

clear phase separation, and allowing for accurate phase volume measurements. The 

density measuring cell can detect any phase that passes through it allowing for the 

detection of the phases with very small volume. While commercial PVT systems require 

a subjective visual observation for phase detection, this apparatus does not. Data are 

produced directly without a subjective evaluation.  

The rocking equilibrium cells have a maximum volume of about 900 cm
3
 providing 

sufficient saturated phase volume for the measurement of physical properties, such as 

density and viscosity. The Quizix pumps charge and discharge the fluids with an 

accuracy of ± 0.001 cm
3
. The density measuring cell and viscometer are installed in 

series to improve phase detection. Their in-line measurements provide higher accuracy 

data than sending very small samples to the viscometer and density measuring cell. 

Figure 2–2 shows a comparison of the two apparatuses (original designed and 

modified). Adding an equilibrium cell to the original apparatus enables the performance 

of two simultaneous experiments without any additional equipment. As a result, the total 

cost remains almost the same, but the advantage of conducting two experiments at once is 

achieved. The density measuring cell, viscometer, and pumps are the most expensive 

components of the PVT apparatus. Only one density measuring cell and one viscometer 

are installed in the modified apparatus, which is the same as the single equilibrium cell 

apparatus. 



 11 

 
Figure 2–1: The schematic diagram of the designed apparatus for the phase behaviour study of bitumen/ 

solvent systems (Nourozieh et al. 2012a). 

 

This new apparatus has no limitation on the number of phases and has the capability 

of measuring the mole or weight fraction of the feeding fluids. It can handle temperatures 

up to 200°C, which is the maximum operating temperature for the density measuring cell, 

and pressures up to 40 MPa. 

In this design, two equilibrium cells are installed in a Blue M oven to speed up the 

experiments. Two cells are maintained at the same temperature but equilibrated at 

different pressures or different solvent-to-bitumen ratios. Effective mixing, through 

agitation by rocking, results in a reduction in the time required to reach equilibrium. 

Table 2–1 summarizes the components required for the original designed and modified 

apparatuses. The addition of an extra equilibrium cell almost doubles the rate of data 

generation without significantly changing the total cost. 

 

1. Blue M Oven 

2. Evaluation Unit (mPDS 2000 v3) 

3. Evaluation Unit (ViscoPro 2000) 

4. Connect to Computer 

5. Density Measuring Cell 

6. Viscometer 

7. Pressure Transducer 

8. Sample Port 

8 

14 

14 

70 oC 

835 cp 
0.835 gr/cc 

1 

2 3 

5 
6 

4 4 

7 

9 9 9 9 

10 

11 11 

12 

13 

15 

9. Sampling Cell 

10. Equilibrium Cell 

11. Feeding Cell 

12. Heater 

13. Temperature Controller 

14. Quizix Pump 

15. Computer 

16. Auxiliary Cell for Cleaning 

10 

14 

16 
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Figure 2–2: The experimental apparatuses: the original designed apparatus and the modified apparatus 

(Nourozieh et al. 2012a). 

 

Two equilibrium cells are placed in the same oven with only one density measuring 

cell and one viscometer installed to measure the equilibrium fluid properties of both 

equilibrium cells. It is worth mentioning that with this design, the repeatability of 

experimental data can also be easily verified. Two experiments with the same operation 

conditions can be conducted at the same time to check the results. 

 

Table 2–1: Equipment installed in the original designed apparatus and modified apparatus (Nourozieh et al. 

2012a). 

Equipment Original Designed Apparatus  Modified Apparatus 

Feeding Cell 2 2 

Equilibrium Cell 1 2 

Sampling Cell 4 4 

Density Measuring Cell 1 1 

Viscometer 1 1 

Quizix Pump 2 2 or 3* 

Blue M Oven 1 1 

Pressure Transducer 1 1 

Computer 1 1 

* depends on the experimental procedure for conducting the experiments 

 

In the modified apparatus, two or three pumps can be used, depending on the 

experimental procedure. Two pumps can be connected to the equilibrium cells; and, when 

the system reaches equilibrium, one pump is disconnected and diverted to the sampling 
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cells for displacing the fluid at a constant pressure. In this case, the system works with 

two pumps and the cost for an extra pump is saved. Alternatively, a separate pump can be 

connected to the sampling and feeding cells. 

2.1.1. Equilibrium Cell 

As previously described, a rocking equilibrium cell was used for effective mixing of 

bitumen and solvent mixtures. A more detailed schematic diagram of the equilibrium cell 

is presented in Figure 2–3. The cell was constructed in the Machine Shop in the 

Department of Chemical and Petroleum Engineering at the University of Calgary. The 

cylindrical shaped cell has a two-inch inside diameter with 0.5 inch thickness made of 

316 stainless steel Schedule 170 pipe. It was designed for a maximum pressure of 5000 

psi, respectively. The cell has a maximum volume of about 900 cm
3
, which provides 

sufficient saturated phase volume for the measurement of physical properties, such as 

density and viscosity. In addition, it provides ease of phase detection and enough phase 

volumes for further analyses. At each end of the equilibrium cell, a threaded cap with 

plug was used to provide complete sealing and ensure that there is no fluid leakage. The 

plug is equipped with an o-ring which is further supported by a back-up split o-ring. The 

specifications of the o-rings are summarized in Table 2–2. 

A rolling ball inside the equilibrium cell expedites the mixing of solvent and bitumen 

to reach an equilibrium condition. The ball has one and half inch outside diameter made 

of 316 stainless steel Schedule 170 and a completely smooth surface. To prevent 

contamination of the bitumen/solvent mixture with water, an isolated brass moving piston 

was installed inside the equilibrium cell. To guard against o-ring failure and possible 

contamination, the brass piston was equipped with two Viton o-rings, each supported by a 

back-up split Teflon o-ring. 

To reduce the dead volume in the equilibrium cell and complete discharge of 

equilibrium fluids, both plug and the moving piston were constructed with a semi-

spherical hole on one side. The outside diameter of the ball is the same as inner diameter 
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of the holes in plug and moving piston. This way, when the piston is moved upwards, the 

ball, which is sitting on the piston, completely displaces the equilibrium fluids inside the 

equilibrium cell. The plug at the bottom of equilibrium cell was built with a very smooth 

cone shaped surface. This feature creates a very small volume and enough surface contact 

for water to push the piston upward if the piston reaches to the end of the equilibrium 

cell.Theequilibriumcell(theendswithplugs)isconnectedtotheapparatususing1/8”

line and HiP Taper Seal fittings. 

 
Figure 2–3: Schematic diagram of equilibrium cell. 

 

 
Table 2–2: Specifications of o-rings used in equilibrium cell. 

O-ring Provider Size Temp. Range (°C) Compatible Fluids 

Viton The o-ring Store 1-3/4 ID×2 OD×1/8 W – 26 to 200 Halogenated Hydrocarbons,  

Di-Ester Lubricants,  

Petroleum Oils,  

Fuels, Silicone Oils 
Teflon Back-up Hose and Fittings 1-3/4 ID×2 OD×1/8 W – 54 to 260 

 

1. HiP Taper Seal Fitting  

2. Threaded Cap 

3. Plug 

4. Rolling Ball  

5. Movable Piston 

6. Viton O-ring 

7. Teflon Back-up  

 

 

6 

7 

1 

2 

4 

5 

3 
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2.1.2. Sampling and Feeding Cells 

Four sampling and two feeding cells were also constructed in the Machine Shop at 

the University of Calgary. The specifications of the cells, such as length, volume, and 

diameter, are summarized in Table 2–3. The cylindrical shaped cells are made of 316 

stainless steel Schedule 170 pipe. The operating conditions of the cells are the same as 

the equilibrium cells. The cells are also equipped with two threaded caps with plugs to 

provide complete sealing. The o-ring specifications are similar to those of the equilibrium 

cell but are different sizes. All cells are connected to theapparatususing1/8” line and

HiP Taper Seal fittings. 

 

Table 2–3: Specifications of cells. 

Cells Size (inch) Piston Size (inch) Volume (cm
3
) 

Sampling 2 ID (3 OD) × 14 (length) 2 OD 500 

Feeding 3 ID (4 OD) × 25 (length) 3 OD 2000 

 

Four sampling cells were designed with a maximum volume of 500 cm
3
, which is a 

sufficient volume for each phase at equilibrium condition to be completely collected. One 

of the sampling cells is used to purge the phase boundary portion and clean the transition 

between the phases and other three cells are used to collect the sample from each phase. 

Two feeding cells with the volume of 2000 cm
3
 are filled with the bitumen and 

solvent and used to accurately measure the fluids injected into the equilibrium cell. The 

cells, which were installed outside the oven, can pressurize the gaseous solvent and also 

displace the fluids at liquid or vapour state. To ensure accurate volume measurements, the 

feeding cells are heated to the experimental temperature. For high temperature phase 

behaviour experiments, the solvent and bitumen are usually charged at the maximum 

temperature of 100°C to avoid vaporizing the light components of the bitumen. 
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2.1.3. Density Measurements 

The Anton Paar densitometer was used in this apparatus to measure the density of 

fluids. It can measure the fluid density in the range of 0-3 g/cm
3
 with an error of 0.001-

0.0001 g/cm
3
 (dependent on the measuring conditions) in the temperature and pressure 

ranges of -10 to +200°C and 0 to 70 MPa (0-10,000 psi), respectively. The densitometer 

consists of two parts: an external measuring cell and an evaluation unit (Figure 2–4). The 

external measuring cell (DMA HPM) was placed on the downstream side of the 

equilibrium cell to measure the density of equilibrium fluids at high pressure and high 

temperature conditions. The measuring cell is equipped with a U-shaped Hastelloy tube 

that the fluid is transferred into. The tube is electronically vibrated at its characteristic 

frequency, which is dictated by the density of the fluid. The characteristic frequency is 

precisely determined and converted into the period of oscillation, which is displayed on 

the evaluation unit. The evaluation unit (mPDS 2000) indicates the period of oscillation 

as well as the temperature and pressure of the fluid in the measuring cell. The density of 

the fluid is calculated on the basis of the readings and the calibration constants are 

determined in the calibration step. 

 
Figure 2–4: Density measuring cell (mPDS 2000 V3) from Anton Paar website. 
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There are two methods used to calibrate the density measuring cell. The first method 

is an adjustment for a single temperature and pressure and the development of a specific 

two-parameter equation for each point. This method requires introducing two parameters 

for each temperature and pressure into the density measuring cell and gives an accurate 

result only at that specific temperature and pressure. Consequently, for a wide range of 

pressures and temperatures, few hundred calibration points are required to be introduced 

into the density measuring cell. For single point calibration, a specific equation is 

developed for each temperature and pressure which is only a function of the density 

measuring cell frequency. The following equation is used to determine density from the 

period of oscillation of the measuring cell, 

BddA  2  2-1 

where dd is the period of oscillation of the sample, A and B are apparatus constants 

obtained from, 
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Subscripts 1 and 2 denote the standard fluids or the known fluid properties. The 

apparatus constants A and B are determined by measuring the periods of oscillation with 

two known fluid densities at the specific temperature and pressure. This method is 

applicable when the system pressure and temperature do not change and all experiments 

are performed at fixed temperature and pressure conditions. As wide ranges of pressure 

and temperature were considered during phase behaviour studies, this method is not 

applicable and it is necessary to look for another method of calibration that can 

accommodate a wide range of temperature and pressure conditions. 

In the second method, the density measuring cell is adjusted over wide temperature 

and pressure ranges. The final calibration equation is a function of temperature, pressure 
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and density measuring cell frequency. This approach works for a range of calibration 

temperatures and pressures and is more applicable for our experiments. As a result, this 

method was used for calibration. 

To calibrate the density measuring cell using wide-range calibration, the following 

procedure was applied: 

1. The U-shaped Hastelloy tube in the density measuring cell was cleaned with 

toluene and acetone. The tube was purged with nitrogen and helium to remove 

and evaporate the cleaning liquids. Then, the tube was evacuated and flushed with 

the calibration fluids (nitrogen and water). 

2. Two calibration fluids were selected: gaseous nitrogen and liquid water. The 

nitrogen and water were selected for two main reasons. First, density data for the 

fluids are accurately available over a wide range of pressures and temperatures. 

Second, the densities of bitumen, solvent, and their mixtures would be a value 

between those of nitrogen and water at desired conditions. 

3. Density data of nitrogen and water were gathered from the National Institute of 

Standards and Technology (NIST) database at different temperatures and 

pressures. 

4. The density measuring periods of two samples were recorded at different 

temperatures and pressures. In total, 756 measurements were performed, and the 

data were used to develop the calibration curve (378 points for each fluid). The 

temperature range was from ambient temperature to 190°C with a 10°C interval. 

Pressure was from 0 to 2000 psig with an increment of 100 psig. 

5. The NIST data and density measuring cell frequency were used to generate the 

calibration curve as a function of temperature, pressure, and measuring cell 

frequency. A regression method was used to find the coefficients of calibration, 

using recorded frequencies, temperatures, and pressures based on the following 

equation: 
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 22 ddAETADddACTABAA   

4222 )( PAKPddAJTAIddAHTAGAF   2-4 

where, 

T: Temperature, °C 

P: Pressure, psig 

dd: Density Measuring Cell Frequency 

6. The calibration parameters were introduced into the density measuring cell. 

Equation 2-4 is a function of temperature, pressure and density measuring cell 

frequency. The density measuring cell can measure temperature and frequency, and a 

pressure transducer is connected to measure pressure. The calculated coefficients for the 

wide range calibration method are listed in Table 2–4. The accuracy of density 

measurements was examined using pure hydrocarbons and standard fluids. The density 

measurements are accurate within 0.0002 g/cm
3
. 

 

Table 2–4: Calculate coefficient for equation 2-4. 

AA -2.717016E+00 AG -2.477566E-09 

AB 1.291192E-02 AH -4.507972E-12 

AC 3.202436E-05 AI 3.391586E-12 

AD -2.379853E-05 AJ -1.389845E-15 

AE 1.013911E-08 AK 2.915026E-13 

AF -1.550838E-06   

 

2.1.4. Viscosity Measurements 

The Cambridge viscometer was used to measure viscosity in the range of 0.2 to 

10,000 mPa.s with an accuracy of ±1.0% of full scale and at the temperatures and 

pressures up to 315°C and 140.6 MPa (20,000 psi), respectively. The in-line piston-style 

viscometer (Figure 2–5) uses two magnetic coils within a stainless steel sensor and a 

magnetic piston inside the pipeline. The piston is forced magnetically back and forth 

within a predetermined distance. The fluid sample surrounds the piston and depending on 

the viscosity, the piston’s round trip travel time is measured under a the exertion of a 
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constant force. The time required to complete a two-way cycle is an accurate measure of 

viscosity. A specific piston is required for each viscosity range. The viscosity ranges are 

summarized in Table 2–5. The viscometer is equipped with a sensor (SPL-440) and is 

factory calibrated. The accuracy of the measurements was tested using pure hydrocarbons 

and standard fluids. The average error for the measurements was less than 5%. 

 

Table 2–5: Viscosity range for viscometer. 

Piston Size (inch) 0.310 0.3085 0.3055 0.297 0.274 0.225 

Viscosity Range (mPa.s) 0.2-2 0.25-5 1-20 10-200 100-2000 500-10000 

 

 

Figure 2–5: Viscometer (ViscoPro 2000 system 4, Cambridge Viscosity) from Cambridge Viscosity 

website. 

 

2.1.5. Charging and Discharging of Fluids 

Two Quizix automated pressure-activated pumps (QX-6000) were used to charge and 

discharge water to displace the fluids or keep the pressure constant within the system. 

The Quizix pump is a precision metering pump with two piston-cylinders, with the total 

volume of 16.7 cm
3
 equipped with an electric motor. When both cylinders are engaged, 

the pump provides a continuous flow of fluid at the minimum and maximum flow rates of 

0.001 and 50 cm
3
/min, respectively. The maximum operating pressure of the pump is 

41.3 MPa (6000 psi). 

Water was selected as the working fluid for the pumps. It is a non-corrosive and 

readily available fluid that causes less damage to the cylinders. The direct injection of 

bitumen and solvent into the phase behaviour apparatus using the pump could cause 

corrosion or o-ring swelling problems. High viscous fluids, such as bitumen, cannot be 
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easily sucked into the pump. In addition, cleaning and evacuating the pump requires 

significant maintenances. For this reason, all cells (equilibrium, sampling, and feeding 

cells) were designed with the piston and o-rings to displace the bitumen and solvent. 

Each Quizix pump has two safety features to avoid any damage to the apparatus and 

equipment. First, there is a safety pressure set point at which any running pump cylinders 

will be automatically stopped. This safety pressure is manually specified by the user. 

Second, the maximum operating pressure of the pump is 41.3 MPa (6000 psi). The pump 

will be stopped automatically if the pressure exceeds the maximum operating pressure. 

2.1.6. Pressure Measurements 

The pressure inside the apparatus was measured and controlled by three different 

pressure transducers. An inline pressure transducer was installed as shown in Figure 2–1 

(equipment#7). The transducer is a Rosemount 3051CG5A capable of measuring the 

pressure from -0.1 to 13.8 MPa (-14.2 to 2000 psi) with an accuracy of 0.04%. The 

Quizix pumps are also equipped with pressure transducers. Each Quizix pump has two 

cylinders, each with a transducer. The pressure within the system can be manually 

controlled by the pumps. Thus, during the charging and discharging of the fluid, three 

pressure transducers control and measure the pressure inside the system. The reported 

pressure is the reading from the pressure transducer. 

2.1.7. Temperature Measurements 

A Blue M oven was used to maintain a constant temperature during the experiments. 

The equilibrium and sampling cells, density measuring cell, and viscometer were placed 

inside the oven. The oven (DCW-1406-E-PM-GOP) is equipped with a temperature 

controller capable of maintaining the temperature within ±0.1°C. The temperature range 

of oven is 15°C above ambient to 350°C. The oven is equipped with a safety switch so 

that if the temperature exceeds the maximum set temperature, the oven automatically shut 
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down. The safety temperature for the oven was set to 200°C, which is the maximum 

operating temperature for the density measuring cell. 

In addition to the oven, two built-in temperature sensors also report the temperature 

inside the system. The built-in sensor in the density measuring cell measures the 

temperature of fluid during the density measurements. The error in the temperature 

measurements was less than 0.1°C. A built-in temperature sensor installed in the 

viscometer can also measure the temperature of fluid during the viscosity measurements. 

2.1.8. Data Acquisition System 

All of the measurements for the temperature, pressure, density, viscosity, and volume 

were recorded using a Dell personal computer and data acquisition software. The Anton 

Paar densitometer was connected to the computer using RS-232 serial port. The period of 

oscillations, density, and temperature measurements were continuously recorded in an 

excel file using the DMA HPM Excel tool provided by the Anton Paar Company. The 

Rosemount transducer with a 4–20 mA transmitter output (Digital Signal Based on 

HART Protocol) was directly connected to the Anton Paar evaluation units and pressure 

measurements were also recorded by DMA HPM Excel file. 

The Cambridge viscometer was connected to the computer using a RS-232 serial port 

and the viscosity and temperature measurements were recorded using Windows 

HyperTerminal software. The Quizix pumps were connected to the computer using the 

serial expander/isolator provided by Chandler Engineering. The pump was connected into 

the expander using a phone-type communication cable and the expander was directly 

connected through a RS-232 serial port. Up to four pumps can be connected with an 

expander/isolator to the computer. The pumps were controlled and operated with the 

PumpWorks software. This software is an easy-to-use windows-based program. The 

program allows viewing all of the system data to be viewed at a glance and recorded all 

operating data (flow rate, pressure, etc.) directly to the hard disk of the computer, where it 

was immediately available for review, analysis, and graphing. The pump can also be 
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programmed to deliver a specified amount of fluid or to operate for a specified period of 

time and then stop automatically. 

During the course of the experiments, the density, viscosity, temperature, pressure, 

flow rate, and volume measurements were graphically displaced on the monitor. The 

pressure within the system was controlled with the Quizix pumps. The fluid volumes and 

flow rates were measured and controlled by the pumps. The temperature was changed 

and controlled by the temperature controller installed in the front panel of Blue M oven. 

2.1.9. Fluid Sampling for Further Analysis 

As mentioned previously, the samples from each phase can be collected through the 

sampling port shown in Figure 2–1 for further analysis. To collect the samples, two small 

high pressure piston-cylinder cells (Figure 2–6) were constructed in the Machine Shop, 

each with a total volume of 20 cm
3
. The cells were equipped with a moving piston; one 

side of the piston for sampling and the other side connected to a screw with an adjustable 

handle to control the movement of the piston. To start collecting the sample, the piston 

was pushed completely to the end using the handle and the cell was evacuated. Then, the 

cell, which was connected to the sampling port and the valves, was opened. The Quizix 

pump was set to constant pressure mode to control the pressure during the sampling. The 

diluted oil was transferred into the cell by turning the handle slowly and letting the piston 

move backwards. The weight of cell before and after sampling was measured using a 

Sartorius balance (Model: LP4200S) with a measurement uncertainty of ±0.01 g. This 

method allowed the weight of fluid in the sampling cell to be determined exactly. 

 
Figure 2–6: Small piston-cylinder cell for liquid phase sampling. 
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2.1.10. Solubility Measurements 

To measure the composition of the gas-saturated liquid(s), the collected samples were 

analyzed with two different methods. The first method, which is applicable for light 

hydrocarbon gases (C1 to C4), is to flash the collected samples at atmospheric pressure. 

The second method, applicable for heavy hydrocarbon gases (>C5), is based on volume 

measurements during the phase behaviour experiments (the second method is not 

explained here).  

For light hydrocarbon gases (gas at ambient temperature and pressure), the collected 

saturated-liquid samples were flashed at atmospheric condition and the volume of the 

evolved gas was measured by the Chandler Engineering Gasometer (Model 2331). To 

ensure that all dissolved gas was evolved from the oil, the liquid sample was heated. The 

gasometer measured the volume of gas with 0.2% accuracy and reported the 

corresponding gas temperature.  

The solubility was calculated using two methods: volumetric and mass conservation. 

The former method is based on the volume measured by the Gasometer. With the density 

of the gas at atmospheric condition, the mass of solvent (evolved gas) was calculated and 

solubility was obtained as, 
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where Vg and ρg are the volume and the density of the evolved gas at atmospheric 

condition, respectively. The weight of the saturated liquid was obtained by weighing the 

small sample cell before (m2,cell) and after sampling (m1,cell), 

cellcellm mmm ,2,1   
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The latter method is based on the weight of the sample before and after evolving the 

solvent. The solubility was calculated as, 
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The maximum deviation for solubility measurements using these two different 

methods is 2%. 

2.1.11. Volume Corrections 

The bitumen and solvent are charged into the equilibrium cell using the Quizix 

pumps. By measuring the volume and density of fluid at constant temperature and 

pressure, the mass of the fluid inside the equilibrium cell is obtained. As previously 

mentioned, the Quizix pumps are working with water at ambient temperature. During the 

displacement steps, the water is injected to or discharged from the equilibrium cell at 

experimental condition. When the experiments are conducted at ambient temperature, 

there is no change in the volume of water during the displacing of the fluids because the 

pump injected the water from ambient condition. When the oven temperature is different 

from the ambient temperature, the volume expansion or shrinkage occurs for water. Thus, 

the volume correction is required for the experiments at temperatures different than 

ambient condition. It was found that the following volume correction should be 

considered during the volume measurements,  
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For example, it was found that 100 cm
3
 injected water at 4 MPa and ambient 

temperature (20°C) would displace 108.8 cm
3
 fluids at 4 MPa and 150°C. The volume 

correction is considerable at large volumes or high temperature variations. 

2.1.12. Gas and Liquid Analysis 

The gas and liquid samples were also analyzed during the phase behaviour 

experiments. The vapour phase at equilibrium condition and the evolved gas from 

flashed-off saturated liquids were analyzed with a gas chromatograph GC-3900 (Varian) 

equipped with a flame ionization detector (FID) (Figure 2–7). The GC column is a wall 
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coated open tubular (WCOT) column type (CP-Sil 5 CB: 10m × 0.15mm × 2 μm), 

which was provided by Agilent Technologies. Ultra high–purity helium (99.999%) is 

used as the carrier gas. The column was designed to detect the hydrocarbon components 

and the GC was calibrated with a standard gas mixture provided with the Praxair (Table 

2–6). Bitumen is not volatile; therefore, the composition of the vapour phase is almost 

equal to the composition of the solvent. To acquire more reliable results, ultra high purity 

gases C1 to C4 were also used as calibration standards. This GC was used for vapour 

phase compositional analysis. 

 

 
Figure 2–7: Varian 3900 gas chromatograph (from http://www.asap4u.nl/pdf/varian/3900.PDF). 

 

 

Table 2–6: Standard gas and its composition. 

Standard Gas C1 C2 C3 n-C4 CO CO2 H2 N2 

Composition (mole percent) 0.9740 1.0000 0.976 0.9670 2.5300 7.5400 0.0202 85.9928 

 

The flashed-off liquid samples were also analyzed with a SimDis unit explained in 

Section 3.3. 

2.2. Experimental Procedure 

Prior to each experiment, the entire system is thoroughly cleaned using toluene to 

remove any contaminants, including oil and solid particles. To ensure no contaminants 

were left inside the system, cells and lines are successively evacuated and flushed with 
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helium and pure solvent. After cleaning, bitumen is charged into the equilibrium cells 

using two Quizix pumps. By measuring the volume and density of bitumen at constant 

temperature and pressure, the mass of the bitumen inside each equilibrium cell is 

obtained.  

A benefit of the new design (two equilibrium cells) versus an apparatus with a single 

equilibrium cell is that the lines need only be cleaned once when both equilibrium cells 

are charged, i.e. both equilibrium cells are filled with predetermined volumes of bitumen 

and the lines are then cleaned. The solvent is then charged into the cells with the same 

procedure. With this procedure, the mass fraction of the injected fluids is known.  

To measure the equilibrium properties at a specific temperature and pressure, the 

experimental pressure and temperature are fixed for each equilibrium cell. The 

equilibrium cells are placed inside the same oven. Therefore, they both have the same 

temperature but can be at different pressures and/or different solvent-to-bitumen ratios. 

The equilibrium time is a function of the bitumen viscosity while the viscosity is 

temperature-dependent. The pressure does not have a significant effect on the viscosity, 

thus, both equilibrium cells will reach equilibrium at almost the same time (Luo et al. 

2007a). 

After charging the equilibrium cells, they are rocked to achieve effective mixing and 

reach equilibrium for the bitumen/solvent system. During the mixing period, the volume 

of water, which is charged or discharged to maintain a constant pressure in each 

equilibrium cell, is recorded. Equilibrium is achieved when there is no change in the 

cumulative volume of water in both cells as the volume change on the mixing is the 

criteria for the equilibrium condition. 

When equilibrium is achieved, both cells are kept in a vertical position for phase 

separation. The equilibrium fluids in the first equilibrium cell are then discharged through 

the density measuring cell and viscometer, while constant temperature and pressure are 

maintained. The pressure is measured by both the in-line and Quizix pump pressure 

transducers. The phase samples are collected with steady readings of the viscometer and 
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the density measuring cell with any change in density and viscosity indicating the passage 

of a phase boundary through the measuring instruments.  

Liquid and vapour phases are transferred into sampling cells 1 to 3, and the last 

sampling cell is used to purge the phase boundary portion and clean the transition 

between the phases. The denser phase can completely displace the lighter phases which 

are vertically segregated in the order of phase density, resulting in clean samples with 

sharp density variation. The volume of each phase is measured by monitoring the volume 

of water charged into the equilibrium cell. The phase samples can be collected through 

the sampling port for compositional analysis and further study. 

During the discharging of equilibrium fluids, if a sharp transition of phase boundary 

is not observed using density and viscosity measurements, the equilibrium phases are not 

properly segregated. In this case, the experiment is repeated and the phase separation 

period is increased. 

When the equilibrium fluids in the first cell are discharged, all lines, the density 

measuring cell, and the viscometer are cleaned to remove any contaminant using toluene 

or similar solvents. To ensure that no contaminants were left inside the system, the lines 

are successively evacuated and flushed with helium and pure solvent. The second 

equilibrium cell will then be discharged with the same procedure as the first equilibrium 

cell. In the case of liquid-liquid equilibrium, it is necessary to empty and clean the 

sampling cells for the discharging of the second equilibrium cell. 

2.3. Apparatus Verification 

Several different binary and ternary systems were selected to evaluate the designed 

apparatus. The experiments for the systems of methane/n-propanol, ethane/ethanol, 1-

butanol/water, ethane/methanol, carbon dioxide/ethanol, carbon dioxide/methanol, 

methane/n-octadecane, ethane/n-tetradecane, and propane/n-decane were conducted at 

different temperatures and pressures. For some systems, the phase compositions and 
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phase densities were compared with the available literature data. The purpose of these 

experiments was to check the validity and accuracy of the experimental results produced 

from the proposed apparatus. A variety of binary systems was selected to evaluate the 

apparatus for the systems, hydrocarbon/hydrocarbon, non-hydrocarbon/hydrocarbon, and 

hydrocarbon/alcohol. This also verified the success of the apparatus for a vapour-liquid 

and liquid-liquid equilibrium conditions. 

2.3.1. Materials 

All gases were supplied by Praxair. n-pentane, n-decane, n-tetradecane, and n-

octadecane were obtained from the Alfa Aesar Company. All the chemicals were used 

without any further purification. Table 2–7 summarizes the chemical sample 

specifications. 

 

Table 2–7: Chemical sample specifications. 

Chemical Name Source Initial Purity (fraction) Purification Method 

Methane Praxair (3.7 ultra high purity) 0.9997 mole none 

Ethane Praxair  0.99     mole none 

Propane Praxair  0.995   mole none 

Carbon Dioxide Praxair (4.8 research) 0.9999 mole none 

Methanol EMD Chemicals 0.998   mass none 

Ethanol Commercial Alcohols 0.997   mass none 

1-butanol Sigma-Aldrich 0.997   mass none 

n-propanol Mallinckrodt Baker Inc 0.999   mass none 

n-pentane Alfa Aesar 0.99     mass none 

n-decane Alfa Aesar 0.99     mass none 

n-tetradecane Spectrum Chemical Mfg. Corp 0.99     mass none 

n-octadecane Alfa Aesar 0.99     mass none 

 

2.3.2. Saturation Pressure of Pure Component 

To investigate the reproducibility of the apparatus for phase behaviour studies, the 

saturation pressure of a pure component (n-pentane) was measured over the temperature 

range of 50 to 100°C and the results were compared with the NIST data in Figure 2–8. 
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The figure illustrates the accuracy of the pressure measurements. The average absolute 

deviation for saturation pressure measurements is less than 2.4%. 

 
Figure 2–8: Saturation pressure of n-pentane versus temperature (Nourozieh et al. 2012a). 

 

2.3.3. Phase Detection 

Vapour-Liquid. The vapour-liquid equilibrium experiments were conducted for 

methane/n-octadecane binary systems based on the experimental procedure previously 

outlined. When equilibrium was achieved, the equilibrium cell was placed in a vertical 

position for phase separation. The density of the equilibrium fluid was continuously 

measured as it was discharged from the equilibrium cell. Figure 2–9 shows the density 

measurement during the sampling. The density towards the beginning of the experiment 

was about 2 kg/m
3
, which shows the density of helium inside the lines. The flow rate to 

push the fluids was too low (0.1–3 cm
3
/min) to keep the system at equilibrium and was 

the maximum rate at which the fluids could be displaced at constant pressure. The flow 

rate is dependent on the equilibrium fluid properties and apparatus specifications such as 

the o-rings and line diameter. 
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After about 10 cm
3
 of volume displacement, the gas phase was detected at the density 

measuring cell. There was a sharp change in density from ~ 2 to ~ 10 kg/m
3 

which shows 

the density of a vapour mixture containing mostly methane. The density measuring cell 

detected two different gases with a small density difference. Discharging was continued 

to detect the final phase, which was liquid. The sharp increase in density from ~ 10 to ~ 

700 kg/m
3
 confirmed the liquid phase. 

 
Figure 2–9: Phase detection on the basis of density measurements for vapour-liquid equilibria of 

methane/n-octadecane system at 125°C and 2034 kPa. 

 

Liquid-Liquid. The liquid-liquid mixing experiment was performed to investigate the 

capability of the experimental setup to identify the phase boundary between two liquids. 

Figure 2–10 illustrates the phase detection experimental results for the sampling of 

ethane/methanol binary system at the temperature of 22°C and the pressure of 4891 kPa. 

The overall ethane composition in the mixture was around 70 percent by weight. As 

depicted in the figure, at the start of the phase sampling, helium flowed though the 

density measuring cell, and its density was close to zero. There was a sharp change in 
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density when the lighter liquid phase passed through the density measuring cell. There 

was a second jump that indicated the second liquid phase. In some experiments for 

alcohol/hydrocarbon mixtures, the sharp change in density from liquid 1 to liquid 2 was 

not observed. This is an indication that the vertical segregation between them was not 

complete. The data suggested that fine droplets of the lighter liquid were still suspended 

in the densest lower liquid. This situation could be alleviated by leaving the equilibrium 

cell in the vertical position for a longer period of time. 

 
Figure 2–10: Phase detection on the basis of density measurements for liquid-liquid equilibria of 

ethane/methanol system at 22°C and 4891 kPa. 

 

2.3.4. Equilibrium Criteria 

As mentioned previously, stabilized volume was the criteria for equilibrium. Thus, 

the binary systems under study were determined to have reached equilibrium condition 

when the volume of each mixture at constant pressure and temperature did not change for 

at least 12 hours. Figure 2–11 illustrates the volume of each mixture versus equilibration 

time for some binary systems under different conditions. As depicted in the figures, after 
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about one hour, the total injected volume of water in each binary system to maintain the 

desired pressure became constant. Further mixing and agitation using the rocking 

mechanism would not change the state of system. 

 
Figure 2–11: Volume change on mixing (equilibrium criteria) for simple binary systems; ♦, ethane/ethanol 

at 40°C and 1103 kPa; ■, methane/n-propanol at 22°C and 4000 kPa; ▲, ethane/n-tetradecane at 50°C and 

1055 kPa; , methane/n-octadecane at 125°C and 2034 kPa. 

 

To confirm the equilibrium state of the system, experiments were conducted with 

different rocking rates and mixing times. The resulting phase properties showed no 

difference in composition, density, and viscosity during these different experiments. 

2.3.5. Phase Properties 

The experimental results (saturated phase properties such as composition and 

density) for the simple binary systems, along with the literature values, are presented in 

Table 2–8. Both liquid phase compositions and saturated liquid phase densities were 

compared to the available data. 
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The experimental results agree well with the literature data indicating that the quality 

of the generated data is good and is comparable to that of the data reported by other 

researchers. Although a direct comparison of experimental data for some binary pairs is 

not possible due to a difference in the isotherms or isobars in two studies, the data are 

reasonably consistent with present measurements. 

 

Table 2–8: Experimental vapour-liquid and liquid-liquid equilibrium properties for simple binary systems; 

T, temperature; P, pressure; ws, composition; ρ, density. 

System Source T (°C) 
P 

(MPa) 

10
2
ws (wt%)  (kg/m

3
) 

Phase 1 Phase 2 Phase 1 Phase 2 

Ethane 

+ 

Methanol 

This study* 21.8 1.20 5.6 ---- 750 ---- 

Ishihara et al. (1998) 25 0.963 5.0 ---- 762.0 ---- 

This study* 21.8 3.13 22.5 ---- 671 ---- 

Ishihara et al. (1998) 25 3.410 23.0 ---- 674.0 ---- 

This study** 21.8 4.89 42.2 97.1 590 375 

Ishihara et al. (1998) 25 4.859 40.8 93.7 592.2 374.7 

Ethane 

+ 

Ethanol 

This study* 40.3 5.13 38.7 ---- 577 ---- 

Suzuki et al. (1990) 40.3 5.117 36.9 ---- ---- ---- 

Propane 

+ 

n-Decane 

This Study* 
71.2 1.479 

30.0 ---- ---- ---- 

Reamer and Sage (1966) 30.84 99.01 ---- ---- 

This Study* 
104.5 2.758 

41.9 ---- ---- ---- 

Reamer and Sage (1966) 42.00 97.56 ---- ---- 

This Study* 
137.8 4.137 

42.8 ---- ---- ---- 

Reamer and Sage (1966) 42.24 92.94 ---- ---- 

1-Butanol 

+ 

Water 

This Study** 21.9 0.10 ---- ---- 835 981 

Hill and Malisoff (1926) 25 0.101 ---- ---- 845.0 986.5 

* vapour-liquid equilibrium 

** liquid-liquid equilibrium 

 

2.3.6. Solubility and Saturated Liquid Viscosities 

The apparatus and the experimental procedure presented in Sections 2.1 and 2.2 were 

also checked for carbon dioxide / ethanol binary systems at the temperatures of 30 and 

50°C and at different pressures. Figure 2–12 illustrates the experimental solubility and 

saturated liquid density of carbon dioxide / ethanol systems at different pressures which 

are in good agreement with the literature data. Previous studies (Mehl et al. 2011; Chiu et 
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al. 2008; Secuianu et al. 2008; Dalmolin et al. 2006; Stievano and Elvassore 2005; Gao et 

al. 2002; Joung et al. 2001; Chen et al. 2000; Chang et al. 1998; Day et al. 1996; Jennings 

et al. 1991) have reported the saturated liquid phase composition at the temperatures of 

30 and 50°C. There are significant deviations in the data from different authors. The 

experimental solubility data found in this study are consistent with the data of Secuianu et 

al. (2008), Chiu et al. (2008), and Stievano and Elvassore (2005) at the temperature of 

30°C. At the temperature of 50°C, our solubility data seem to agree with the 

measurements of Joung et al. (2001) and Mehl et al. (2011). 

 

 
Figure 2–12: Comparison of measured solubility data and literature values for carbon dioxide / ethanol 

system at different pressures; ■, this study at 303.2 K; ◊, Chiu et al. (2008) at 303.12 K; ∆, Secuianu et al. 

(2008) at 303.2 K; +, Day et al. (1996) at 303.12 K; ×, Stievano and Elvassore (2005) at 303.15 K; ■, this 

study at 323.2 K; ●, Mehl et al. (2011) at 323.2 K; ▲, Dalmolin et al. (2006) at 323 K; ×, Stievano and 

Elvassore (2005) at 323.15 K; ◊, Gao et al. (2002) at 323 K; ○, Joung et al. (2001) at 322.5 K; ∆, Chen et 

al. (2000) at 323 K; +, Jenning et al. (1991) at 325 K (Kariznovi et al. 2013a). 

 

As plotted in Figure 2–13, the viscosity of carbon dioxide / alcohol systems decreases 
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at lower temperatures. Sih et al. (2007, 2008) also measured the gas-expanded liquid 

viscosity for carbon dioxide / methanol and carbon dioxide / ethanol systems at the 

temperature of 30°C using a customized falling-weight viscometer. These data are also 

presented in the figure. Our measured viscosity data are consistent with Sih et al. (2007, 

2008) measurements. 

 
Figure 2–13: Comparison of measured saturated liquid viscosities and literature data for carbon dioxide / 

alcohol systems at different pressures; ●,+,●, carbon dioxide / methanol; ■,×,■, carbon dioxide / ethanol; 

●,■, this study at 303.2 K; ●,■, this study at 323.2 K; +, Sih et al. (2007) at 323.15 K; ×, Sih et al. (2008) at 

323.15 K (Kariznovi et al. 2013a). 
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Bitumen/solvent mixtures can form different equilibrium conditions, such as vapour-
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compared with the data generated by another PVT apparatus. The experiments at the 

pressure of 4 MPa and three different temperatures, 50, 100 and 150°C, were conducted. 

The procedures to charge the equilibrium cell, reach equilibrium and discharge the 

equilibrium fluids were described in Section 2.2. At 100 and 150°C, vapour-liquid 

equilibrium exists while at 50°C, liquid-liquid equilibrium is observed. Phase detection 

during the displacement of the equilibrium phases was based on the density 

measurements. The properties of the saturated phases and their compositions are 

summarized in Table 2–9. For comparison, the results of original apparatus are also listed 

in Table 2–9. 

 

Table 2–9: Initial propane/bitumen ratio and corresponding equilibrium properties of propane/bitumen 

systems for the two designed experimental apparatuses (Nourozieh et al. 2012a). 

Run No. Apparatus P(MPa) T(°C) S/B Ratio* 

10
2
ws (wt%) Saturated Phase Properties 

Phase 1 Phase 2 

µ (mPa.s) ρ (kg/m-3) 

Phase 2 Phase 1 Phase 2 

1 
Original 4.08 50.9 1/1 62.5 21.5 127.0 586 860 

Modified 4.08 50.2 1/1 60.7 21.5 129.2 604 864 

2 
Original 4.04 100.4 2/3 Pure C3 22.9 2.7 105 775 

Modified 4.00 99.9 2/3 Pure C3 22.0 3.6 105 784 

3 
Original 4.12 149.8 1/4 Pure C3 8.7 5.4 65 849 

Modified 3.94 148.9 1/4 Pure C3 8.4 4.7 65 856 

*S/B Ratio: solvent-to-bitumen ratio wt/wt 

 

As the results indicate, the equilibrium fluid properties for three experiments are in 

good agreement with those obtained using original apparatus. The viscosity data are still 

comparable and the difference in measurements can be explained by apparatus 

specifications. The Cambridge viscometer used for these measurements was equipped 

with sensor SPC-372 while the one used in first apparatus was equipped with SPL-440. 

The former, which is a flow-through viscosity sensor, is capable of measuring the 

viscosity in the range of 0.25 to 20,000 mPa.s and pressure up to 14 MPa. The latter, a 

high-pressure research viscosity sensor, can measure the viscosity in the range of 0.2 to 

10,000 mPa.s and pressure up to 140 MPa. The deviations of measurements with two 
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developed apparatuses are summarized in Table 2–10. The viscosity data are the ones 

with high deviations, as a result of different sensors installed in the Cambridge 

viscometers. The deviation is even higher at lower viscosities, which is also due to the 

difference in the viscometer sensors. 

 

Table 2–10: The deviations for reported experimental data using two proposed apparatus (Nourozieh et al. 

2012a). 

Run No. P (%) T (%) 

ws (%) Saturated Phase Properties 

Phase 1 Phase 2 

µ (%) ρ (%)
 

Bitumen-enriched (Phase 2) Phase 1 Phase 2 

1 0.0 0.2 2.9 0.0 1.7 3.1 0.5 

2 1.0 0.1 ---- 3.9 33.3 0.0 1.2 

3 4.4 0.2 ---- 3.4 13.0 0.0 0.8 
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Chapter 3:  Bitumen Properties 

This chapter presents the measurements of bitumen properties, density, viscosity, 

compositional measurements, molecular weight and SARA analysis. The density and 

viscosity of raw bitumen were reported over a wide range of temperatures and pressures. 

These properties were used for the interpretation of the solvent effect on bitumen 

properties and also used for the modelling studies, as detailed in the remaining chapters. 

3.1. Bitumen Samples 

Athabasca bitumen samples for this study were provided by three different oil 

companies in Canada. One bitumen sample was received from Japan Canada Oil Sands 

Limited (JACOS) operated a SAGD project in the Hangingstone area. One sample from 

Suncor operated a SAGD project at MacKay River and one sample from ConocoPhillips 

operated a SAGD project (Surmont project) in southeast of Fort McMurray. The samples 

have been processed by companies to remove sand and water. During this study, three 

samples are referred as JACOS, MacKay River, and Surmont bitumens. 

3.2. Density and Viscosity 

Density, a thermodynamic property of hydrocarbon fluid, plays a key role in the 

material balance calculation involved in chemical and petroleum processes. Viscosity is a 

transport property defined as the resistance of a fluid to shearing force. The viscosity of a 

liquid is a function of intermolecular forces that limit the motion of adjacent molecules. 

Density and viscosity are particularly important for both reservoir and production 

engineers because they determine the fluid flow properties and are essential to the 

estimation of the total mass of reserves. Tremendous amounts of accurate viscosity and 

density data are required to design an efficient chemical process for the reduction of oil 

viscosity in enhanced oil recovery or pipeline transportation. Viscosity data are more 
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critical for highly viscous fluids, such as bitumen, in which the viscosity is in the order of 

million centipoises under reservoir conditions. Nearly all recovery processes aim at 

reducing the bitumen viscosity; therefore, the production and pipeline transportation of 

such viscous fluids require specific data on the viscosity and density of raw bitumen as 

well as oil mixed with different diluents. 

Petroleum crudes are categorized based on their density and viscosity. Crudes can be 

classified as either conventional or unconventional. Conventional oil has low density and 

viscosity at reservoir conditions thus can be recovered using conventional recovery 

techniques, such as water flooding. Unconventional crudes (heavy oils, extra heavy oils, 

or bitumen) have very high viscosity at reservoir conditions rendering it immobile or only 

partially mobile fluid in reservoir. The production of unconventional oils is more difficult 

due to their high viscosity. They must be heated or diluted first in order to become mobile 

and be produced. United Nations Institute for Training and Research (UNITAR) 

categorized petroleum fluids based on their viscosity and density. Table 3–1 presents the 

density and viscosity range for conventional oil, heavy oil, and bitumen. 

 

Table 3–1: UNITAR definition of heavy oils and bitumen at reservoir temperature (Gray 1994). 

 Viscosity (mPa.s) Density (kg.m
-3

) API Gravity 

Conventional Oil < 10
2
 < 934 > 20 

Heavy Oil 10
2
-10

5
 934-1000 10-20 

Bitumen > 10
5
 > 1000 < 10 

 

Numerous studies measuring bitumen viscosity and density have been reported in the 

literature. Mehrotra and Svrcek (1984, 1985a, 1985b, 1985c, 1988a) and Svrcek and 

Mehrotra (1989) reported the density and viscosity of different Alberta bitumens at 

atmospheric pressure. Mehrotra and Svrcek (1986, 1987a) also measured the viscosity of 

the Athabasca and Cold Lake bitumens over the temperature range of 40 to 120°C and at 

pressures up to 10 MPa. 

Mehrotra et al. (1989a) measured the effect of temperature on the viscosity of Cold 

Lake bitumen fractions. The fractions were obtained using vacuum distillation of a large 
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Cold Lake bitumen sample and the effect of temperature on the viscosity of each bitumen 

fraction was modelled using a two-parameter correlation. Eastick and Mehrotra (1990) 

generated the viscosity data for a number of reconstituted mixtures of the Cold Lake 

bitumen fractions. The binary blend viscosity data were modelled with a two-parameter 

viscosity correlation. Recently, Badamchizadeh et al. (2009a, 2009b) reported the 

viscosity and density data for Athabasca bitumen at different temperatures and pressures 

(Nourozieh et al. 2013). 

Alongside the experimental measurements, correlations for the density and viscosity 

of bitumen have also been developed. Khan et al. (1984) modified the Eyring and 

Hildebrand theories to predict the viscosity of Athabasca bitumen for the temperature 

range of 20 to 130°C. Mehrotra and Svrcek (1986) developed a correlation for viscosity 

of gas-free Athabasca bitumen as a function of temperature and pressure. They did the 

same study for Cold Lake bitumen (Mehrotra and Svrcek 1987a). 

Mehrotra and Svrcek (1987b) have proposed a method based on the extended 

principle of corresponding states for calculating the viscosity of Alberta bitumens. Svrcek 

and Mehrotra (1988) tested eight empirical viscosity-temperature correlations for 

bitumens and found that the models provided a satisfactory representation of the viscosity 

of seven Alberta bitumens over the temperature range of 10 to 130°C with an average 

deviation of less than 10%. A one-parameter generalized correlation was finally 

developed (Nourozieh et al. 2013). 

Mehrotra (1991) developed a correlation for predicting the viscosity of pure heavy 

hydrocarbons. In a subsequent study, Mehrotra (1992a) proposed a one-parameter 

equation for predicting the viscosity of pure hydrocarbons, bitumen fractions, and gases. 

The author predicted the viscosity of oil-sand bitumens diluted with light gases and liquid 

diluents. Mehrotra (1992b) also developed a model for predicting the mixture viscosity of 

bitumen or bitumen cuts blended with liquid diluents such as toluene. Mehrotra (1992c) 

developed a mixing rule for predicting the viscosity of Alberta bitumens saturated with 
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pure gases (nitrogen, carbon monoxide, methane, carbon dioxide, and ethane) (Nourozieh 

et al. 2013). 

Puttagunta et al. (1993) proposed a correlation that predicted the combined effect of 

temperature and pressure on the viscosity of Canadian bitumens and heavy oils. 

Miadonye et al. (1994) proposed a correlation for predicting bitumen viscosity that only 

requires a single viscosity measurement. Miadonye et al. (1995) have also developed a 

viscosity correlation to predict the viscosity-temperature relationship of bitumen mixed 

with various proportions of diluents (Great Canadian Oil Sands (GCOS) synthetic crude, 

mobile solvent, and naphtha). Miadonye et al. (2000) proposed an equation for predicting 

the kinematic viscosity of bitumens and heavy oils mixed with diluents. The correlation 

they defined is applicable for wide range of data and requires viscosity information for 

raw bitumen and pure solvent at any given temperature. In 2001, Miadonye et al. (2001) 

extended the correlation to predict the viscosity of bitumen-diluent mixtures, as well as 

the mass fraction required to reduce bitumen viscosity to pumping viscosity. Oyekunle 

(2000) developed a two-parameter correlation for calculating the bitumen viscosity. The 

author included the softening point in the model and validated the model using bitumen 

samples obtained from Russian crudes. Both average absolute deviation and standard 

error were less than 8% over a wide range of softening points (Nourozieh et al. 2013). 

Badamchi-Zadeh et al. (2009a) measured and correlated the density and viscosity of 

Athabasca bitumen. In addition, they correlated the density and viscosity of propane-

saturated bitumen at different temperatures and pressures. For the density prediction, they 

assumed that no volume change occurred upon mixing. The viscosity of the liquid phase 

was predicted using the Lobe mixing rule. Motahhari et al. (2011) correlated the viscosity 

of a condensate, two bitumen samples from Peace River field, and bitumen/condensate 

mixtures using expanded fluid viscosity model (Nourozieh et al. 2013). 

The development of reliable correlations for the viscosity and density of bitumen is 

essential and requires extensive experimental data over wide ranges of pressure and 

temperature. The resulting correlations can directly be applied in a reservoir simulator to 
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calculate the viscosity at the desired temperature and pressure. If a comprehensive set of 

data is available, not only can correlations be easily developed, but the comparison of 

saturated bitumen density and viscosity with raw data can be made. Although some 

experimental data have been measured to study the viscosity of bitumen as a function of 

temperature, few measurements for the pressure dependence of bitumen viscosity have 

been reported. Thus, this section reports the physical properties of Athabasca bitumen 

samples, density and viscosity, for a wide range of temperatures and pressures prior to 

determining the solubility measurements for any bitumen. 

To measure the viscosity and density of bitumen, the setup was cleaned; and, the 

appropriate piston for the viscosity measurement was installed. The system was then 

evacuated and the bitumen was charged into the system filling the line that connects the 

density measuring cell and the viscometer with bitumen. The oven temperature was kept 

constant, and the system pressure was set to the desired pressure to measure the viscosity 

and density. The pressure was monitored by the pressure transducer connected to the line. 

The temperature was simultaneously monitored by the oven, viscometer, and density 

measuring cell thermocouples. The viscosity and density of the bitumen were then 

measured at fixed temperature and pressure. 

3.2.1. Density of Bitumens 

The density of the bitumen samples was measured over wide range of temperatures 

by the Anton Paar density measuring cell. The temperature was varied within ±0.1°C and 

the pressure was controlled by the Quizix pump within 0.01 MPa. The uncertainty of 

density measurements was 0.1 kg/m
3
. The density of bitumen samples at different 

temperatures (23 to 190)°C over the pressure range, atmospheric pressure to 14 MPa, was 

measured. As expected, the density of bitumen reduced with increasing temperature at a 

constant pressure. This behaviour was observed for all pressures. At a constant 

temperature, however, the bitumen density increased with increasing pressure. 
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The measured density values were correlated with the following equation that takes 

into account the impact of pressure and temperature, 

 P exp0  3-1 

2

3210 TaTaa 
 

3-2 

 Taa 54 exp
 3-3 

where T represents temperature in Celsius, P is the pressure in MPa, and ρ is the density 

in kg/m
3
. In order to obtain the coefficients of the equations, a minimization algorithm 

was applied. The regression of the experimental data with the minimization algorithm 

usually suffers from the convergence problem or from the existence or uniqueness of the 

solution. This study developed a procedure to obtain the coefficients of equations 3-1 to 

3-3 where the solution is unique and no convergence problem is observed. The proposed 

model is applicable for cases where the density measurements at different pressures are 

conducted at an isothermal condition. 

Assume that at a constant temperature, the density of bitumen is measured at 

different pressures, as is the case here. In equation 3-1, the terms α and ρ0 would be 

constant at the isothermal condition and the density is an exponential function of 

pressure. Thus, at each temperature, a value for α and a value for ρ0 can be obtained. 

The relationship between bitumen density and pressure can be understood by plotting 

the density as a function of pressure at a constant temperature. Figures 3–1 to 3–3 

illustrate the variation of bitumen density with pressure at different isothermal conditions 

for three different bitumens. The symbols are the experimental data and solid lines are the 

correlations of the exponential functions. As expected, the density of bitumen increases 

with pressure at a constant temperature. This behaviour is observed for all temperatures 

and a linear trend for the variation of density with pressure at each isotherm condition is 

obtained. 
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Figure 3–1: DensityofSurmontbitumenasafunctionofpressureatdifferentisotherms;□,23°C;◊, 50°C; 

∆,60°C;○,70°C; +, 80°C;●,90°C; *, 100°C; ×, 125°C; ▲, 150°C; ■, 175°C; ♦, 190°C. 
 

 
Figure 3–2: DensityofMacKayRiverbitumenasafunctionofpressureatdifferentisotherms;■,50°C;▲,

60°C; □,70°C;◊,80°C;∆,90°C;○,100°C; +, 110°C;●,120°C; *, 130°C; ×, 140°C; ▲, 150°C; ■, 160°C; 

♦, 170°C. 
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The coefficients α and ρ0 for each temperature and bitumen are listed in Tables 3–2 to 

3–4. As the tables show, the value of α increases with the temperature resulting in an 

increase in the pressure dependency of the density as the temperature increases. 

 
Figure 3–3: Density of MacKay River bitumen as a function of pressure at different isotherms; ♦, 50°C; ■, 

60°C; ▲, 70°C; ×, 80°C; *, 90°C; ●, 100°C; +, 110°C; ○, 120°C; ∆, 130°C; ◊, 140°C; □, 150°C;▲,

160°C;■,170°C. 
 

 

Table 3–2: Coefficients of the correlation equation for the density of Surmont bitumen (equation 3-1). 

T (°C) ρ0 (kg/m
3
) α (1/MPa) 

23.0 1008.33 4.495×10
-4

 

49.9 991.83 5.379×10
-4

 

60.1 985.53 5.808×10
-4

 

69.9 979.72 5.899×10
-4

 

79.9 973.72 6.044×10
-4

 

89.8 967.84 6.430×10
-4

 

100.6 961.34 6.755×10
-4

 

125.0 946.49 7.606×10
-4

 

150.3 931.14 8.454×10
-4

 

174.6 915.39 9.528×10
-4

 

190.0 905.73 10.423×10
-4
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Table 3–3: Coefficients of the correlation equation for the density of MacKay River bitumen (equation 

3-1). 

T (°C) ρ0 (kg/m
3
) α (1/MPa) 

50 987.84 6.094×10
-4

 

60 981.86 6.149×10
-4

 

70 975.56 6.357×10
-4

 

80 969.48 6.263×10
-4

 

90 963.11 6.237×10
-4

 

100 956.16 7.252×10
-4

 

110 951.09 6.785×10
-4

 

120 944.76 7.233×10
-4

 

130 938.53 7.656×10
-4

 

140 932.94 7.833×10
-4

 

150 927.49 8.027×10
-4

 

160 921.89 8.234×10
-4

 

170 915.73 8.563×10
-4

 

 

In order to obtain the coefficients of equation 3-2, the values of ρ0 were plotted as a 

function of temperature (Figure 3–4). This figure shows a linear variation of ρ0 with 

temperature where a3 is too small and ρ0 can be considered a linear function of 

temperature. Table 3–5 summarizes the coefficients of equation 3-2 for three different 

bitumens along with the coefficients of determination. The coefficient of determination is 

calculated from, 
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 3-4 

where yi represents the measured data and ξi represents the modelled values. Both a linear 

function and a second order function for the variation of ρ0 with temperature were 

considered. Although the second order function shows better correlation of ρ0, the results 

using the linear function are acceptable. Overall, at a constant pressure, the bitumen 

density showed a linear reduction with temperature and the linear trend was observed for 

all pressures. 
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Table 3–4: Coefficients of the correlation equation for the density of JACOS bitumen (equation 3-1). 

T (°C) ρ0 (kg/m
3
) α (1/MPa) 

50 991.62 5.456×10
-4

 

60 984.99 5.869×10
-4

 

70 977.87 6.737×10
-4

 

80 971.97 7.231×10
-4

 

90 965.53 7.792×10
-4

 

100 959.46 8.112×10
-4

 

110 952.52 8.577×10
-4

 

120 946.39 8.671×10
-4

 

130 940.73 9.114×10
-4

 

140 935.06 9.529×10
-4

 

150 929.83 9.577×10
-4

 

160 924.74 10.288×10
-4

 

170 920.09 11.016×10
-4

 

 

 

 
Figure 3–4: Coefficient ρₒ of equation 3-1 as a function of temperature for three different bitumens; ♦, 

Surmont; ■, MacKay River; ▲, JACOS. 
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Table 3–5: Coefficients of the correlation equation for calculation of ρₒ (equation 3-2). 

Bitumen a1 (kg.m
-3

) a2 (kg.m
-3

.[°C]
-1

) a3 (kg.m
-3

.[°C]
-2

) R
2
 

Surmont 1022.59 -0.61215 0 0.99989 

1021.62 -0.58976 -1.017×10
-4

 0.99995 

MacKay River 1017.44 -0.60163 0 0.99945 

1021.19 -0.67874 3.505×10
-4

 0.99983 

JACOS 1020.15 -0.60219 0 0.99756 

1029.29 -0.79007 8.540×10
-4

 0.99976 

 

To obtain the coefficients of equation 3-3, the values of α were also plotted as a 

function of temperature in Figure 3–5. For Surmont bitumen, a non-linear trend for the 

variation of α with temperature is observed while for MacKay River and JACOS 

bitumens, a linear variation was obtained. The exponential term in equation 3-3 can be 

replaced with the simple linear function, 

Taa 54   3-5 

This equation has been considered by Badamchi-Zadeh et al. (2009a), Guan et al. 

(2013), Kariznovi et al. (2013b), and Nourozieh et al. (2013) in the correlation of 

Athabasca bitumen density with acceptable results. Both exponential and linear functions 

for the variation of α with temperature were considered, and the fitted coefficients with 

the coefficient of determination α are summarized in Table 3–6. 

 
Table 3–6: Coefficientsofthecorrelationequationforcalculationofα(equations 3-3 and 3-5). 

Bitumen Equation a4 (MPa
-1

) a5 ([°C]
-1

) R
2
 

Surmont Linear 3.528×10
-4

 3.416×10
-6

 0.98599 

Exponential 4.187×10
-4

 4.762×10
-3

 0.99390 

MacKay River Linear 4.745×10
-4

 2.167×10
-6

 0.93194 

Exponential 5.074×10
-4

 3.029×10
-3

 0.93277 

JACOS Linear 3.657×10
-4

 4.226×10
-6

 0.97829 

Exponential 4.548×10
-4

 5.295×10
-3

 0.95220 
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Figure 3–5: Coefficient α of equation 3-1 as a function of temperature for three different bitumens; ♦, 

Surmont; ■, MacKay River; ▲, JACOS. 

 

Table 3–7 summarizes the average absolute relative deviation (AARD) and 

maximum absolute deviation (MAD) for the cases considered. The correlated values 

show a maximum absolute deviation of ±1.7 kg/m
3
 from the measured values. As 

expected, the best results are obtained with the second order function for ρ0 and an 

exponential function for α. 

 

Table 3–7: Average absolute deviation (AARD) and maximum deviation (MAD) of calculated densities. 

Bitumen 
 ρ0 Linear Second Order 

α  AARD (%) MAD AARD (%) MAD 

Surmont Linear 0.021 0.6 0.017 0.5 

Exponential 0.029 0.7 0.016 0.5 

MacKay River Linear 0.058 1.2 0.032 1.0 

Exponential 0.055 1.2 0.032 0.9 

JACOS Linear 0.097 2.8 0.046 1.7 

Exponential 0.091 2.4 0.050 1.7 
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3.2.2. Viscosity of Bitumens 

The viscosity of the bitumen samples was also measured using the Cambridge 

viscometer equipped with sensor SPC-372 at temperatures up to 200°C over the pressure 

range atmospheric pressure to 14 MPa. The viscometer was factory calibrated, requiring 

only the use of appropriate piston for the viscosity measurement. Three different pistons 

corresponding to different temperature ranges were used for viscosity measurements. 

The measured data show that the viscosity of bitumen increases with increasing 

pressure and decreases with increasing temperature. The viscosity of a pure and simple 

component is not highly sensitive to pressure and is not affected by a moderate pressure 

increase. However, at the same temperature and over similar pressure increments, the 

bitumen viscosity increases significantly (near 50% increase in the viscosity from the 

lowest pressure to the highest pressure). This is explained by the structure of bitumen. 

Bitumen is composed of a variety of components including asphaltenes. Asphaltenes are 

a fraction of bitumen made up of complex molecules with a high ratio of carbon to 

hydrogen that are insoluble in normal alkanes. Changes in pressure affect the viscosity of 

complex molecules more than molecules with a simple structure (Reid et al. 1977; 

Mehrotra and Svrcek 1986). The impact of temperature change on bitumen viscosity is 

more pronounced than the effect of pressure. 

The viscosity data were fitted with the two correlations proposed by Mehrotra and 

Svrcek (1986). The correlations take into account the impact of pressure and temperature 

on the bitumen viscosity and the authors examined the developed correlations for their 

viscosity measurements over the temperature and pressure ranges of 43 to 120°C and 0 to 

10 MPa. Mehrotra and Svrcek (1986) presented the following two empirical correlations 

for the viscosity of solvent-free bitumen, 

  g321B )ln(exp)ln( PbTbb   3-6 

    g321B )ln()ln(ln PbTbb   3-7 
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in which µB is the bitumen viscosity in mPa.s, T is the temperature in K, and Pg is the 

gauge pressure in MPa. Equation 3-6 represents a linear variation for the logarithm of 

viscosity as a function of pressure while in equation 3-7, a linear relationship between the 

pressure and double logarithm of viscosity is considered. The constants for equations 3-6 

and 3-7 are summarized in Table 3–8 along with the coefficients fitted by other authors 

for Athabasca bitumen. The regression of the coefficients was performed using a 

MATLAB subroutine. The AARDs of the correlated results from the experimental values 

are also summarized in Table 3–8. A comparison of AARDs reveals that two models 

show large deviations when they are applied to our viscosity measurements. This could 

be due to the wider temperature range (50 to 190°C) considered in this study compared to 

the Mehrotra and Svrcek (1986) study. 

A closer examination of the best fitted coefficients presented in Table 3–8 reveals 

that the regression of the experimental data results in almost the same coefficients for 

Surmont and MacKay River bitumens. As will be presented later, the correlated viscosity 

of Surmont and MacKay River bitumens are nearly identical. JACOS bitumen also has 

similar viscosity values to those reported for Athabasca bitumen by Mehrotra and Svrcek 

(1986). This can be observed by comparing the best fitted coefficients of two bitumen 

samples. 

 

Table 3–8: Coefficients of the correlation equations for the viscosity of different bitumens (equations 3-6 

and 3-7). 

Coefficients equation b1 b2 b3 (MPa
-1

) AARD (%) 

Surmont Bitumen 3-6 25.65193 -4.04208 0.031101 8.4 

 3-7 24.84525 -3.90450 0.004723 9.2 

MacKay River Bitumen 3-6 25.42828 -4.00814 0.031285 8.2 

 3-7 24.56448 -3.86113 0.005137 7.1 

JACOS Bitumen 3-6 23.94318 -3.76445 0.040273 8.4 

 3-7 22.92858 -3.59230 0.007243 3.4 

Athabasca Bitumen 

Mehrotra and Svrcek (1986) 

3-6 23.42920 -3.67720 0.0345755 2.8 

3-7 22.85150 -3.57840 0.00511938 1.8 
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A comparison of the magnitude of coefficient b3 in three bitumens demonstrates that 

JACOS bitumen has a larger b3 value than Surmont and MacKay River bitumens. This 

shows that the viscosity of JACOS bitumen is more pressure dependent than the other 

two bitumens. For example, at the temperature of 50°C, an increase in pressure from 1 to 

10 MPa results in a 75% increase in the JACOS bitumen viscosity while for the MacKay 

River bitumen, viscosity increases only 50%. 

 
Figure 3–6: Viscosity of Surmont bitumen as a function of temperature at two different pressures; ♦, 2 

MPa; ▲, 10 MPa; solid lines, equation 3-6; dashed lines, equation 3-7. 

 

The correlated data for two viscosity correlations using the coefficients listed in 

Table 3–8 are presented in Figures 3–6 to 3–8. Figure 3–6 shows the measured and 

correlated viscosity data versus temperature at different pressures for Surmont bitumen. 

Figures 3–7 and 3–8 illustrate the same results for MacKay River and JACOS bitumens, 

respectively. In these plots, the solid and dashed lines denote the results correlated by 

equations 3-6 and 3-7, respectively, and the symbols show the experimental data. The 

figures illustrate that the viscosity of bitumens increases with pressure and decreases with 
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temperature. The impact of temperature on the bitumen viscosity is more pronounced 

than the effect of pressure. 

 
Figure 3–7: Viscosity of MacKay River bitumen as a function of temperature at two different pressures; ♦, 

1 MPa; ▲, 14 MPa; solid lines, equation 3-6; dashed lines, equation 3-7. 

 
Figure 3–8: Viscosity of JACOS bitumen as a function of temperature at two different pressures; ♦, 1 MPa; 

▲, 14 MPa; solid lines, equation 3-6; dashed lines, equation 3-7. 
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As depicted in Figures 3–6 to 3–8, the viscosity data are well fitted with two 

empirical correlations. The results of two models at low temperatures are the same. 

However, as the temperature increases, the deviation of two models from each other 

becomes more pronounced. Overall, two models correlate the viscosity data well over the 

studied pressure and temperature ranges. Nevertheless, on the basis of AARDs, equation 

3-7 results in lower deviations. 

Figure 3–9 presents a comparison of the viscosity of different bitumens over the 

temperature range of 25 to 200°C at two pressures (0.1 and 10 MPa). The results show 

that the viscosity of Surmont bitumen is higher than that of other bitumens. JACOS 

bitumen has the lowest viscosity and the viscosity data of JACOS bitumen are almost 

identical to the data of Athabasca bitumen reported by Mehrotra and Svrcek (1986) at 

atmospheric pressure. At 10 MPa, JACOS bitumen shows higher viscosity than 

Athabasca bitumen. 

 
Figure 3–9: Viscosity of different bitumens as a function of temperature at two different pressures; ----, 0.1 

MPa; ─, 10 MPa; blue color, Surmont; black color, MacKay River; red color, JACOS; green color, 

Athabasca bitumen reported by Mehrotra and Svrcek (1986). 
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Figure 3–10: Viscosity ratio of different bitumens as a function of pressure at two different pressures; ----, 

150°;─,25°C;bluecolor,Surmont;blackcolor,MacKayRiver;redcolor,JACOS;greencolor,Athabasca

bitumen reported by Mehrotra and Svrcek (1986). 

 

Figure 3–10 shows the pressure dependency of different bitumens calculated from 

equation 3-7 at two different temperatures. As depicted in the figure, the viscosity of 

JACOS bitumen is more pressure dependent than that of other bitumens. As the 

temperature increases, the pressure dependence of viscosity is reduced. At the 

temperature of 150°C, the viscosity ratios of Surmont, MacKay River, and Athabasca 

bitumens overlie each other. This indicates that these three bitumens have a similar 

viscosity increase under the pressure increment. 

3.3. Compositional Analysis 

Before the phase behaviour experiments, the bitumen samples were subjected to 

compositional analysis to obtain carbon number distributions up to C100. The 

compositional analysis was done using the standard test method, ASTM D7169. This 
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determination of the distribution of boiling points in petroleum fractions, vacuum 

residues, and crude oils. The distribution of the boiling points and the intervals of cut 

points in residues and crude oils are determined using a high-temperature gas 

chromatography. An external standard method is used to determine the amount of residue 

(or sample recovery). This method relies on the applicability of SimDis for the oil 

samples that cannot be completely distilled using the chromatographic system. With this 

standard method, the elution of components and their boiling point distribution at 

temperatures up to 720°C is determined. At this temperature, the component n-C100 is 

eluted. The boiling point distributions for three bitumen samples are given in Table 3–9. 

 

Table 3–9: Compositional analysis of bitumen samples. 

%Off MacKay River JACOS
*
 Surmont 

IBP 200.3 221.7 192.4 

1 218.5 238.1 213.2 

2 242.2 256.3 236.1 

3 258.5 268.2 252.7 

4 271.4 278.6 265.7 

5 283.4 287.6 277.6 

6 293.2 294.9 288.4 

7 301.7 301.4 297.1 

8 309.6 307.6 305.2 

9 316.9 313.5 312.8 

10 324.2 319.2 320.1 

11 331.0 324.9 327.2 

12 337.8 330.2 334.1 

13 344.3 335.5 341.0 

14 350.4 340.8 347.5 

15 356.4 345.9 353.8 

16 362.4 350.7 360.1 

17 368.2 355.5 366.3 

18 374.1 360.4 372.5 

19 379.9 365.2 378.8 

20 385.7 369.8 385.1 

21 391.6 374.7 391.3 

22 397.4 379.5 397.5 

23 403.1 384.3 403.5 

24 408.6 389.1 409.4 

25 413.9 394.0 415.0 

26 419.1 398.7 420.3 

27 424.1 403.5 425.6 

28 429.2 408.0 431.0 

29 434.3 412.5 436.4 

30 439.6 416.8 441.9 

31 444.8 420.9 447.7 

32 450.4 424.9 453.2 

33 455.6 429.1 458.8 
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34 461.0 433.2 464.6 

35 466.6 437.4 470.3 

36 472.1 441.7 476.1 

37 477.7 446.1 482.0 

38 483.5 450.6 488.2 

39 489.6 454.8 494.6 

40 495.7 459.2 500.4 

41 501.3 463.8 506.2 

42 507.0 468.4 512.1 

43 512.7 472.9 518.1 

44 518.5 477.5 524.4 

45 524.7 482.2 531.2 

46 531.4 487.1 537.7 

47 537.8 492.1 544.1 

48 544.2 497.1 550.9 

49 550.9 501.6 557.8 

50 557.8 506.3 564.7 

51 564.7 511.0 571.2 

52 571.2 515.8 577.7 

53 577.6 520.7 584.2 

54 584.2 526.0 590.4 

55 590.5 531.4 596.3 

56 596.5 536.7 602.1 

57 602.4 541.9 607.8 

58 608.3 547.2 613.2 

59 613.8 552.8 618.5 

60 619.3 558.3 623.7 

61 624.7 563.7 628.5 

62 629.6 569.0 633.0 

63 634.2 574.2 637.3 

64 638.7 579.5 641.7 

65 643.2 584.8 645.9 

66 647.6 590.1 649.9 

67 651.6 595.2 653.7 

68 655.4 600.2 657.1 

69 659.3 605.4 661.4 

70 664.0 610.5 665.9 

71 668.9 615.5 670.5 

72 673.4 620.7 674.6 

73 678.5 625.6 679.9 

74 683.7 630.4 684.7 

75 688.7 635.0 689.5 

76 693.3 639.7 693.8 

77 698.2 644.5 698.8 

78 703.1 649.3 703.5 

79 707.8 653.8 708.0 

80 713.3 658.2 713.3 

81 718.5 663.9 718.4 

82 723.9 669.8 723.8 

83 729.6 675.0 729.5 

84 735.6 681.4 735.4 
* 
de-asphaltened bitumen 
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3.4. SARA Analysis 

The SARA analysis is based on the separation of different fractions (saturates, 

aromatics, resins, and asphaltenes) using a n-paraffin solvent and the adsorption of 

fractions on clay or silica gel. The saturate fraction contains the lightest components and 

non-polar hydrocarbons. This includes n-paraffins, iso-paraffins and naphthenic groups. 

The aromatic fraction is composed of the components that have benzene rings. The resin 

fraction includes polynuclear aromatics with higher molecular weight and density. This 

fraction is more polar and has higher heteroatom content compared to the aromatic 

fraction. The last fraction is asphaltene that is defined as the materials insoluble in n-

paraffins but soluble in aromatic solvents. The asphaltene has particularly high molecular 

weight and is responsible for considerably increasing the viscosity of bitumen. 

The asphaltene fraction of bitumen is precipitated with a paraffinic solvent such as 

pentane or heptane. The resin fraction is adsorbed on attapulgus clay while the aromatic 

fraction is adsorbed on silica gel. Figure 3–11 shows the procedure for differentiating the 

fractions. 

 
Figure 3–11: Step-wise procedure for SARA analysis (Speight 2007). 

 

The SARA analysis was performed on the samples to determine the different 

fractions (saturate, aromatic, resin, and asphaltene) in bitumen samples. The asphaltene 
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fraction of bitumen was precipitated using heptane as the precipitant. The SARA 

compositional analysis of different bitumens was completed using the ASTM D2007 

method and the results are presented in Table 3–10. 

 

Table 3–10: SARA analysis for bitumen samples. 

Fraction JACOS
*
 MacKay River Surmont 

Saturates 18.72 11.76 12.26 

Aromatics 33.20 57.00 40.08 

Resins 28.27 21.61 36.53 

Asphaltenes 17.35 9.62 11.13 
*
 n-pentane as precipitant 

 

3.5. Molecular Weight 

The molecular weight of a compound can be measured by two different methods: 

vapour pressure osmometry and cryoscopy method. The vapour pressure osmometry is 

based on the change in the boiling point of a solvent when a solute is added (Chung et al. 

1979). The osmometer has a column filled with the pure solvent and a column with the 

solvent/solute solution. Thermistors produced the electrical signal of differential heating 

to achieve vapour equilibrium in each column. A plot of concentration as a function of 

electrical differential can be made with the measurement of the solutions of different 

concentrations of solute with a known molecular weight. 

The cryoscopy method is based on freezing point depression. Freezing point 

depression is the change in the freezing point of a solvent by dissolving a solute because 

the solution has a lower freezing point than a pure solvent (Cryette 1994). The change in 

the freezing point can be used to determine the molecular weight of the solute. 

When a solute is dissolved in a solvent, the freezing temperature is lowered in 

proportion to the number of moles of solute added to solution. This property, known as 

the freezing-point depression, is a colligative property dependent on the ratio of solute 

and solvent particles, not on the nature of the solute. The properties of a solution differ 

from those of a pure solvent due to interactions that take place between the solute and 
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solvent molecules. These properties are dependent only upon the number of particles 

(ions or molecules) that are dissolved in the solvent and not on the identity of the 

particles. 

3.5.1. Cryoscopy Method 

The freezing points of different solution concentrations with a known solute and a 

known solvent can be used to generate the calibration curves. Thus, the molal freezing 

point depression constant of the solvent is determined, which, together with the known 

molecular weight of the solvent can be used to determine the molecular weight of a given 

compound. When a particular solute is dissolved in a solvent, the following expression 

holds true: 

ff

o

f KTTT   3-8 

The terms Tf° and Tf refer to the freezing-point temperatures of the pure solvent and 

solution, respectively. The term “ε” indicates the molality of the solution, which is 

defined as the number of moles of solute per 1000 g of solvent. This quantity is used, 

rather than molarity, because it is not temperature dependent. The constant, Kf, is referred 

to as the freezing-point-depression constant and is dependent only upon the solvent. This 

value is obtained for a prepared mixture and can be converted to molecular weight. 

Before any molecular weight measurements, the instrument should be calibrated to 

find the freezing-point-depression constant for the solvents. Generally, two solutions 

(depending on the solute) can be considered, aqueous and non-aqueous. For the aqueous 

solution, water is used as the solvent. Benzene is selected as the solvent for non-aqueous 

solutions. The calibration of the instrument was done with the prepared solutions 

provided by the factory. 
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3.5.2. Accuracy of Measurements 

Following the calibration of the instrument that is utilized for the freezing-point 

depression measurement using solutions provided by the factory, the accuracy of 

measurements for different solutes was examined. An alcohol, 1-propanol, and an organic 

compound, n-tetradecane, were selected. To determine the effect of the molality of the 

solution on the accuracy of the measurements, varieties of solutions were considered.  

The molecular weight of 1-propanol is 60.1 g/g-mol. Distilled water was used as the 

solvent and the molecular weight of 1-propanol was measured at two different molal 

solutions. Table 3–11 summarizes the measured molecular weight and the percentage 

error. The data show that the measurements are accurate within 1% and the 

measurements are not affected when the solutions are prepared at different molal 

concentrations. 

 

Table 3–11: Molecular weight of 1-propanol using freezing point depression method. 

Solution (molal) Test No. Cryette Reading (∆T) MW (g/mol) Error (%) 

0.3022 1 560 60.3173 0.362 

2 561 60.2098 0.183 

3 560 60.3173 0.362 

0.1561 4 293 59.5532 0.910 

5 294 59.3507 1.247 

6 293 59.5532 0.910 

 

For non-aqueous solutions, it is necessary to calibrate the instrument using benzene 

as the solvent. The calibration procedure explained in the manual was followed, and the 

molecular weight of n-tetradecane was measured using the benzene as the solvent. Table 

3–12 presents the measured values for the molecular weight and the percentage error. In 

this case, the measurements are accurate within 2% compared to the molecular weight of 

n-tetradecane, which is 198.39 g/g-mol.  
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Table 3–12: Molecular weight of n-tetradecane using freezing point depression method. 

Test No. Cryette Reading (∆T) MW (g/mol) Error (%) 

1 536 201.29 1.5 

2 535 201.67 1.7 

3 537 200.92 1.3 

 

3.5.3. Molecular Weight of Bitumen Samples 

After the instrument was calibrated and the accuracy of the measurements was 

examined, the molecular weight of three bitumen samples was measured. Benzene was 

used as solvent for the measurements. The solutions were prepared with 0.15 molal 

concentrations. This value is within the range recommended by the factory for molecular 

weight measurements. Table 3–13 summarizes the measured molecular weights of 

JACOS, Surmont, and MacKay River bitumens for four different measurements. 

 

Table 3–13: Repeated measurements for the molecular weight of bitumen samples. 

Test No. Bitumen mBenzene (g) mBitumen (g) ∆T MW (g/mol) 

1 JACOS 32.0180 2.8015 837 535.23 

2 JACOS 32.0180 2.8015 849 527.67 

3 JACOS 32.0180 2.8015 849 527.67 

4 JACOS 32.0180 2.8015 841 532.68 

5 Surmont 32.0440 2.7350 811 538.84 

6 Surmont 32.0440 2.7350 804 543.53 

7 Surmont 32.0440 2.7350 806 542.18 

8 Surmont 32.0440 2.7350 821 532.28 

9 MacKay River 32.0120 2.5710 797 515.94 

10 MacKay River 32.0120 2.5710 794 517.89 

11 MacKay River 32.0120 2.5710 804 511.45 

12 MacKay River 32.0120 2.5710 815 504.55 

 

Table 3–14 lists the average molecular weights of JACOS, Surmont and MacKay 

River bitumens. The measured values are precise within ±1.5%. Based on the 

measurements, Surmont bitumen is heavier than JACOS and MacKay River bitumens. 
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Table 3–14: Molecular weight of bitumen samples. 

Bitumen MW (g/mol) 

JACOS 530.8 ± 4.4 

MacKay River 512.5 ± 6.9 

Surmont 539.2 ± 7.9 
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Chapter 4:  Phase Behaviour of Bitumen/Ethane Mixtures 

This chapter presents the vapour-liquid and liquid-liquid phase equilibria for 

bitumen/ethane mixtures and their applications for bitumen recovery processes. The 

results of vapour-liquid equilibria cover the solubility, density, and viscosity 

measurements of the saturated liquid phase, K-values, and GOR. For liquid-liquid 

equilibrium conditions, the properties of equilibrium phases as well as extraction yield 

were studied. The effects of pressure, temperature, and overall solvent concentration on 

the phases’ composition, density, viscosity, and compositional analysis have been

evaluated. The generated vapour-liquid and liquid-liquid equilibrium data in this chapter 

are applied for equation of state modelling in Chapter 8. 

4.1. Introduction 

Ethane is one of the simplest hydrocarbons and organic components with a chemical 

formula of C2H6 and is comprised of two carbon atoms and six hydrogen atoms with a 

molecular weight of 30.07 g/mol. Ethane is the one of the constituents of natural gas 

produced from gas reservoirs. Ethane’s boiling point, critical temperature and pressure 

are -88.6°C, 32.27°C and 4.88 MPa, respectively (Yaws 1999). The critical temperature 

of ethane is close to ambient temperature which makes it a potential candidate for 

supercritical extraction process in the petrochemical industry. Ethane can also be used for 

conventional oil recovery in miscible and immiscible displacement processes. However, 

its application for heavy oil and bitumen recovery has been limited to laboratory 

experiments, and no field-scale project has been reported yet. Lim et al. (1995) did a 

bench-scale sand pack flood test with Cold Lake bitumen using both subcritical and 

supercritical ethane. The results showed that, by using supercritical ethane, the bitumen 

production rate can be increased by an average of 25% with the rate being almost twice 

that of subcritical ethane in the first cycle. In addition, the supercritical ethane 
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experiments had a 25% higher solvent recovery when the apparatus was depressurized at 

the end of the experiment. The experimental data indicated that supercritical ethane 

performs better than subcritical ethane for in-situ bitumen recovery. 

Ethane can also be considered as a gaseous additive to steam-based bitumen recovery 

processes. Using the gaseous additive for steam-based recovery processes is not a new 

idea; experimental and modelling studies have shown that, in steam-based process such 

as SAGD, a gaseous solvent can be co-injected with steam to improve the process 

performance. Field results by Sperry (1981) and modelling and simulation results by 

Weinstein (1974) indicated encouraging results from the application of a gas additive to 

steam in thermal processes for heavy oil and bitumen recovery methods.  

The results of field trials in the Paris Valley field reported by Meldau et al. (1981) 

confirmed the applicability of a gas additive in steam-based processes. Experimental 

studies by Pursley (1975) confirmed the field and simulation results. Redford and McKay 

(1980) conducted three-dimensional (3-D) physical model experiments with the co-

injection of methane, ethane, propane, butane, pentane, natural gasoline, and naphtha 

with steam. The results showed improvement in the oil recovery rate with the co-injection 

of the additives with steam. 

Overall, additives can improve the performance of the steam-based recovery 

processes. As a result, Butler (1999) proposed a process called Steam and Gas Push 

(SAGP) which can improve the performance of the SAGD process. In this process, non-

condensable gases are co-injected with steam. Physical model experiments (Butler et al. 

1999, 2000; Jiang et al. 2000) confirmed the beneficial effect of non-condensable gas 

additives. The experiments showed that the non-condensable gas can form insulation at 

the edge of the chamber and reduce the heat loss. The effect of non-condensable gas co-

injection on the SAGD process has been also investigated by several authors (Edmund et 

al. 1994; Goite et al. 2001; Bagci and Gumrah 2004; Al-Murayri et al. 2011). 

During the SAGP process, ethane is in vapour form in the steam chamber for a given 

steam temperature and pressure. It moves to the edge of the chamber and forms an 
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insulative layer at the edge of the chamber which reduces the heat loss. In addition, 

ethane has a considerable solubility in bitumen compared to methane and nitrogen. Thus, 

it diffuses and dissolves in bitumen and reduces the bitumen viscosity. The viscosity 

reduction by ethane dissolution increases the production rate and ultimate oil recovery. 

Even if diffusion and dispersion play an important role in the process, the understanding 

of the bitumen/ethane interaction is critical for the understanding and optimization of the 

process. The equilibrium concentration and the solubility of ethane are governed by the 

complex interaction between bitumen and ethane. 

In addition to the oil recovery processes, ethane is a potential candidate for bitumen 

upgrading and supercritical extraction processes (Rose et al. 2001). Ethane has favourable 

critical properties; and, at supercritical condition, it behaves as a liquid-like solvent and 

its solubility increases significantly. The main advantage of supercritical extraction is the 

high solvent recovery. That is, the solubility of solvent can dramatically change with the 

adjustment of the operating conditions and thus most of solvent can be recovered. The 

critical temperature of ethane is quite low; therefore, the extraction process can be 

operated at a lower temperature than that of the distillation process and, as result, requires 

lower energy (Parkinson and Johnson 1989). 

Supercritical extraction has been a well known technique for more than a century 

with a wide range of applications in the food industry (Zosel 1978); however, its 

application for heavy oil and bitumen extraction is relatively new; and, a significant gap 

exists in the literature. Field and commercial applications of supercritical extraction for 

bitumen using ethane require phase behaviour data. Phase behaviour studies using 

supercritical fluids and bitumen are limited and can be categorized into those with 

constant solvent-to-bitumen ratios and those with semi-batch extractors. In the second 

category, the extractor is fed with a fixed amount of bitumen or heavy oil. The solvent 

then flows through the extractor and withdraws the lighter components. The first category 

has wider applications for modelling and thermodynamic studies of bitumen/ethane 

systems while the semi-batch method is more practical for field application. 
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In summary, ethane can be used for the recovery and processing of heavy oil and 

bitumen, as a gas additive to steam-based recovery processes or in supercritical extraction 

processes for surface upgrading. The phase behaviour and thermodynamic properties of 

bitumen/ethane mixtures are extremely important to the design and optimization of these 

processes. 

4.2. Literature Background 

There are a number of experimental investigations that focus on the phase behaviour 

of bitumen/ethane systems available in literature; however, these studies are confined to 

conditions where the bitumen and ethane form vapour and liquid phases at equilibrium 

condition. Mehrotra and Svrcek (1985a, 1985b, 1985c, 1988a), Fu et al. (1988) and 

Frauenfeld et al. (2002) measured the solubility of ethane in bitumen and its 

corresponding saturated liquid properties. 

Mehrotra and Svrcek (1985a, 1985b, 1985c, 1988a) reported the experimental data 

on the solubility and saturated phase density and viscosity for bitumen/ethane mixtures at 

temperatures up to 115°C and at the pressures up to 10 MPa. The authors measured the 

experimental data for four different bitumens: Athabasca, Peace River, Cold Lake, and 

Wabasca.  

Fu et al. (1988) measured the vapour-liquid equilibrium properties of Cold Lake 

bitumen / ethane mixture using a modified Ruska rocking cell apparatus at temperatures 

up to 150°C and the pressures up to 12 MPa. The authors only reported the composition 

of phases at equilibrium condition during the phase behaviour studies. More recently, 

Frauenfeld et al. (2002) measured the solubility of ethane in a Cold Lake blend oil at a 

temperature of 15°C and in Lloydminster Aberfeldy oil at a temperature of 19°C and at 

the pressures up to 3 MPa. 

The study of liquid-liquid separation and partitioning of components in the 

bitumen/solvent systems can provide valuable information for surface upgrading methods 
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and also the performance of solvent-based recovery processes. In addition to the vapour-

liquid equilibrium studies, the liquid-liquid separation and extraction of light components 

from heavy crudes using ethane has been studied by Rose (1999) and Rose et al. (2001). 

They presented the supercritical extraction data for Peace River bitumen / ethane systems 

and found that extraction yields increased by both increasing the extraction pressure and 

decreasing the operating temperature. As temperature is reduced and pressure rises, the 

extracted oil becomes heavier. At higher temperatures or lower pressures, the extracted 

oil is lighter and has lower viscosities.  

Lim et al. (1995) also evaluated the differences in the production rate of a sand pack 

saturated with Cold Lake bitumen using subcritical and supercritical ethane. No 

experimental data for liquid-liquid equilibrium, extraction of bitumen with ethane at 

ambient temperature, and partitioning of components within phases have been reported. 

The available experimental data in the literature indicate that the data are limited to a 

temperature range of 22 to 114°C and the pressures up to 10 MPa. Few data for a high 

temperature condition (150°C) and liquid-liquid extraction have been reported. No 

experimental data for a wide range of temperatures (i.e. ambient to 200°C) including both 

vapour-liquid and liquid-liquid phases has been reported in the literature. In addition, no 

experimental data for physical and chemical properties of equilibrium phases as well as 

phase diagrams for bitumen/ethane mixtures have been reported. 

In this research, phase behaviour experiments for the bitumen/ethane system have 

been conducted to consider both vapour-liquid and liquid-liquid equilibrium conditions. 

The liquid-liquid equilibrium was detected at the temperatures less than 30°C. In the case 

of the liquid-liquid equilibrium, two phases, solvent-enriched and asphaltene-enriched, 

exist at equilibrium condition. The former is mostly composed of solvent and some light 

components extracted from the bitumen phase. The latter mainly consists of the heavy 

components of bitumen, such as asphaltenes and resins, which cannot be extracted by 

solvent. The extraction yield depends on the temperature, pressure and solvent-to-

bitumen ratio. 
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In this chapter, the phase behaviour study including phase partitioning and 

component distribution within the phases at equilibrium condition for Athabasca bitumen 

/ ethane system has been considered over a temperature range of ambient to 200°C and at 

pressures up to 10 MPa. The experimental data are presented in three different sections: 

vapour-liquid equilibrium, liquid-liquid equilibrium, and phase diagrams. 

4.3. Vapour-Liquid Equilibrium for Surmont Bitumen / Ethane Systems 

Vapour-liquid experiments were conducted to determine the influence of pressure 

and temperature on the phase equilibrium properties of bitumen/ethane mixtures. The 

experiments were carried out at 20 different operating conditions; combination of four 

different temperatures (50, 100, 150, and 190
o
C) and five different pressures (1, 2, 4, 6, 

and 8 MPa). The details of each experiment, such as the amount of bitumen and solvent 

charged into the equilibrium cell, are presented in Table 4–1. The amounts of solvent and 

bitumen in each experiment are the required mass of each species to have both vapour 

and liquid phases at equilibrium condition and to obtain enough phase samples for 

solubility measurements. As expected, the weight fraction of ethane in the equilibrium 

cell increased with pressure and reduced with temperature due to variation of solubilities 

with temperature and pressure. 

The results of the vapour-liquid experiments for Surmont bitumen / ethane systems 

are summarized in Table 4–2. The repeatability of the generated data was examined by 

repeating one experiment each at 50, 150, and 190°C: these data are presented in Table 

4–3. As the data presented in the table show, the measurements of the solubilities in two 

experiments at similar conditions were in good agreement and the saturated phase 

densities were precise to less than 0.5 kg/m
3
. The deviation for the saturated liquid 

viscosities was less than 5%. 
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Table 4–1: Experimental design and feeding information for Surmont bitumen / ethane systems at 

temperature, T and pressure P. 

T (°C) P (MPa) 
Equilibrium Cell 

PEquilibrium (MPa) 
C2H6 (g) Bitumen (g) 

50 

1 4 46 1.103 

2 7.5 42.5 2.103 

4 10 40 4.109 

6 11.25 45 6.101 

8 12.5 37.5 8.073 

100 

1 2.5 47.5 1.013 

2 5 45 1.958 

4 6 44 3.978 

6 7.5 42.5 6.025 

8 11.25 45 8.076 

150 

1 2.5 47.5 1.138 

2 5 45 1.999 

4 6 44 4.040 

6 7.5 42.5 6.025 

8 11.25 45 8.204 

190 

1.25 5 45 1.455 

2 5 45 2.185 

4 6 44 4.019 

6 7.5 42.5 6.039 

8 11.25 45 8.073 

 

As Table 4–2 indicates, the dissolution of ethane in bitumen reduced the density and 

viscosity of the saturated liquid phase. Depending on the temperature, the decreasing 

trends of density and viscosity with the solubility of ethane were different. At a constant 

temperature, the solubility of ethane in bitumen increased with increasing pressure. Thus, 

the density and viscosity of saturated liquid phase showed a decreasing trend with the 

equilibrium pressure. Although pressure increases the density and viscosity of gas-free 

bitumen at a constant temperature, the dissolution of ethane in bitumen compensated for 

this effect and reversed the impact of pressure on the density and viscosity (reduction of 

density and viscosity with pressure). 
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For Surmont bitumen / ethane mixtures, a clear phase transition between two phases 

of vapour and liquid was observed for all experiments during the phase sampling at 

equilibrium condition. Figure 4–1 illustrates the density measurements and phase 

transitions for Surmont bitumen / ethane mixtures at different temperatures. As depicted 

in the figure, the volume of each phase and the saturated phase densities were measured 

during the course of experiments. 

 

Table 4–2: Experimental vapour-liquid equilibrium properties for Surmont bitumen / ethane systems at T = 

(50, 100, 150, and 190)°C; P, pressure; s, saturated liquid density; s, saturated liquid viscosity; ws, weight 

fraction of ethane in saturated liquid phase. 

T (°C) P (MPa) 10
2
 ws s (kg/m

3
) s (mPa.s) 

51.3 1.103 1.76 974.7 1822 

50.7 2.103 3.64 957.0 652 

50.8 4.109 7.75 916.5 118 

50.9 6.101 12.2 874.2 35.8 

50.9 8.090 14.2 856.7 26.7 

100.5 1.013 0.91 949.6 138 

100.3 1.958 1.90 940.4 102 

100.6 3.978 3.71 919.1 49.2 

100.7 6.025 6.15 897.2 25.6 

100.6 8.076 8.45 876.0 16.2 

149.9 1.200 0.67 921.6 27.4 

149.7 1.999 1.33 915.9 23.4 

149.3 4.040 2.65 900.9 16.2 

149.9 6.025 4.33 885.9 11.0 

149.9 8.204 5.55 869.3 8.14 

189.4 1.455 0.72 900.8 10.6 

189.4 2.096 1.18 897.1 9.68 

189.7 4.019 2.10 884.8 7.69 

189.9 6.039 3.18 872.1 6.13 

189.4 8.073 4.40 859.1 5.07 
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Figure 4–1: Phase transitions for vapour-liquid equilibrium study of Surmont bitumen / ethane mixtures; ♦, 

50°C and 2 MPa; ♦, 100°C and 4 MPa; ♦, 150°Cand6MPa;♦,190°C and 8 MPa. 
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Table 4–3: Experimental vapour-liquid equilibrium properties of repeated experiments at T = (50, 150, and 

190)°C for Surmont bitumen / ethane systems; P, pressure; s, saturated liquid density; s, saturated liquid 

viscosity; ws, weight fraction of ethane in saturated liquid phase. 

T (°C) P (MPa) 10
2
 ws s (kg/m

3
) s (mPa.s) 

50.9 
8.073 14.2 854.1 24.2 

8.107 14.1 859.2 29.1 

149.7 

1.138 0.65 921.5 28.7 

1.241 ---- 921.5 26.7 

1.179 0.69 921.9 26.7 

189.4 
2.185 1.19 896.5 9.68 

2.006 1.17 897.6 ---- 

 

4.3.1. Saturated Phase Properties 

Figures 4–2 to 4–4 illustrate the experimental results for the Surmont bitumen / 

ethane systems for the temperatures greater than 50°C, in which the vapour-liquid 

equilibrium exists in equilibrium condition. The solubility measurements are shown in 

Figure 4–2, and Figures 4–3 and 4–4 demonstrate the ethane-saturated bitumen density 

and viscosity as a function of equilibrium pressure. 

In Figure 4–2, the x-axis shows the equilibrium pressure and the y-axis indicates the 

measured solubilities of ethane in bitumen. The isotherms corresponding to each 

temperature are shown by different colours. The solubility of ethane in bitumen increases 

with pressure at a constant temperature and reduces with temperature at a constant 

pressure. The solubility of ethane varies with pressure more significantly at the lowest 

temperature (50°C) compared to the highest temperature (190°C). Generally, ethane has a 

much higher solubility in bitumen than methane at equal operating conditions and this 

behaviour is more significant at low temperatures. In this section, the temperature of 

50°C is the lowest temperature considered, and the vapour-liquid equilibrium exists in the 

studied pressure range (< 8 MPa). 
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As depicted in Figure 4–2, the difference between the isotherms becomes more 

considerable as the temperature decreases from 190 to 50°C. The solubility curves 

demonstrate almost linear trends for the temperatures 100, 150, and 190°C. The linear 

increasing trend of solubility with pressure changes to a non-linear variation as the 

temperature decreases to 50°C. At this temperature, the solubility values flatten beyond a 

pressure of about 6 MPa. This behaviour was also observed by Mehrotra and Svrcek 

(1985a) for Athabasca bitumen / ethane mixtures. The authors found that, at three 

temperatures of 49, 80, and 107°C, the solubility of ethane in bitumen became flat 

beyond about 7-8 MPa. This indicated a formation of second liquid phase at equilibrium 

condition. 

 
Figure 4–2: Measured solubility of ethane in Surmont bitumen as a function of pressure at different 

temperatures. 

 

Figures 4–3 and 4–4 display the saturated bitumen density and viscosity as a function 

of pressure. The symbols on the y-axis are the density and viscosity of raw bitumen at the 

desired temperature without any dissolved ethane. These values are presented in these 
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figures to determine the impact of dissolved ethane on the density and viscosity of 

bitumen.  

As anticipated from Figure 4–3, when ethane is dissolved into the bitumen sample, 

the viscosity of the ethane-saturated bitumen is significantly reduced, even at low 

equilibrium pressures. For instance, at the equilibrium pressure of 1.103 MPa and the 

temperature of 50.9°C, the viscosity of the mixture is 1822 mPa.s, which is about one 

tenth of the viscosity of the raw bitumen (18429 mPa.s) with no dissolved solvent. When 

the equilibrium pressure is increased to 8.073 MPa, the viscosity of the mixture is only 

24.2 mPa.s, which is low enough for oil to be recovered from the reservoir. 

 
Figure 4–3: Viscosity of ethane-saturated Surmont bitumen as a function of pressure at different 

temperatures. 

 

The viscosity of ethane-saturated bitumen significantly reduces with pressure at all 

temperatures. The variation of saturated bitumen viscosity with the equilibrium pressure 

has a linear trend for the temperatures of 100, 150, and 190°C. The same trend was 

observed for bitumen/methane system (Kariznovi et al. 2012a; Kariznovi 2013). 

However, at a temperature of 50°C, the viscosity shows a non-linear variation and the 
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viscosity reduction is considerable. This behaviour, as presented in Figure 4–4, is much 

more significant for density in which the ethane-saturated bitumen density at the 

temperature of 50°C crossovers other temperatures and reaches a value even lower than 

the one at 190°C. The solubility of ethane at the temperature of 50°C is much higher than 

those at 100, 150 and 190°C, particularly at the highest pressure (e.g. 8 MPa), causing a 

greater reduction in density. A noticeable behaviour in the saturated density and viscosity 

curves is observed at the temperature of 50°C and the pressures higher than 8 MPa in 

which the density and viscosity is not further decreased with the equilibrium pressure. 

The analysis of the vapour phase at these conditions shows the existence of light 

hydrocarbons. That is, some light hydrocarbon components are extracted from the 

bitumen phase into vapour phase. 

 

 
Figure 4–4: Density of ethane-saturated Surmont bitumen as a function of pressure at different 

temperatures. 
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the linear trend is observed for all temperatures. As previously mentioned, the linear 

decreasing trend of density with pressure reduces as the temperature increases. 

A closer examination of the saturated viscosity data reveals that the impact of ethane 

dissolution in bitumen viscosity reduces as the temperature increases. For example, at the 

temperature of 50.9°C and a pressure of 8.073 MPa, the viscosity of the saturated liquid 

phase is 24.2 mPa.s, which is much less than 18429 mPa.s for the gas-free bitumen while 

the viscosity reduction for 150°C is from 30.8 (raw bitumen) to 8.1 mPa.s (at 8 MPa). 

This may occur due to lower dissolution of ethane at higher temperatures and/or the rapid 

reduction of bitumen viscosity with temperature, i.e. the bitumen viscosity is quit low at 

higher temperatures and the viscosity reduction is not significant due to lower solubility 

of ethane. Hence, the impact of pressure on the reduction of bitumen viscosity is more 

pronounced at lower temperatures. 

4.3.2. Equilibrium K-values and GOR 

Experimental solubility and density data for pseudo-binary systems of 

bitumen/solvent are commonly used in reservoir simulation software to build appropriate 

thermodynamic and phase behaviour models. An approach for the thermodynamic 

modelling and equilibrium calculation rather than equation of state tuning is using 

experimental K-values. Thus, on the basis of experiments, the equilibrium K-values for 

different components present in mixtures are obtained and directly applied into reservoir 

simulation software, such as Computer Modelling Group’sSTARS (Advanced Process & 

Thermal Reservoir Simulator). Moreover, K-values are usually used to tune equation of 

state parameters. The K-values for Surmont bitumen / ethane mixtures were calculated 

using the following equation: 

C2H6

C2H6

x

y
k   4-1 

where yC2H6 and xC2H6 are the mole fractions of ethane in equilibrium vapour and 

liquid phases, respectively.  
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The equilibrium vapour phase for all experiments was analyzed with a Varian GC 

3900 gas chromatography system, and the results confirmed pure ethane as the vapour 

phase (except at the temperature 50°C and pressures higher than 6 MPa). Thus, a value of 

1 for yC2H6 was considered for all temperatures and pressures; and, the values for xC2H6 

were obtained using the data presented in Table 4–2 along with the molecular weight 

measurements for the bitumen. The measured K-values for the Surmont bitumen / ethane 

systems were plotted as a function of equilibrium pressure in Figure 4–5. The K-values 

are in the range (1 to 10) for Surmont bitumen / ethane mixtures, with the values 

determined by the composition of ethane in the liquid phase because yC2H6 = 1: a higher 

solubility results in a lower K-value. As depicted in Figure 4–5, the increase in pressure 

or the decrease in temperature leads to lower K-values. 

 
Figure 4–5: Measured K-value for Surmont bitumen / ethane systems as a function of pressure at different 

temperatures. 

 

The solubility of ethane in bitumen was found to be significant and more than the 

solubility of methane at the same conditions. A comparison with the data reported by 
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the isotherms for bitumen/ethane mixtures are more separated from each other than those 

for bitumen/methane systems. This is more pronounced when the GOR plots are 

compared. GOR is defined as the ratio of the volume of gas that comes out of solution to 

the volume of oil at standard conditions. The standard conditions considered throughout 

this thesis were a pressure of 1 atm and a temperature of 20°C. The solubility data along 

with the bitumen and hydrocarbon gas properties were used to obtain the GORs at 

different pressures and temperatures. The following equation was applied to obtain GOR, 

),(

)100(

),(

B

C2H6

C2H6

C2H6

scsc

scsc

PT

w

PT

w

GOR






  4-2 

Figure 4–6 illustrates the experimentally measured GORs using equation 4-2 for 

Surmont bitumen saturated with ethane. This figure is somehow similar to the solubility 

plot and reveals that the equilibrium properties of bitumen / ethane mixtures are much 

more dependent on the temperature than those of bitumen/methane mixtures. 

 
Figure 4–6: Measured GOR for Surmont bitumen / ethane systems as a function of pressure at different 

temperatures. 
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4.4. Vapour-Liquid Equilibrium for JACOS Bitumen / Ethane Mixtures 

Vapour-liquid equilibrium experiments were conducted to determine the influence of 

pressure and temperature on the phase equilibrium properties of JACOS bitumen / ethane 

mixtures. Experiments at three different temperatures (50, 100 and 150°C) and four 

different pressures (2, 4, 6 and 8 MPa) were conducted. The results of the vapour-liquid 

experiments for JACOS bitumen / ethane systems are summarized in Table 4–4. As with 

Surmont bitumen / ethane mixtures, the repeatability of the generated data was examined 

by repeating one experiment each at temperatures of 50, 100, and 150°C; the data are 

presented in Table 4–5. As the table shows, the measurements for the solubilities are 

within ±0.5 weight percent of ethane at a temperature of 50°C. This may be due to the 

high solubility values at low temperatures. The saturated phase densities are precise to 

less than 0.5 kg/m
3
. The deviation for the saturated liquid viscosities is less than 5%. 

As Table 4–4 shows, the variations of solubility, saturated liquid density and 

viscosity with pressure for JACOS bitumen follow the same trend as those of Surmont 

bitumen. The dissolution of ethane in bitumen reduces the density and viscosity of 

saturated liquid phase. Depending on the temperature, the decreasing trends of density 

and viscosity with the solubility of ethane are different. At a constant temperature, the 

solubility of ethane in bitumen increases with pressure. Thus, the density and viscosity of 

the saturated liquid phase shows a decreasing trend with the equilibrium pressure. 

Although pressure increases the density and viscosity of gas-free bitumen at a constant 

temperature, the dissolution of ethane in bitumen compensates for this pressure effect and 

even leads to the reduction of density and viscosity with pressure. 

Figures 4–7 to 4–9 illustrate the experimental results for JACOS bitumen / ethane 

systems for temperatures greater than 50°C in which the vapour-liquid equilibrium exists. 

The solubility measurements are plotted as a function of equilibrium pressure in Figure 

4–7, and the saturated phase properties are presented with respect to equilibrium pressure 

in Figures 4–8 and 4–9. 
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Table 4–4: Experimental vapour-liquid equilibrium properties for JACOS bitumen / ethane mixtures at T = 

(50, 100 and 150)°C; P, pressure; s, saturated liquid density; , saturated liquid viscosity; ws, weight 

fraction of ethane in saturated liquid phase. 

T (°C) P (MPa) 10
2
 ws s (kg/m

3
) s (mPa.s) 

50.6 2.082 4.16 954.9 566 

50.7 4.123 9.00 912.9 94.4 

49.3 6.060 13.4 869.2 29.6 

50.3 8.080 14.5 851.7 21.0 

100.3 2.013 2.16 937.4 81.4 

100.3 4.072 4.91 914.7 39.5 

100.2 6.074 6.25 893.8 21.9 

100.2 8.080 8.50 872.0 13.7 

149.7 2.227 1.68 911.3 18.6 

150.0 4.067 2.86 897.7 13.7 

149.9 6.167 4.79 879.7 9.62 

149.7 8.169 5.79 865.9 7.19 

 

 

Table 4–5: Experimental vapour-liquid equilibrium properties of repeated experiments at T = (50, 150, and 

190)°C for JACOS bitumen / ethane mixtures; P, pressure; s, saturated liquid density; s, saturated liquid 

viscosity; ws, weight fraction of ethane in saturated liquid phase. 

T (°C) P (MPa) 100 ws s (kg/m
3
) s (mPa.s) 

50.5 

2.082 4.66 954.5 573 

2.082 3.66 955.3 559 

4.123 8.57 912.7 95.2 

4.123 9.41 913.0 93.6 

8.100 14.5 849.4 ---- 

8.059 14.4 854.0 21.0 

100.3 

4.081 4.64 914.5 39.7 

4.067 4.47 915.0 39.2 

4.067 5.61 914.5 39.7 

149.9 
6.163 5.06 878.9 9.78 

6.170 4.53 880.5 9.45 

 



 83 

The solubility of ethane (Figure 4–7) in JACOS bitumen increases with pressure and 

reduces with temperature. The solubility of ethane significantly changes with pressure at 

low temperatures (e.g. 50°C). In this section, a temperature of 50°C is the lowest 

temperature considered, and the vapour-liquid equilibrium exists in the studied pressure 

range (< 8 MPa). 

 
Figure 4–7: Measured solubility of ethane in JACOS bitumen as a function of pressure at different 

temperatures. 

 

As depicted in Figure 4–7, the difference between the isotherms becomes more 

significant as temperature decreases from 150 to 50°C. The solubility curves demonstrate 

an almost linear variation with pressure at the temperatures of 100 and 150°C and a non-

linear variation at 50°C. At 50°C, the solubility values flatten beyond a pressure of about 

6 MPa. This behaviour was also observed for Surmont bitumen / ethane mixtures and by 

Mehrotra and Svrcek (1985a) for Athabasca bitumen / ethane mixtures. 

Figure 4–8 displays the saturated bitumen viscosity versus pressure. The symbols on 

the y-axis are the viscosity of gas-free bitumen at given temperature. They allow 

evaluating the impact of dissolved ethane in the viscosity of bitumen. As anticipated from 
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Figure 4–8, when ethane is dissolved into the bitumen sample, the viscosity of ethane-

saturated bitumen is significantly reduced, even at low equilibrium pressures. For 

instance, at an equilibrium pressure of 2.082 MPa and temperature of 50.6°C, the 

viscosity of the mixture is 566 mPa.s, which is about one tenth of the viscosity of the raw 

bitumen (6467 mPa.s) with no dissolved solvent. When the equilibrium pressure is 

increased to 8.080 MPa, the viscosity of the mixture is only 21.0 mPa.s, which is low 

enough for oil to be recovered from the reservoir. The viscosity of ethane-saturated 

bitumen reduces significantly with pressure at three studied temperatures. The viscosity 

behaviour has a linear trend with pressure at the temperatures of 100 and 150°C and a 

non-linear trend at the temperature of 50°C, with considerable viscosity reduction. 

 
Figure 4–8: Viscosity of ethane-saturated JACOS bitumen as a function of pressure at different 

temperatures. 

 

A closer examination of the saturated viscosity data reveals that the impact of ethane 

dissolution in bitumen viscosity reduces as temperature increases. For example, at 50.6°C 

and a pressure of 8.080 MPa, the viscosity of saturated liquid phase is 21.0 mPa.s which 
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is much less than 6467 mPa.s for the gas-free bitumen whereas the viscosity at 150°C is 

reduced from 28.0 (raw bitumen) to 7.19 mPa.s (at 8 MPa). This may occur due to the 

lower dissolution of ethane at higher temperatures and/or the rapid reduction of bitumen 

viscosity with temperature, i.e. the bitumen viscosity is quit low at high temperatures; 

and, due to the low solubility of ethane at these temperatures, the viscosity reduction is 

not significant. Hence, the impact of pressure (ethane solubility) on the reduction of 

bitumen viscosity is more pronounced at lower temperatures. 

Figure 4–9 presents the gas-saturated bitumen density as a function of equilibrium 

pressure for JACOS bitumen / ethane mixtures. This figure clearly shows a significant 

reduction in the saturated bitumen density with pressure at 50°C where the density 

crossovers other temperatures and reaches a value even lower than the one at 150°C. The 

solubility of ethane at a temperature of 50°C is much higher than at 100 and 150°C, 

particularly at higher pressures, thereby, causing a greater reduction in density. For all 

temperatures, a linear decreasing trend for the saturated bitumen density with the 

equilibrium pressure is observed. 

The K-values for JACOS bitumen / ethane mixtures were calculated using Equation 

4-1. The equilibrium gases for all experiments were analyzed with Varian GC 3900 

system and the results confirmed pure ethane as the vapour phase. Thus, as with Surmont 

bitumen / ethane systems, a value of 1 for yC2H6 was considered for all temperatures and 

pressures; and, the values of xC2H6 were obtained using the data presented in Table 4–4, 

along with the molecular weight measurements for the bitumen.  

The measured K-values for JACOS bitumen / ethane systems were plotted as a 

function of equilibrium pressure in Figure 4–10. The K-values are in the range of 1 to 5 

for JACOS bitumen / ethane mixtures, because the temperature 190°C was not 

considered in the experiments. Considering Equation 4-1, a higher solubility results in a 

lower K-value, thus, as depicted in Figure 4–10, an increase in pressure or a decrease in 

temperature leads to lower K-values. 
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Figure 4–9: Density of ethane-saturated JACOS bitumen as a function of pressure at different temperatures. 

 

 

 
Figure 4–10: Measured K-values for JACOS bitumen / ethane systems at different temperatures and 

pressures. 
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Figure 4–11 illustrates the measured GORs for JACOS bitumen saturated with ethane 

calculated with equation 4-2. The solubility of ethane in JACOS bitumen is greater than 

that of methane at the same conditions (Kariznovi 2013). The solubility data along with 

the bitumen and hydrocarbon gas properties were used to obtain GOR at different 

pressures and temperatures. 

 
Figure 4–11: Measured GOR for JACOS bitumen / ethane systems as a function of pressure at different 

temperatures. 
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±0.2 weight fraction of ethane, and the saturated phase densities were precise within ±2 

kg/m
3
. The deviation for the saturated liquid viscosities was less than 5%. 

 

Table 4–6: Experimental vapour-liquid equilibrium properties for MacKay River bitumen / ethane mixtures 

at T = (50, 100, 150 and 190)°C; P, pressure; s, saturated liquid density; , saturated liquid viscosity; ws, 

weight fraction of ethane in saturated liquid phase. 

T (°C) P (MPa) 10
2
 ws s (kg/m

3
) s (mPa.s) 

51.0 1.069 1.79 967.9 1225 

53.3 1.951 3.14 951.6 404 

51.0 4.012 7.36 910.3 86.3 

50.7 6.001 11.9 868.5 28.1 

53.7 8.066 14.0 846.8 17.1 

100.3 1.079 1.06 942.7 112 

99.9 2.054 2.10 932.8 80.4 

100.4 4.109 3.99 911.2 38.1 

100.7 6.101 6.19 889.8 21.3 

101.0 8.100 8.18 868.8 13.0 

149.5 1.138 0.75 915.7 22.2 

149.9 1.979 1.40 909.8 20.4 

149.8 4.082 2.65 894.8 13.6 

150.6 6.032 4.07 879.1 9.68 

149.6 8.052 5.62 863.8 7.31 

190.5 1.399 0.82 894.5 9.10 

189.4 2.065 1.22 890.7 8.42 

189.8 4.067 2.45 877.4 6.66 

190.1 6.046 3.58 864.9 5.43 

190.1 8.052 4.64 851.5 4.44 

 

As the data reveal, the density and viscosity of saturated liquid phase were reduced 

with the dissolution of ethane in MacKay River bitumen. The decreasing trend of density 

and viscosity with the solubility of ethane is a function of temperature. Generally, the 

solubility of ethane in bitumen increases with pressure at a constant temperature and as a 

result, the density and viscosity of saturated liquid phase reduce with the equilibrium 
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pressure. Even if pressure increases the density and viscosity of gas-free bitumen at a 

constant temperature, the dissolution of ethane in bitumen with increasing pressure 

compensates for this pressure effect and it reverses the pressure effect on the density and 

viscosity. 

 

Table 4–7: Experimental vapour-liquid equilibrium properties of repeated experiments at T = (50, 150, and 

190)°C for MacKay River bitumen / ethane mixtures; P, pressure; s, saturated liquid density; s, saturated 

liquid viscosity; ws, weight fraction of ethane in saturated liquid phase. 

T (°C) P (MPa) 10
2
 ws s (kg/m

3
) s (mPa.s) 

50.7 
5.991 11.8 868.0 27.2 

6.012 12.0 868.9 28.9 

99.9 

2.068 2.44 933.1 79.0 

2.075 1.93 931.6 77.3 

2.020 1.93 933.7 85.1 

149.8 

4.054 2.30 897.7 14.0 

4.078 2.88 893.7 13.5 

4.116 2.77 892.9 13.1 

189.4 
2.096 1.24 890.7 8.50 

2.034 1.20 890.6 8.34 

 

Figure 4–12 illustrates the solubility of ethane in MacKay River bitumen with respect 

to pressure. The solubility of ethane in bitumen increases with pressure and reduces with 

temperature. The solubility of ethane changes with pressure more significantly at low 

temperatures (e.g. 50°C). As depicted in Figure 4–12, the difference between the 

isotherms becomes more considerable as temperature decreases from 190 to 50°C.  

The solubility increases linearly with the equilibrium pressure at the temperatures of 

100, 150, and 190°C whereas a non-linear trend for solubility with pressure is observed at 

the temperature of 50°C. At this temperature, the solubility values flatten beyond a 

pressure of about 6 MPa. This behaviour was also observed for Surmont and JACOS 

bitumens and by Mehrotra and Svrcek (1985a) for Athabasca bitumen / ethane mixtures. 
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Figure 4–12: Measured solubility of ethane in MacKay River bitumen as a function of pressure at different 

temperatures. 

 

Figures 4–13 and 4–14 display the saturated bitumen density and viscosity as a 

function of pressure. The symbols on the y-axis are the density and viscosity of gas-free 

MacKay River bitumen at atmospheric pressure. As indicated in Figure 4–13, when the 

bitumen is saturated with ethane, the viscosity of the saturated liquid phase is 

significantly reduced, even at low equilibrium pressures. For instance, at an equilibrium 

pressure of 1.069 MPa and a temperature of 51°C, the viscosity of the mixture is 1225 

mPa.s, which is about one tenth of the viscosity of the raw bitumen (13763 mPa.s) with 

no dissolved solvent. When the equilibrium pressure is increased to 8.066 MPa, the 

viscosity of the mixture is only 17.1 mPa.s. The viscosity of ethane-saturated bitumen 

also reduces significantly with pressure for all temperatures. The viscosity, when 

presented in a semi-log plot, varies linearly with the equilibrium pressure at the 
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considerable viscosity reduction is observed at the temperature of 50°C. 
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Figure 4–13: Viscosity of ethane-saturated MacKay River bitumen as a function of pressure at different 

temperatures. 

 

 

 
Figure 4–14: Density of ethane-saturated MacKay River bitumen as a function of pressure at different 

temperatures. 
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A closer examination of the saturated viscosity data reveals that the impact of 

dissolution of ethane in bitumen viscosity reduces as temperature increases. For example, 

at the temperature of 51°C and a pressure of 8.066 MPa, the viscosity of saturated liquid 

phase is 17.1 mPa.s which is much less than 13764 mPa.s for the gas-free bitumen 

whereas the viscosity reduction for the temperature of 190°C is from 10.74 (raw bitumen) 

to 4.44 mPa.s (at 8 MPa). This may occur due to the lower dissolution of ethane at higher 

temperatures and/or the rapid reduction of bitumen viscosity with temperature. 

Figure 4–14 shows a linear decreasing trend for the saturated bitumen density with 

the equilibrium pressure in four isotherms. The ethane-saturated bitumen density is more 

significantly reduced at a temperature of 50°C than at other temperatures, i.e. it intersects 

other isotherms and reaches a value even lower than the one at the temperature of 190°C. 

The solubility of ethane at the temperature of 50°C is much higher than at 100, 150 and 

190°C, particularly at higher pressures, therby causing a greater reduction in density. 

Figures 4–15 and 4–16 demonstrate the K-values and GORs for MacKay River 

bitumen / ethane mixtures as a function of pressure, respectively. The K-values were 

calculated using Equation 4-1 considering value of 1 for yC2H6 for all temperatures and 

pressures and the values of xC2H6 were calculated from the data presented in Table 4–6 

along with the molecular weight measurements for the bitumen. The GORs were 

calculated with equation 4-2 which requires solubility data as well as the bitumen and 

ethane properties at different pressures and temperatures. 

As anticipated from Figure 4–15, K-values are determined by the composition of 

ethane in the liquid phase because yC2H6 = 1, i.e. a larger value for the solubility results in 

a lower K-value. Thus, an increase in pressure or a decrease in temperature leads to lower 

K-values. 
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Figure 4–15: Measured K-values for MacKay River bitumen / ethane systems as a function of pressure at 

different temperatures. 

 

 

 
Figure 4–16: Measured GOR for MacKay River bitumen / ethane systems as a function of pressure at 

different temperatures. 

 

0 

2 

4 

6 

8 

10 

0 2 4 6 8 10 

k
-v

al
u

e 

 Equilibrium Pressure (MPa)  

T=50˚C 

T=100˚C 

T=150˚C 

T=190˚C 

0 

30 

60 

90 

120 

150 

0 2 4 6 8 10 

G
O

R
 (

S
C

M
/M

3
) 

 Equilibrium Pressure (MPa)  

T=50˚C 

T=100˚C 

T=150˚C 

T=190˚C 



 94 

Figure 4–16 reveals that the GOR plot follows the same trend as the solubility 

because both show the amount of solvent dissolved in the bitumen. At the lowest 

temperature (50°C) and the highest pressure (8 MPa), the maximum volume of ethane 

dissolved in the bitumen is 131 SCM/M
3
, while this value reduces to 40 at the 

temperature of 190°C at a similar pressure. For bitumen/methane mixtures, GORs vary 

from 20 to 15 in the above-mentioned conditions (Kariznovi 2013). This clearly indicates 

that the equilibrium properties of bitumen/ethane mixtures are much more dependant on 

the temperature than those of methane. 

4.6. Comparison of Solubility of Ethane and Saturated Liquid Density and 

Viscosity for Different Bitumen Samples 

In solvent-based recovery processes, the dissolution of solvent into the bitumen 

determines the oil recovery rates. Indeed, the solubility of a solvent in the bitumen 

quantifies the amount of solvent dissolved into the bitumen, and it strongly depends on 

the properties of the bitumen and the operating pressure and temperature. The solubility 

and saturated bitumen properties for bitumen/ethane systems were reported in Sections 

4.3 to 4.5. Mehrotra and Svrcek (1985a) also conducted the same measurements with a 

bitumen sample provided from Athabasca field. All the bitumen samples were provided 

from Athabasca field but their locations would not have been the same. In this section, 

the solubility measurements and corresponding density and viscosity values are compared 

for different bitumen samples from Athabasca field. 

Figure 4–17 illustrates the solubility measurements for bitumen/ethane mixtures. In 

this figure, the measured solubilities are plotted as a function of pressure for JACOS, 

MacKay River, and Surmont bitumens. The data by Mehrotra and Svrcek (1985a) at 

50°C are also shown in this figure. The measured data indicate a negligible difference 

between the solubility of ethane in different bitumens. Although the solubility data at 

50°C demonstrate a slightly discrepancy, the measurements are close at other 
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temperatures. The deviations may be caused by the experimental uncertainty in the 

solubility measurements. The solubility data by Mehrotra and Svrcek (1985a) show lower 

values than the measured data in this study; however, the trends are the same and can be 

considered for comparison. 

It is expected that Mehrotra and Svrcek (1985a) used a bitumen sample that was 

originally heavier than the samples of this study. The solubility of ethane in the heavier 

bitumen sample is lower at the same temperature and pressure. To confirm this claim, the 

saturated bitumen density and viscosity are shown in Figures 4–18 and 4–19 as a function 

of equilibrium pressure. 

 

 
Figure 4–17: Comparison of the measured solubility of ethane in different bitumen samples from Athabasca 

field as a function of pressure at different temperatures; black symbols, 50°C; blue symbols, 100°C; green 

symbols, 150°C; red symbols, 190°C; solid symbols, JACOS bitumen; open symbols, Surmont bitumen; +, 

MacKay River bitumen; ×, Mehrotra and Svrcek (1985a). 
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viscosity of saturated Athabasca bitumen used in Mehrotra and Svrcek (1985a) study is 

higher than that of other bitumens; and, MacKay River bitumen has the lowest saturated 

phase viscosities. 

A comparison of the viscosity data of different bitumens saturated with ethane shows 

that the measured data in this study are consistent and they follow the same trend as the 

measurements by Mehrotra and Svrcek (1985a). The gas-free bitumen viscosity data are 

shown in Figure 4–18 for comparison. The viscosity of gas-free Surmont bitumen is 

higher than that of JACOS and MacKay River bitumens; and, as previously shown, the 

solubility values are almost identical at the same temperature and pressure. Thus, at 

identical ethane weight fractions, the heavier bitumen (Surmont) would have a higher 

viscosity. As depicted in Figure 4–18, the viscosity of ethane-saturated Surmont bitumen 

is greater than those of JACOS and MacKay River bitumens over the temperature and 

pressure ranges. 

 

 
Figure 4–18: Comparison of the measured viscosity of ethane-saturated bitumen for different bitumen 

samples from Athabasca Field as a function of pressure at different temperatures; black symbols, 50°C; 

blue symbols, 100°C; green symbols, 150°C; red symbols, 190°C; solid symbols, JACOS bitumen; open 

symbols, Surmont bitumen; +, MacKay River bitumen; ×, Mehrotra and Svrcek (1985a). 
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Figure 4–19 demonstrates the density of ethane-saturated bitumen for four different 

mixtures. The gas-free bitumen density data are also shown in y-axis for comparison. The 

density of gas-free Surmont bitumen is higher than those of JACOS and MacKay River 

bitumens, but the solubility values are almost identical at the same temperature and 

pressure. Thus, at identical ethane weight fractions, the denser bitumen (Surmont) would 

have higher saturated bitumen densities. The saturated liquid density data reported by 

Mehrotra and Svrcek (1985a) are higher than those of Surmont, JACOS, and MacKay 

River bitumens at the same conditions. This can be attributed to lower solubilities of 

ethane in bitumen (shown in Figure 4–17) and/or higher gas-free bitumen densities. 

 
Figure 4–19: Comparison of the measured density of ethane-saturated bitumen for different bitumen 

samples from Athabasca field as a function of pressure at different temperatures; black symbols, 50°C; blue 

symbols, 100°C; green symbols, 150°C; red symbols, 190°C; solid symbols, JACOS bitumen; open 

symbols, Surmont bitumen; +, MacKay River bitumen; ×, Mehrotra and Svrcek (1985a). 
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a function of pressure at all isotherms is observed. A noticeable behaviour for the 

saturated liquid density at the temperature of 50°C occurs at the pressures higher than 6 

MPa, where the variation of density with pressure deviates from the linear decreasing 

trend. That is, the measured saturated liquid density data show higher values than 

expected. This is due to the extraction of some light components into the vapour phase at 

higher pressures (> 6 MPa). 

4.7. Liquid-Liquid Equilibrium for Bitumen/Ethane Mixtures
2
 

As previously mentioned, liquid-liquid separation and extraction of light components 

from heavy crudes using ethane were studied by Rose (1999) and Rose et al. (2001). 

Mehrotra et al. (1985) also modelled the liquid-liquid equilibrium for bitumen/ethane 

systems at ambient temperature using Peng-Robinson equation of state. The authors 

predicted the effect of solvent-to-bitumen ratio on the composition of equilibrium phases; 

and, they found that the solubility of ethane in the solvent-enriched phase increases 

linearly with increasing solvent-to-bitumen ratio while ethane solubility in the 

asphaltene-enriched phase reduces. 

Mehrotra and Svrcek (1985b, 1988a) observed a notable behaviour in their solubility 

measurements for Peace River and Cold Lake bitumens saturated with ethane. The 

viscosity of ethane-saturated bitumen levelled off at 16.1°C with the increase in pressure. 

In addition, the repetition of measurement at 23°C and 4.1 MPa with different amounts of 

ethane to Peace River bitumen at equilibrium resulted in different solubility values and 

saturated phase properties. For Cold Lake bitumen / ethane systems, the viscosity of gas-

saturated bitumen differs slightly for pressure greater than 6 MPa at three temperatures 

higher than the critical temperature. The authors argued that these behaviours were due to 

                                                           

2 Some portions of this section are reprinted with permission from“Journal of Chemical and Engineering Data, 56 (11), H. Nourozieh, 

M. Kariznovi, J. Abedi, Physical properties and extraction measurements for Athabasca bitumen + light hydrocarbon system: 
Evaluation of pressure effect, solvent-to-bitumen ratio, and solvent type, 4261-4267, Copyright (2011) American Chemical Society”

and “Journal of Chemical and Engineering Data, 58 (6), M. Kariznovi, H. Nourozieh, J. Abedi, Experimental determination of k-

values and compositional analysis of liquid phases in the liquid-liquid equilibrium study of (Athabasca bitumen + ethane) systems, 
1772-1780, Copyright (2013) American Chemical Society”. 
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the upgrading of bitumen or the extraction of light components into the solvent-enriched 

phase. No experimental data for the liquid-liquid equilibrium or for the extraction of 

bitumen with ethane at ambient temperature and the partitioning of components within 

the phases have been reported. 

The liquid-liquid equilibrium for MacKay River bitumen / ethane systems formed at 

the temperatures less than 30°C. In this case, two phases, solvent-enriched and 

asphaltene-enriched, exist at equilibrium condition. The solvent-enriched phase is mostly 

composed of ethane and some light components extracted from the bitumen phase. The 

asphaltene-enriched phase mainly consists of the heavy components of bitumen, such as 

asphaltenes, which cannot be extracted by ethane. The liquid-liquid equilibrium can also 

be considered as an extraction process in which the light components are separated from 

undesirable constituents, such as asphaltene. The extraction yield depends on the 

temperature, pressure and solvent-to-bitumen ratio. 

The experimental data for the liquid-liquid equilibrium, saturated phase properties, 

and extraction yield of MacKay River bitumen using ethane are studied at ambient 

temperature in this section. In addition, phase partitioning and component distribution 

within phases at equilibrium conditions are evaluated. The flashed-off liquid samples 

taken from the phases (solvent- and asphaltene-enriched phases) in liquid-liquid 

equilibrium experiments were subjected to compositional analyses to obtain carbon 

number distributions up to C100. The K-value for each component present in the mixture 

at equilibrium condition was calculated on the basis of compositional analysis of liquid 

phases and available correlations for the molecular weight of heavy components. The 

impact of pressure and solvent-to-bitumen ratio on the boiling point curves and 

compositional analysis of flashed-off liquids as well as equilibrium K-values were 

evaluated. Finally, the molecular weight of flashed-off liquid phases was estimated on the 

basis of molecular weight and compositional analysis of liquids. 

The liquid-liquid equilibrium of MacKay River bitumen / ethane systems at the 

average temperature of 21.6°C was achieved at three pressures (5 to 9 MPa) and four 
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different overall ethane concentrations (In this study, the terms of overall ethane 

concentration, solvent-to-bitumen ratio and feed concentration are used interchangeably; 

and, they refer to overall composition of ethane in equilibrium cell). The solubility, 

viscosity, density and volume of each liquid phase were measured during experiments. 

The procedure to charge the equilibrium cell was described in Section 2.2. The 

bitumen was transferred directly to the density measuring cell and viscometer. The 

density and volume of the bitumen were measured to calculate the mass of the bitumen 

charged into the equilibrium cell. Table 4–8 summarizes the amount of bitumen and 

ethane that was used for each experiment to observe two liquid phases at the desired 

pressure and solvent-to-bitumen ratio. These values are the minimum amounts of 

components for each experiment to achieve the liquid-liquid equilibrium and possibility 

of phase sampling for further analysis.  

The minimum solvent-to-bitumen ratio was estimated on the basis of Mehrotra and 

Svrcek (1985a) experiments for Athabasca bitumen / ethane mixtures. The authors 

reported a maximum ethane solubility of 11.85 wt% at 22.7°C and a pressure of 4.11 

MPa. It should be noted that the saturation pressure of ethane is 3.931 MPa at the 

temperature of 22°C. Thus, the minimum pressure and solvent-to-bitumen ratio 

considered here to have liquid-liquid equilibrium are 5 MPa and 1:4, respectively. 

To obtain the desired solvent-to-bitumen ratio, the volumes of charged components 

into equilibrium cell were evaluated and determined considering the maximum volume of 

the equilibrium cell (900 cm
3
). For example, at the solvent-to-bitumen ratio of 9:1, the 

maximum amount of bitumen to reach this ratio was 30 g. This can be determined from 

the third column of Table 4–8 which shows the total volume of mixture before mixing. 

As previously mentioned, after equilibrium is achieved, the changes in viscosity and 

density while transferring equilibrium fluids indicate a passage of a phase boundary 

through the measuring instruments. Figure 4–20 illustrates the density and viscosity 

profile for an experiment at the pressure of 9 MPa and an overall ethane concentration of 

0.8 weight fractions. The density and viscosity of equilibrium phases, as well as the 
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volume of each phase at equilibrium condition were measured for each experiment. For 

all experiments, a transition profile was obtained. As discussed, the volume of phases at 

equilibrium condition was used to calculate the extraction yield of the components. 

 

Table 4–8: Experimental design for MacKay River bitumen / ethane systems at ambient temperature; P, 

pressure; S/B; solvent-to-bitumen ratio; wf, weight fraction of ethane in feed (overall ethane concentration); 

Vt, total mixture volume before equilibrium; mC2H6, total mass of ethane in equilibrium cell; mbit, total mass 

of bitumen in equilibrium cell. 

P/MPa 
Solvent Loading 

Vt (cm
3
) 

Equilibrium Cell 

S/B 10
2
wf mC2H6 (g) mB (g) 

5.09 1:4 20 ~170 25 100 

5.08 2:3 40 ~120 28 42 

5.05 3:2 60 ~189 54 36 

7.08 2:3 40 ~117 28 42 

9.08 2:3 40 ~114 28 42 

9.08 3:2 60 ~205 63 42 

9.04 4:1 80 ~340 120 30 

9.05 9:1 90 ~728 270 30 

 

Tables 4–9 and 4–10 summarize the experimental results of the liquid-liquid 

equilibrium study of MacKay River bitumen / ethane mixtures. Table 4–9 summarizes the 

densities of the pure ethane, the solvent-enriched phase (liquid 1, L1) and the asphaltene-

enriched phase (liquid 2, L2). The viscosities of the asphaltene-enriched phase were also 

measured and are given in Table 4–9. The solvent-enriched phase had a low viscosity that 

was not measured during the experiments. Table 4–10 summarizes ethane concentration 

in both liquid phases and the volume ratio of the phases at equilibrium conditions. This 

table shows that the solvent-enriched phase (L1) has a much higher ethane concentration 

than the asphaltene-enriched phase. This can be attributed to the solvent-enriched phase 

being mainly comprised of liquid ethane and light components, while the asphaltene-

enriched phase mainly contains heavy components, in which the solubilities of ethane are 

much lower than those of ethane in the light components. 
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Figure 4–20: Liquid-liquid phase transition: saturated phase density ρ and saturated phase viscosity µ 

versus volume V; a) saturated phase density; b) saturated phase viscosity (Nourozieh et al. 2011a). 

 
 

Table 4–9: Liquid-liquid equilibrium properties for MacKay River bitumen/ethane systems at ambient 

temperatures; P, pressure; T, temperature; w, overall ethane weight fraction; ρ, densities; µ, L2 viscosity 

(Nourozieh et al. 2011a). 

P (MPa) T (°C) 10
2
w 

ρ (kg/m
3
) 

µ (mPa∙s) 
Pure Ethane L1 L2 

5.09 22.7 20 350 399 854 45.5 

5.08 21.6 40 355 397 864 64.8 

5.05 21.5 60 355 385 878 115 

7.08 21.5 40 376 425 862 67.2 

9.08 21.4 40 390 448 859 64.4 

9.08 21.1 60 390 431 881 146 

9.04 21.5 80 389 414 906 491 

9.05 21.1 90 390 404 931 1908 
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Table 4–10: Composition and volume ratio of phases for MacKay River bitumen / ethane systems at 

ambient temperature; P, pressure; T, temperature; w, weight fraction of ethane; V1∙V2
-1

, L1 to L2 volume 

ratio (Nourozieh et al. 2011a). 

P (MPa) T (°C) 
10

2
w 

(V1∙V2
-1

)/(m
3
/m

3
) 

Feed L1 L2 

5.09 22.7 20 ---- 17.9 0.150 

5.08 21.6 40 91.4 15.7 1.112 

5.05 21.5 60 92.9 14.5 3.322 

7.08 21.5 40 87.7 16.6 1.113 

9.08 21.4 40 84.5 16.6 1.112 

9.08 21.1 60 89.0 15.5 3.072 

9.04 21.5 80 93.1 13.1 10.779 

9.05 21.1 90 96.0 11.6 32.019 

 

As the results show, with increasing overall ethane concentration at a constant 

pressure, the density of the solvent-enriched phase decreases; whereas, the density of the 

asphaltene-enriched phase increases. The viscosity of the asphaltene-enriched phase 

increases with increasing pressure and overall ethane concentration. Thus, an increase in 

pressure or overall ethane concentration results in the higher extraction of light 

components from the bitumen. This leads to an increase in the fraction of heavier 

components in the asphaltene-enriched phase than raw bitumen. More details about the 

experimental results and their trends with pressure and solvent-to-bitumen ratio are 

discussed in the following sections. 

4.7.1. Bitumen Extraction 

The experimental results in Tables 4–9 and 4–10 indicate that the pressure and 

overall solvent concentration affect the physical properties of the liquid phases at 

equilibrium conditions. To find out how these parameters impact the extraction of the 

light component from the bitumen at a desired condition, a mass balance equation was set 

up to calculate the fraction of bitumen that is extracted into the solvent-enriched phase 

(L1). The extraction yield is of particular importance for supercritical fluid extraction 

processes where the low volatility materials are extracted from various mixtures. The 



 104 

calculation is based on the solubility of ethane in each liquid phase, and the volume and 

density of liquid phases. The general equation for the calculation of extraction yield is: 
















tB

LB

m

m

,

, 1100(%)Bitumen Extracted  4-3 

where mB,L1 represents the amount of bitumen partitioned in the solvent-enriched phase 

(L1), and mB,t is the total amount of bitumen charged into the equilibrium cell. 

To calculate mB,L1, two methods are considered: 

Method 1: )1(
1111 ,2, LCLLLB wVm    4-4 

and 

Method 2: )1(
2221 ,2,, LCLLtBLB wVmm    4-5 

where Li and VLi are the density and volume of saturated liquid i at equilibrium 

condition, wC2,Li represents the weight fraction of ethane in saturated liquid i, and mB,t is 

the total amount of bitumen calculated from the density and the volume of bitumen 

charged into the equilibrium cell. 

Finally, the extraction can also be calculated on the basis of all equilibrium fluid 

properties as: 

Method 3: 
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All these methods for the calculation of the extraction of bitumen were considered in 

this study for comparison of the different approaches. The required measured parameters 

in each approach indicate that the extraction measurements can be calculated even with 

limited experimental measurements. Table 4–11 summarizes the average values for 

extraction yields obtained from three methods at different pressures and solvent-to-

bitumen ratios. 

The apparatus used for this study was batch for the bitumen and solvent. Solvent 

contacted the whole bitumen and extracted light fractions. As the table shows, the 
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extraction yields increase with pressure at constant temperature and overall ethane 

concentration. For example, at a constant overall ethane weight fraction of 0.6, the 

extraction yields increase from an average of 0.110 weight fraction to 0.155 with 

increasing the pressure from 5 to 9 MPa. 

 

Table 4–11: Extraction Yield EY for MacKay River bitumen / ethane systems at ambient temperatures; P, 

pressure; T, temperature; w, overall ethane weight fraction (Kariznovi et al. 2013c). 

P (MPa) T (°C) 10
2
w 10

2
EY 

5.09 22.7 20 2.9 

5.08 21.6 40 4.8 

5.05 21.5 60 11.0 

7.08 21.5 40 7.9 

9.08 21.4 40 10.1 

9.08 21.1 60 15.5 

9.04 21.5 80 27.7 

9.05 21.1 90 38.4 

 

The experimental results also indicate that the extraction yield increases with 

increasing overall ethane concentration. The maximum extraction yield was obtained at 

the highest overall ethane concentration for two pressures (5 and 9 MPa). For example, at 

the pressure of 9 MPa, the extraction yield increases from 0.101 weight fraction to 0.384 

when the overall ethane concentration is increased from 0.4 to 0.9 weight fraction. The 

effect of overall ethane concentration on the extraction yield is more significant at low 

pressure (5 MPa) compared to high pressure (9 MPa). The increase in the overall ethane 

concentration from (0.4 to 0.6) weight fraction leads to an increase in the extraction yield 

that is more than double at the pressure of 5 MPa, while the increase is 1.5 times for a 

pressure of 9 MPa. 

4.7.2. Effect of Pressure 

The effect of pressure on the extraction of light components from bitumen is 

discussed in this section. The overall ethane concentration was kept constant (weight 
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fraction of 0.4), which corresponds to 0.654, 0.641, and 0.633 initial ethane volume 

fractions at the pressures of 5, 7 and 9 MPa, respectively. The extraction yields calculated 

from three different above-mentioned methods are shown in Figure 4–21. In general, the 

extraction yields increases with equilibrium pressure at constant temperature and overall 

ethane concentration. The increase in the amount of the extracted components is expected 

based on the results of binary systems reported in the literature. Moradinia and Teja 

(1987) and Schemitt and Reid (1985) reported the increase in the solubility of heavy 

hydrocarbon in solvents with increase in pressure. Rose (1999) also confirmed this 

behaviour for Peace River bitumen / ethane mixture at 47°C. 

 

 
Figure 4–21: Effect of pressure on the extraction yield of components from MacKay River bitumen at two 

different overall ethane weight fractions wf and at ambient temperature;─,wf =0.6; - - - -, wf =0.4; , 

method 1, , method 2, , method 3 (Nourozieh et al. 2011a). 

 

As anticipated from Figure 4–21, at the overall ethane concentration of 0.6 weight 

fraction, the extraction yields increase from an average of 0.11 to 0.155 weight fraction 

with increasing the pressure from 5 to 9 MPa. This confirms that the extent of the 

extraction yield reduces as the overall ethane concentration increases. Thus, at the overall 
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ethane concentration of 0.4 weight fraction, the increase in pressure from (5 to 9) MPa 

almost doubles the extraction yield, whereas this amount is increased 1.5 times for the 

overall ethane concentration of 0.6 weight fraction. Theses results can be explained by 

the fact that at higher pressures, ethane has a stronger ability to extract the light 

components from bitumen. 

The increase in the extraction yield with pressure was also observed at supercritical 

conditions, where the pressure variation results in a dramatic change in density of 

supercritical fluid. The results by Rose (1999) indicated that, as the pressure was 

increased from 7.3 to 15 MPa, the extraction yield increased by almost four times. The 

author attributed this observation to the liquid-like behaviour of ethane at high pressure 

conditions, i.e. at 7.3 MPa, the bitumen/ethane system is similar to vapour-liquid 

extraction process while at 15 MPa, the system behaves like liquid-liquid extraction.  

The results for the liquid-liquid separation of the studied MacKay River bitumen / 

ethane system also confirm the increase in the solvent’s ability to extract more 

components with increased pressure. In the case considered here, where ethane was liquid 

in the studied pressure range, the pressure also increases the attractive forces between the 

solute and solvent that may not be as high as supercritical condition. In fact, in the 

supercritical condition, the variation of solvent density with pressure at a constant 

temperature is considerably more than the density variation in subcritical conditions. 

Nevertheless, the pressure increases the extraction yield in the liquid-liquid separation. 

The study of extraction yield on the basis of solvent density instead of the pressure 

could enable the comparison of different solvents. As plotted in Figure 4–22, the bitumen 

extraction yield shows a linear variation with ethane density at two different overall 

ethane weight fractions. From this figure, it can be concluded that the extraction yield is 

higher at higher solvent densities. Thus, it is expected that the hydrocarbon components 

heavier than ethane would have a higher extraction yield. This will be discussed in more 

detail in Section 4.7.5. 
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Figure 4–21 also illustrates that, as the pressure increases, the extraction yield for all 

overall ethane concentrations increases. However, the increase in the extraction of light 

components is levelled off and vanished at high pressures. This trend can be attributed to 

the initial extraction of light hydrocarbons and that at higher pressures, the bitumen is 

depleted in light hydrocarbons. Thus, as the pressure is increased, the remaining 

components in bitumen become heavier; and, the lower affinity of ethane for heavier 

components results in a change in the slope of extraction curve. Furthermore, the 

enrichment of solvent with light hydrocarbons results in lower extraction yield at higher 

pressures. This phenomenon is also observed by Rose (1999) for Peace River bitumen / 

ethane mixtures at the temperature of 47°C. Subramanian (1996) also obtained the same 

behaviour for bitumen/propane mixtures. The author explained the decrease in the 

extraction yield due to the cosolubilizing nature of light hydrocarbons, i.e. the light 

hydrocarbons act as cosolubilizing agents for heavier species; thus, as bitumen becomes 

leaner in light hydrocarbons, the residual phase becomes less soluble in the solvent. 

 
Figure 4–22: The extraction yield of MacKay River bitumen as a function of ethane density at two different 

overall ethane weight fractions wf andatambient temperature;─,wf = 0.6; ∙∙∙∙, wf = 0.4; , method 1, , 

method 2, , method 3 (Kariznovi et al. 2012b). 
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The viscosity data in Table 4–9 indicate that the viscosity of the asphaltene-enriched 

phase (L2) remains almost constant with increasing pressure, while the extraction yields 

favour a heavier asphaltene-enriched phase (L2). Increasing the pressure, indeed, 

increases the light component extraction from the asphaltene-enriched phase, resulting in 

higher viscosity for the asphaltene-enriched phase. In contrast, the solubility of ethane 

increases with pressure and leads to a lower viscosity for the asphaltene-enriched phase. 

These two phenomena offset each other, and the viscosity of the asphaltene-enriched 

phase remains almost constant. 

In general, the pressure affects the viscosity of asphaltene-enriched phase in three 

ways. 

 At a constant temperature, the increase in pressure results in the increase in the 

viscosity of gas-free bitumen.  

 The components in the asphaltene-enriched phase become heavier with 

increasing the equilibrium pressure, due to the higher extraction of light 

components into solvent-enriched phase at higher pressures.  

 The viscosity of a liquid decreases with increasing solubility of ethane at higher 

pressures. 

The first listed factor has a small effect on the viscosity; however, the other two 

factors can result in significant changes in the viscosity. The effects of the first and 

second factors cancel that of the third. Thus, the viscosity of the asphaltene-enriched 

phase remains almost constant. 

This result is an indirect indication of component distribution within the phases. As 

the pressure increases, there is a balance between the light components that are separating 

from the bitumen and ethane that dissolves in the bitumen. This can be seen from the 

composition of equilibrium liquids summarized in Table 4–10. At a constant overall 

ethane concentration of 0.4 weight fraction, the concentration of ethane in the solvent-

enriched phase reduces with equilibrium pressure, due to the higher extraction of 
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components. However, the concentration of ethane in the asphaltene-enriched phase 

increases due to the higher pressure within the system.  

The composition of equilibrium liquids is also affected by pressure with a behaviour 

similar to that explained for the viscosity of the asphaltene-enriched phase. The 

components in the asphaltene-enriched phase become heavier with increasing pressure, 

due to the higher extraction of light components at higher pressures; thus, a reduction in 

the concentration of ethane in this phase is expected (lower solubility of ethane in heavier 

component at fixed temperature and pressure). However, the solubility of ethane in the 

liquid generally increases with pressure. The first factor compensates the second one. 

Further investigations on the component distribution within the phases are presented in 

Section 4.7.6. 

The viscosity of the asphaltene-enriched phase provides information about the fluid 

flow properties of undesirable constitutes separated from the original bitumen at 

experimental conditions. It should be noted that the above-mentioned behaviour for 

viscosity is observed for the asphaltene-enriched phase at equilibrium conditions. That is, 

the liquid phase contains the heavier components of bitumen that were saturated with 

ethane. If the viscosity for flashed-off liquid samples is to be analyzed, an increase in the 

viscosity of residue with pressure is expected. This is due to greater extraction of light 

components from bitumen at higher pressures resulting in a heavier flashed-off liquid 

phase. Rose (1999) measured the viscosity of the extracted oil for Peace River bitumen / 

ethane system and determined the effect of pressure: the extracted oil at higher 

equilibrium pressure had a higher viscosity. 

4.7.3. Effect of Overall Ethane Concentration 

To evaluate the effect of increasing the amount of solvent in the equilibrium cell on 

the physical properties and extraction yields, ethane-to-bitumen ratio (equivalently, the 

overall ethane concentration) was increased at constant pressures (5 and 9 MPa). The 

cumulative extraction yields at two pressures are plotted versus the overall ethane 
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concentration in Figure 4–23. The maximum extraction yield is obtained at the highest 

overall ethane concentration for both pressures. As depicted in this figure, the extraction 

yield increases with increasing the overall ethane concentration. For example, at 9 MPa, 

the extraction yield increases from 0.101 to 0.384 weight fraction when the overall ethane 

concentration is increased from 0.4 to 0.9 weight fraction. The effect of the overall ethane 

concentration is less pronounced at higher pressures. 

 
Figure 4–23: Effect of overall ethane concentration on the extraction yield of components from MacKay 

River bitumen at different pressures P andatambienttemperature;─,P = 9 MPa; - - - -, P = 5 MPa; , 

method 1, , method 2, , method 3 (Nourozieh et al. 2011a). 

 

The increase in extraction yield with the overall ethane concentration can be 

explained by the available ethane molecules for extracting the components from bitumen 

that increase as the amount of ethane in contact with bitumen is increased. Consequently, 

the extraction yield should increase with the overall ethane concentration. However, the 

rate is expected to change as the volume of ethane increases.  

In low ethane volumes, the extraction yield is significantly affected by the overall 

ethane concentration. As the volume of ethane in contact with the bitumen increases, the 
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content of the light components and constitutes, such as saturates, in bitumen is depleted. 

Consequently, a further increase in the volume of ethane does not significantly change 

the extraction yield. This behaviour can be clearly investigated if the extraction yield is 

plotted as a function of the amount of ethane (in g) in contact with bitumen. Figure 4–24 

shows such a plot for MacKay River bitumen / ethane mixture. As depicted in the figure, 

the increase in the extraction yield levelled off and vanished at higher amounts of ethane. 

This indicates that the components left in the asphaltene-enriched phase become heavier 

as ethane extracted light components and subsequently the lower affinity of ethane for 

heavier components results in the change in the slope of extraction curve. 

 

 
Figure 4–24: The extraction yield of MacKay River with respect to the volume ratio of ethane and bitumen 

at different pressures P andambienttemperature;─,P = 9 MPa; ∙∙∙∙, P = 5 MPa; , method 1, , method 2, 

, method 3 (Kariznovi et al. 2012b). 

 

In Figure 4–24, the extraction yield is plotted versus the volume of ethane in contact 

with bitumen. As indicated in this figure, the variation of extraction yield with the 

volume of ethane is not linear for MacKay River bitumen / ethane mixtures. If this figure 

is generated for a pure solute instead of bitumen, a linear increasing trend is expected. 
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Deo et al. (1992) reported a linear variation of the cumulative extracted hexadecane in 

weight percent with carbon dioxide volume. The reason is the constant solubility of 

hexadecane in carbon dioxide at fixed temperature and pressure. As more solvent be in 

contact with solute, more solute will be dissolved and extracted. In the case of MacKay 

River bitumen / ethane mixtures, the extracted fluid is a mixture in which the composition 

changes with the overall ethane concentration. Thus, the extraction plot is concave down 

and its trend levels off at high overall ethane concentrations. The slope of the curve 

decreases with increasing the overall ethane concentration. This is due to the extraction of 

light components at low overall ethane concentrations. Since no more light components 

are available in the asphaltene-enriched phase to be extracted with ethane, the extraction 

curve becomes flat at higher overall ethane concentrations. 

4.7.4. Phase Properties 

Figure 4–25 illustrates the concentration of ethane in both liquid phases at a pressure 

of 9 MPa and four different overall ethane concentrations (0.4, 0.6, 0.8, and 0.9 weight 

fraction). As depicted in the figure, the concentration of ethane in solvent-enriched phase 

increases with increasing overall ethane concentration at a constant pressure. This is 

expected, because when more ethane is added to the system, it propagates into the 

solvent-enriched phase (L1). In contrast, ethane concentration in the asphaltene-enriched 

phase reduces, as shown in Figure 4–25. This is due to a greater extraction yield at higher 

overall ethane concentrations, which results in a heavy liquid phase with a lower 

solubility of ethane.  

As expected, a heavier hydrocarbon has a lower solubility at a constant temperature 

and pressure. Mehrotra et al. (1985) predicted this behaviour with equation of state 

modelling of bitumen/ethane mixtures. The concentration of ethane in the solvent-

enriched phase linearly increases with overall ethane concentration, whereas the 

asphaltene-enriched phase shows a non-linear decreasing trend. 
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Figure 4–26 demonstrates the density of equilibrium liquid phases as a function of 

overall ethane concentration. As the figure shows, with increasing the overall ethane 

concentration, the density of ethane-enriched phase decreases; whereas, the density of 

asphaltene-enriched phase increases. As ethane concentration increases, more light 

components are extracted into the solvent-enriched phase; thus, the density of asphaltene-

enriched phase increases. However, the density of the solvent-enriched phase decreases 

and approaches the density of pure ethane at the experimental conditions of 21.6°C, 9 

MPa, and overall ethane concentration of 0.9 weight fraction, which is 390 kg/m
3
. This is 

caused by the large volume of ethane in contact with the bitumen at higher overall 

concentrations. 

 

 
Figure 4–25: Effect of overall ethane concentration on the composition of equilibrium phases in liquid-

liquid equilibrium study of MacKay River bitumen / ethane mixtures at ambient temperature and a constant 

pressure of 9 MPa; ▲, solvent-enriched phase; ■, asphaltene-enriched phase (Nourozieh et al. 2011a). 

 

The composition and density data of equilibrium phases have opposite trends. 

Increasing ethane concentration leads to the reduction of density. Comparatively, the 

composition data presented in Figure 4–25 and the density measurements shown in 
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Figure 4–26 indicate that the composition of ethane in the solvent-enriched phase linearly 

increases with the overall ethane concentration, while the density decreases. For the 

asphaltene-enriched phase, both the composition and density have non-linear trend with 

overall ethane concentration. 

 
Figure 4–26: Effect of overall ethane concentration on the density of equilibrium phases in liquid-liquid 

equilibrium study of MacKay River bitumen / ethane mixtures at ambient temperature and a constant 

pressure of 9 MPa; ▲, solvent-enriched phase; ■, asphaltene-enriched phase; the density of pure ethane at 

the same condition is 390 kg/m
3 
(Nourozieh et al. 2011a). 

 

To notify how the asphaltene-enriched phase becomes heavier with increasing overall 

ethane concentration and pressure, the viscosity of this phase (L2) was plotted with 

respect to the overall ethane concentration in Figure 4–27 at two different pressures. The 

blue symbols represent the data at the pressure of 5 MPa, while the red ones denote the 

values at the pressure of 9 MPa. The viscosity of the asphaltene-enriched phase increases 

with equilibrium pressure and overall ethane concentration. Thus, as stated before, 

increases in pressure and overall ethane concentration result in the increase in the 

extraction of light components from the bitumen. This leads to an increase in the fraction 

of heavy components in the asphaltene-enriched phase compared to the raw bitumen. 
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Comparatively, at higher pressures, the overall ethane concentration has a more 

pronounced effect on the viscosity of asphaltene-enriched phase. 

 
Figure 4–27: Effect of overall ethane concentration on the viscosity of asphaltene-enriched phase in the 

liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at ambient temperature and at 

different pressures P;───,9 MPa; ─, 5 MPa (Nourozieh et al. 2011a). 

 

4.7.5. Effect of Solvent Type 

To evaluate the effect of the solvent type on extraction yield and phase compositions, 

an experiment at a pressure of 5 MPa and an overall solvent concentration of 0.4 weight 

fraction for MacKay River bitumen / propane system was conducted. The experimental 

results obtained for the bitumen/propane system were compared with those of the 

bitumen/ethane system at the same conditions. Figure 4–28 illustrates the extraction 

yields and the solvent composition in the equilibrium phases for two systems 

(bitumen/ethane and bitumen/propane). For comparison, the equilibrium phase properties 

for two solvents are also summarized in Table 4–12. 

The generated experimental results for bitumen/ethane and bitumen/propane systems 
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same conditions. This is due to the nature of propane, which extracts more components 

into the solvent-enriched phase (L1) than ethane. The composition data for both phases 

confirm that propane extracts more components from the bitumen than ethane and has a 

higher solubility in the remaining heavy liquid phase. The weight fraction of propane in 

the solvent-enriched phase is less than that of ethane. This is due to greater extraction of 

bitumen by propane than ethane. As expected, the higher extraction yield, the heavier 

asphaltene-enriched phase. However, even at these conditions, the solubility of propane 

in this phase is much higher than that of ethane with its lower extent of extraction. 

 
Figure 4–28: Effect of different solvents on the composition of equilibrium phases and on the extraction of 

light components from MacKay River bitumen at a constant pressure of 5 MPa and at ambient temperature, 

with an overall solvent concentration of 0.4 weight fraction; █, propane; █, ethane (Nourozieh et al. 

2011a). 

 

 

Table 4–12: Equilibrium phase properties for MacKay River bitumen / solvent mixtures at ambient 

temperature and at a pressure of 5 MPa with an overall solvent concentration of 0.4 weight fraction; w, 

weight fraction of solvent; ρ, densities; µ, L2 viscosity (Nourozieh et al. 2011a). 
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4.7.6. Compositional Analyses of Extracts and Residues 

In previous sections, the liquid-liquid equilibrium of MacKay River bitumen / ethane 

mixtures at the average temperature of 21.6°C was conducted at three pressures (5 to 9 

MPa) and four different overall ethane concentrations. The physical properties, such as 

composition, viscosity, density and volume, of each liquid phase were measured during 

the experiments and the impact of pressure and solvent-to-bitumen ratio on these 

properties was evaluated. The measured physical properties indicated that, in the case of 

the liquid-liquid equilibrium of MacKay River bitumen / ethane mixtures, two phases, 

solvent-enriched and asphaltene-enriched, exist at equilibrium conditions. The former is 

mostly composed of solvent and some light components extracted from the bitumen 

phase. The latter mainly consists of the heavy components of bitumen, such as 

asphaltene, which cannot be extracted by ethane. The results also denoted that the 

increase in both pressure and solvent-to-bitumen ratio raises the extraction yield and the 

separation of light components from the asphaltene-enriched phase. These analyses were 

concluded based on the measurement of physical properties. However, no compositional 

analysis in terms of component distribution and partitioning between two phases has been 

reported. 

In this section, the phase partitioning and component distribution within the phases at 

equilibrium conditions for MacKay River bitumen / ethane mixtures are discussed. The 

K-value for each component present in the mixture at equilibrium condition is calculated 

based on compositional analysis of the liquid phases and the available correlations for the 

molecular weight of heavy components. The impacts of pressure and solvent-to-bitumen 

ratio on the boiling point curves and compositional analysis of flashed-off liquids are 

investigated. Finally, the molecular weight of flashed-off liquid phases is estimated on 

the basis of molecular weight and compositional analysis of liquids. The terms extract 

and residue refer to the flashed-off liquid samples taken from each liquid phase at 

equilibrium condition (extract is the flashed-off liquid sample taken from the solvent-
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enriched phase and residue is the flashed-off liquid sample taken from the asphaltene-

enriched phase). 

The bitumen and flashed-off liquid samples taken from the liquid-liquid equilibrium 

experiments were subjected to compositional analyses to obtain carbon number 

distributions up to C100. The compositional analysis of raw bitumen and flashed-off liquid 

samples provide the distribution of components at equilibrium conditions. In addition, the 

impacts of pressure and solvent-to-bitumen ratio on the phase partitioning can also be 

evaluated in more detail. The compositional analysis was done on the basis of the 

standard test method, ASTM D7169 explained in Section 3.3. 

4.7.6.1. Bitumen and Equilibrium Phases 

Based on extraction yield results, no conclusions can be drawn about the distribution 

of components. For example, the experimental results in Section 4.7.1 show that at an 

overall ethane concentration of 0.4 weight fraction and a constant pressure of 5 MPa, 

0.048 weight fraction of bitumen was extracted into the solvent-enriched phase. 

However, the type and composition of components in the extracted phase (L1) are not 

known. 

Figure 4–29 illustrates the boiling point curve and the composition analyses for two 

flashed-off phase samples and raw bitumen. As depicted in this figure, there is a 

significant difference in the boiling point curve of extract (flashed-off liquid phase taken 

from solvent-enriched phase) and the raw bitumen. If two flashed-off liquid samples, 

extract and residue, at equilibrium pressure of 5 MPa and the overall ethane concentration 

of 0.4 weight fraction are compared on the basis of boiling point curves, it can be 

concluded that residue has a much higher boiling point curve than extract. That is, ethane 

has extracted light components from bitumen. In addition, if the boiling point curves of 

raw bitumen and residue are compared, no significant difference is observed. Thus, it can 

be concluded that the boiling point curve of bitumen is a function of heavy components 

rather than light fractions. 



 120 

 
Figure 4–29: Boiling point curves (temperature versus weight percent distilled) for raw MacKay River 

bitumen (▲) and two flashed-off phase samples (extract ● and residue □) taken from liquid-liquid 

equilibrium of MacKay River bitumen / ethane mixtures at a constant pressure of 5 MPa and at a constant 

overall ethane concentration of 0.4 weight fraction (Nourozieh et al. 2012b). 

 

Generally, heavier molecular weight hydrocarbons have higher boiling points. The 

residue is mainly composed of heavy components such as asphaltene; thus, it is heavier 

than the extract which contains light hydrocarbons. The differences in the boiling point 

curves and compositions of residue and raw bitumen are not significant. The C100+ 

fraction for raw bitumen is 0.188 while the C100+ fraction is 0.199 for the residue taken 

from the experiment at 5 MPa and an overall ethane concentration of 0.4 weight fraction. 

The difference in C100+ fractions is due to the nature of the solvent (i.e. ethane), which is 

more selective towards the saturate fraction that either the resin or aromatic fractions. 

Studies by Schmitt and Reid (1985) and Moradinia and Teja (1987) showed that n-

paraffins have higher solubilities in supercritical fluids, such as ethane, compared to other 

classes of hydrocarbons, such as aromatics. 
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Figure 4–30: Compositional analysis (component weight percent) for raw bitumen (black) and two flashed-

off phase samples (extract, red, and residue, blue) taken from liquid-liquid equilibrium of MacKay River 

bitumen / ethane mixtures at a constant pressure of 5 MPa and at a constant overall ethane concentration of 

0.4 weight fraction (Nourozieh et al. 2012b; Kariznovi et al. 2013c). 

 

 

 
Figure 4–31: Carbonnumberdistributionforrawbitumen(▲)andtwoflashed-off phase samples (extract 

● and residue □) taken from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at 

a constant pressure of 5 MPa and at a constant overall ethane concentration of 0.4 weight fraction. 
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Figure 4–30 illustrates the weight fraction of each carbon number in raw bitumen, 

extract, and residue. As the figure indicates, the extract is composed of components with 

carbon numbers of C8–C50, mainly containing components between C12 and C35. The 

compositions of raw bitumen and residue are really similar. However, the raw bitumen 

has higher light components than the residue. Figure 4–31 shows the carbon number 

distribution for three liquid samples. Both Figure 4–30 and Figure 4–31 clearly 

demonstrate the component distribution of each phase. 

4.7.6.2. Effect of Pressure 

The impact of pressure on the extraction of MacKay River bitumen using ethane was 

examined by conducting a number of extractions at a constant overall ethane 

concentration of 0.4 weight fraction and three pressures, ranging from 5 to 9 MPa. Table 

4–11 clearly demonstrates that as the pressure increases, the fraction of bitumen extracted 

into the solvent-enriched phase increases. The ability of ethane to extract the components 

increases with increasing the pressure, due to the increased attractive forces between the 

solute and solvent that resulted from higher solvent densities (Johnston et al. 1982). In 

other words, with stronger attractive forces, the solvent is capable of holding more of the 

solute. 

The composition of the flashed-off liquid samples taken from liquid-liquid 

equilibrium in each experiment was measured to determine how the pressure affects the 

composition of the extracted oil. Generally, the higher the temperature in the boiling 

point curves is corresponded to heavier sample. Varying the pressure affects the 

composition of the extracted oil at a constant overall ethane concentration.  

The boiling point curves of two extracts taken at two different pressures (5 and 9 

MPa) are shown in Figure 4–32. The extracts at the different pressures have the same 

initial boiling points but the final boiling points differ depending on the pressure at which 

the experiment was performed. The difference between the end points of the boiling point 

curves indicates that a greater amount of heavy hydrocarbons are extracted at the higher 
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pressures. This is clearly shown by Figures 4–33 and 4–34, in which the component 

weight fraction and the carbon number distribution of each liquid sample are compared. 

At lower pressures, fewer compounds are soluble in ethane, i.e. the amount of the 

extracted oil is less and the extracted oil is composed of lighter constituents. 

As the pressure increases, the extracted oil becomes significantly heavier. Hence, by 

manipulating the pressure, the characteristics of the extracted oil can be controlled. A low 

operating pressure produces an extracted oil that is relatively light; and, by gradually 

increasing the pressure, the product becomes heavier. It is worth noting that, at the 

elevated pressure, the extraction yield is higher; consequently, the amount of light 

components in the extracted oil is higher, but the fraction of light components decreases 

with equilibrium pressure due to increase in the fraction of heavy components. 

 

 
Figure 4–32: Boiling point curves (temperature versus weight percent distilled) for raw MacKay River 

bitumen (▲) and two extracts taken from liquid-liquid equilibrium study of MacKay River bitumen / 

ethane mixtures at different pressures and at a constant overall ethane concentration of 0.4 weight fraction; 

○, 5 MPa; □, 9 MPa (Nourozieh et al. 2012b). 
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Figure 4–33: Compositional analysis (component weight percent) for raw bitumen (black) and two extracts 

taken from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at different 

pressures and at a constant overall ethane concentration of 0.4 weight fraction; blue, 5 MPa; red, 9 MPa 

(Nourozieh et al. 2012b). 

 

 

 
Figure 4–34: Carbon number distribution for raw bitumen (▲) and two extracts taken from liquid-liquid 

equilibrium study of MacKay River bitumen / ethane mixtures at different pressures and at a constant 

overall ethane concentration of 0.4 weight fraction; ○, 5 MPa; □, 9 MPa. 
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To have a better understanding about the component distribution, the fraction of 

components and carbon number distribution in residues (flashed-off phase samples taken 

from asphaltene-enriched phases) were plotted in Figures 4–35 and 4–36, respectively. 

The composition of raw bitumen is also shown for comparison in the figures. The 

chemical analysis of the residues at equilibrium conditions also verifies the impact of 

pressure on the extraction. As depicted in Figures 4–35 and 4–36, the residue becomes 

heavier with increasing pressure, indicating the depletion of light components in this 

phase. The C100+ fraction of residues taken from the liquid-liquid equilibrium at 5 and 9 

MPa and a constant overall ethane concentration of 0.4 weight fraction are 0.199 and 

0.207, respectively. 

 

 
Figure 4–35: Carbon number distribution for raw bitumen (▲) and two residues taken from liquid-liquid 

equilibrium study of MacKay River bitumen / ethane mixtures at different pressures and at a constant 

overall ethane concentration of 0.4 weight fraction; ○, 5 MPa; □, 9 MPa. 
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Figure 4–36: Compositional analysis (component weight percent) for raw bitumen (black) and two residues 

taken from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at different 

pressures and at a constant overall ethane concentration of 0.4 weight fraction; blue, 5 MPa; red, 9 MPa. 

 

4.7.6.3. Effect of Overall Ethane Concentration 

To evaluate the effect of the overall ethane concentration on the distribution of 

components in two liquid phases, ethane-to-bitumen ratio was increased at two constant 

pressures of 5 and 9 MPa. The maximum extraction yield was obtained at the highest 

overall ethane concentration at both pressures. The boiling point curves of the extracts 

taken from liquid-liquid equilibrium study at the overall ethane concentrations of 0.4 and 

0.9 weight fractions and a constant pressure of 9 MPa were plotted in Figure 4–37. As 

depicted in the figure, the components in the extracts at higher overall ethane 

concentrations are heavier. This is more pronounced when the weight fraction of 

components in the extracts are examined (Figures 4–38 and 4–39). 

Figure 4–38 shows the increase in the overall ethane concentration shifts the 

distribution of components toward the intermediate hydrocarbons. Thus, a higher fraction 

of intermediate components are extracted at overall ethane concentration of 0.9 weight 

fraction compared to that of 0.4 weight fraction at a constant pressure of 9 MPa. This 

occurs due to complete depletion of asphaltene-enriched phase from light components. 
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Figure 4–37: Boiling point curves (temperature versus weight percent distilled) for raw MacKay River 

bitumen (▲) and two extracts taken from liquid-liquid equilibrium study of MacKay River bitumen / 

ethane mixtures at different overall ethane concentrations and at a constant pressure of 9 MPa; ○, overall 

ethane weight fraction of 0.4; □, overall ethane weight fraction of 0.9 (Nourozieh et al. 2012b). 

 

 
Figure 4–38: Compositional analysis (component weight percent) for raw bitumen (black) and two extracts 

taken from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at different overall 

ethane concentrations and at a constant pressure of 9 MPa; blue, overall ethane weight fraction of 0.4; red, 

overall ethane weight fraction of 0.9 (Nourozieh et al. 2012b). 
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Figure 4–39: CarbonnumberdistributionforrawMacKayRiverbitumen(▲)andtwoextractstakenfrom

liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at different overall ethane 

concentrations and at a constant pressure of 9 MPa; ○, overall ethane weight fraction of 0.4; □, overall 

ethane weight fraction of 0.9. 

 

The cumulative extraction yields in Table 4–11 show that 0.384 weight fraction of 

bitumen is extracted into the solvent-enriched phase at the overall ethane concentration of 

0.9 weight fraction and a constant pressure of 9 MPa. The compositional analyses and 

boiling point curves of the extracts do not clearly demonstrate the component distribution 

and extractions. Thus, the compositional analyses of residues are also presented in 

Figures 4–40 and 4–41. 

Figure 4–41 shows that how the asphaltene-enriched phase becomes heavier with 

increasing overall ethane concentration. Indeed, the asphaltene-enriched phase (L2) at the 

overall ethane concentration of 0.9 weight fraction contains no components lighter than 

C22. Thus, it can be concluded that the overall ethane concentration controls the 

cumulative extraction. The complete extraction of components C8-C21 can be attained by 

increasing the overall ethane concentration in the mixture. The C100+ fractions of two 
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residues taken from liquid-liquid equilibrium study at the overall ethane concentrations of 

0.4 and 0.9 weight fractions are 0.207 and 0.297, respectively. 

 
Figure 4–40: CarbonnumberdistributionforrawMacKayRiverbitumen(▲)andtworesiduestakenfrom

liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at different overall ethane 

concentrations and at a constant pressure of 9 MPa; ○, overall ethane weight fraction of 0.4; □, overall 

ethane weight fraction of 0.9. 

 

 
Figure 4–41: Compositional analysis (component weight percent) for raw bitumen (black) and two residues 

taken from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at different overall 

ethane concentrations and at a constant pressure of 9 MPa; blue, overall ethane weight fraction of 0.4; red, 

overall ethane weight fraction of 0.9 (Nourozieh et al. 2012b). 
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4.7.7. SARA Analysis of Extracts and Residues 

The SARA analyses were conducted on the flashed-off liquid samples taken from 

two equilibrium liquid phases at different operating conditions. Table 4–13 summarizes 

the SARA analysis results for extracts and residues. 

 

Table 4–13: SARA analysis (in weight percent) of flashed-off liquid samples taken from two equilibrium 

phases in the liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures; P, pressure; T, 

temperature; w, overall ethane concentration in weight fraction. 

T (°C) P (MPa) 10
2
w Phase Saturates Aromatics Resins Asphaltenes 

21.5 5.05 60 
L1 58.56 37.36 4.08 0.00 

L2 8.76 42.49 37.06 11.69 

21.4 9.08 40 
L1 ---- ---- ---- ---- 

L2 10.49 48.30 29.29 11.92 

21.1 9.08 60 
L1 52.80 36.63 10.57 0.00 

L2 7.55 40.57 38.79 13.09 

21.5 9.04 80 
L1 48.13 51.18 0.69 0.00 

L2 5.22 38.01 41.25 15.52 

 

The results show that the solvent-enriched phases are mostly composed of saturates 

with a considerable amount of aromatics. No asphaltenes were detected in the samples, 

and the resin content is small and is a function of the operating conditions. The absence 

of asphaltenes in the solvent-enriched phases is due to the nature of ethane. The 

asphaltene fraction of bitumen is less soluble in light hydrocarbon components, such as 

ethane, propane, and butane. Ethane precipitates the resins and asphaltenes from the 

bitumen. The resin content of extracts and their comparison with that of bitumen 

confirms that the samples have also much lower resin contents than the bitumen (less 

than 10 wt%). The asphaltenes and resins are structurally different from ethane, due to 

their large, polar, and highly aromatic molecules (Rose 1999; Mansoori 2009). The 

pressure and overall ethane concentrations affects the distribution of fractions in two 

liquid phases. 
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The mutual solubility of compounds in petroleum crudes can generally be devoted to 

two factors: the ratio of high to low molecular weight compounds and the ratio of polar to 

nonpolar compounds (Kawanaka et al. 1989). Change in these ratios affect the asphaltene 

content of extract and residue compared to the raw bitumen (Deo et al. 1993). Thus, the 

material balance on the asphaltene fractions of raw bitumen and that of a residue or an 

extract to obtain the fractions of the other liquid phase is misleading. Table 4–14 presents 

the measured asphaltene content of residues and the calculated values based on the 

material balance on the bitumen charged into the equilibrium cell and the asphaltene 

content of extracts. The measured asphaltene contents are much higher than the 

calculated values on the basis of material balance. This indicates that the asphaltenes are 

a collection of components specific to a given mixture, not a definite class of compounds 

(Deo et al. 1993). Indeed, the lighter components in the mixtures keep the asphaltenes in 

the solution (Mansoori 1996, 2002). According to Nellensteyn (1938), the resins 

(cosolubilizing agents) and other hydrocarbons help the asphaltenes micelles to be 

covered in the oil. In the liquid-liquid equilibrium experiments, the light hydrocarbons 

are stripped from the asphaltene-enriched phase; thus, the tendency of asphaltene 

molecules to stay in the solution reduces. 

 

Table 4–14: SARA analysis (in weight percent) of residues taken from two equilibrium phases in the 

liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures; P, pressure; T, temperature; w, 

overall ethane concentration in weight fraction. 

T (°C) P (MPa) 10
2
w Phase Saturates Aromatics Resins Asphaltenes 

21.5 5.05 60 
L2 (experiment) 8.76 42.49 37.06 11.69 

L2 (mass balance) 5.88 59.47 23.81 10.83 

21.1 9.08 60 
L2 (experiment) 7.55 40.57 38.79 13.09 

L2 (mass balance) 4.44 60.64 23.58 11.34 

21.5 9.04 80 
L2 (experiment) 5.22 38.01 41.25 15.52 

L2 (mass balance) 0 58.00 28.99 13.02 

 

Figure 4–42 illustrates a comparison of the SARA fractions in raw bitumen and those 

of two liquid phases at the temperature of 21.6°C and the pressure of 9 MPa with an 
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overall ethane concentration of 0.6 weight fraction. As depicted in the figure, the saturate 

and aromatic contents of the residue are lower than those of raw bitumen. The extract is 

mostly composed of saturates with a considerable amount of aromatics. No asphaltenes 

were detected in the extract. The resin content of extract compared to that of bitumen 

confirms that the samples have also much lower resin contents than bitumen. The 

asphaltene fraction of bitumen is insoluble in ethane. Therefore, the resin and asphaltene 

contents of residue are much higher than those of extracts and raw bitumen. This 

indicates that ethane substantially precipitates the resin and asphaltene contents of the 

bitumen and that the contribution of resins to the extract is much less than that of saturate 

and aromatic fractions. 

 
Figure 4–42: SARA compositional analysis of raw bitumen and two flashed-off liquid phases taken from 

liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at ambient temperature and at 9 

MPa with an overall ethane concentration of 0.6 weight fraction; black, raw bitumen; red, extract; blue, 

residue. 

 

The excess volume of ethane in the mixture enhances the precipitation of asphaltene 

and resin fractions. This is evident through the comparison of the SARA fractions of 

extracts presented in Figure 4–43 at different overall ethane concentrations. The increase 
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in overall ethane concentration increases the saturate and aromatic contents of extract, 

consequently reducing the asphaltene and resin fractions. An opposite trend in the SARA 

fractions of residues is evident in Figure 4–44. 

The analysis of the residues points out the presence of saturate and aromatic fractions 

in the flashed-off samples taken from the asphaltene-enriched phase. However, the 

addition of ethane as a non-polar solvent in excess amounts produces a residue free from 

saturate and aromatic fractions. At the same time, the extracts become free from the 

asphaltene and resin fractions. 

 

 
Figure 4–43: Effect of overall ethane concentration and pressure on the SARA compositional analysis of 

extracts taken from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at ambient 

temperatures; black, raw bitumen; red, 5 MPa and overall ethane concentration of 0.6 weight fraction; blue, 

9 MPa and overall ethane concentration of 0.6 weight fraction; green, 9 MPa and overall ethane 

concentration of 0.8 weight fraction. 

 

Increases in the pressure at a constant temperature and overall ethane concentration 

result in an extract with a higher resin fraction and a residue with lower saturate and 

aromatic contents. Figure 4–43 shows the impact of pressure on the variation of different 

fractions in extracts. As anticipated from the figure, the impact of pressure on the 
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distribution of fractions within the phase is highly dependent on the overall ethane 

concentrations. Figure 4–43 also shows an increase in the resin content of extract with the 

pressure at a constant overall ethane concentration of 0.6 weight fraction. However, when 

the overall ethane concentration is increased to 0.8 weight fraction, the resin content of 

extract reduces and instead the aromatic fraction increases. Hence, the resin fraction of 

bitumen is more readily extracted with the increase in the pressure, and the aromatic 

content of the extract reduces at low overall ethane concentrations (e.g. 0.4 weight 

fraction). 

 
Figure 4–44: Effect of overall ethane concentration on the SARA compositional analysis of residues taken 

from liquid-liquid equilibrium study of MacKay River bitumen / ethane mixtures at ambient temperatures 

and at a constant pressure of 9 MPa; black, raw bitumen; red, overall ethane concentration of 0.4 weight 

fraction; blue, overall ethane concentration of 0.6 weight fraction; green, overall ethane concentration of 

0.8 weight fraction. 

 

Thus, it can be concluded that pressure enhances the extraction of saturates and 

aromatic fractions into the solvent-enriched phase at higher overall ethane concentrations 

while it increases the extraction of the resin fraction at lower overall ethane 

concentrations. 
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4.7.8. Equilibrium K-values and Molecular Weight 

The experimental solubility and density data for binary systems of bitumen/solvent 

systems can provide an appropriate thermodynamic and phase behaviour model for 

reservoir simulation software. An approach for the thermodynamic modelling and 

equilibrium calculation rather than equation of state is using experimental k-values. Thus, 

on the basis of experiments, the equilibrium k-values for different components present in 

a mixture can be obtained and directly applied into reservoir simulation software. There 

are some experimental equilibrium K-values reported in the literature for the mixtures of 

bitumen and light hydrocarbon gases at vapour-liquid equilibrium condition (Frauenfeld 

et al. 2002). However, no data for liquid-liquid equilibrium K-values or distribution of 

components in different phases using generated K-values have been reported. The 

compositional analysis of liquid phases combined with the available correlations for 

molecular weight distribution enable the determination of equilibrium K-values for all 

components present in a mixture. The following correlation for the molecular weight of 

components (Cn,where n≥10) was applied to calculate equilibrium K-values, 

  2

3

01964.0

1080ln97996.6







 
 bT

MW  4-7 

where Tb is in K. For components with n≤10,themolecularweightwas taken from Riazi 

(2005). The calculated K-values for different components are summarized in Table 4–15. 

As the table shows the trends discussed in previous sections are also observed in the 

equilibrium K-value. As pressure or overall ethane concentration increases, the extraction 

yield increases and lighter components are largely partitioned into the solvent-enriched 

phase (L1) and results in an infinity value for the equilibrium K-value. The infinity value 

for specific component indicates that the component is completely extracted by solvent 

into the solvent-enriched phase. Therefore, the component does not exist in the 

asphaltene-enriched phase (L2). On the other hand, the K-value equal to zero means that 

ethane cannot extract the component and it remains in the asphaltene-enriched phase (L2). 
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Table 4–15: Correlated molecular weight and calculated K-values of components at equilibrium conditions 

for MacKay River bitumen / ethane mixtures at ambient temperature; w, overall ethane weight fraction 

(Kariznovi et al. 2013c). 

Component MW w = 0.4 and P = 5 MPa w = 0.4 and P = 9 MPa w = 0.9 and P = 9 MPa 

C2 30.07 1.284 1.240 1.258 

C6 84 ∞ ∞ ∞ 

C7 95 ∞ ∞ ∞ 

C8 107 0.062 0.902 ∞ 

C9 121 0.032 0.072 ∞ 

C10 136 0.086 0.138 ∞ 

C11 149 0.134 1.192 ∞ 

C12 163 0.229 0.379 ∞ 

C13 176 0.168 0.298 ∞ 

C14 191 0.173 0.288 ∞ 

C15 207 0.153 0.272 ∞ 

C16 221 0.126 0.232 ∞ 

C17 237 0.119 0.224 ∞ 

C18 249 0.101 0.193 ∞ 

C19 261 0.088 0.170 ∞ 

C20 275 0.075 0.152 ∞ 

C21 289 0.065 0.134 0.407 

C22 303 0.057 0.120 0.147 

C23 317 0.050 0.110 0.091 

C24 331 0.044 0.100 0.059 

C25 345 0.039 0.091 0.045 

C26 359 0.035 0.084 0.036 

C27 373 0.031 0.078 0.032 

C28 387 0.028 0.072 0.027 

C29 400 0.024 0.066 0.023 

C30 415 0.022 0.061 0.019 

C31 429 0.020 0.057 0.016 

C32 443 0.018 0.053 0.014 

C33 457 0.016 0.049 0.013 

C34 471 0.014 0.046 0.011 

C35 485 0.013 0.044 0.010 

C36 499 0.011 0.041 0.009 

C37 513 0.010 0.039 0.008 

C38 528 0.009 0.036 0.007 

C39 542 0.008 0.033 0.006 

C40 556 0.006 0.030 0.006 

C41 570 0.007 0.030 0.005 

C42 584 0.007 0.027 0.005 

C43 599 0.004 0.025 0.004 

C44 614 0.003 0.023 0.004 

C45 629 0.004 0.024 0.004 

C46 641 0.004 0.021 0.003 

C47 656 0.004 0.021 0.003 

C48 670 0.004 0.019 0.002 

C49 684 0.004 0.017 0.002 

C50 698 0.003 0.017 0.002 
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C51 713 0.002 0.017 0.002 

C52 727 0.001 0.014 0.002 

C53 742 0.001 0.012 0.002 

C54 756 0.001 0.012 0.002 

C55 770 0.001 0.011 0.001 

C56 785 0.001 0.011 0.001 

C57 799 0.001 0.009 0.001 

C58 814 0.001 0.006 0.001 

C59 828 0.001 0.005 0.001 

C60 843 0.001 0.005 0.001 

C61 857 0.001 0.006 0.001 

C62 872 0.001 0.006 0.001 

C63 886 0.001 0.005 0.001 

C64 901 0.001 0.005 0.001 

C65 915 0.001 0.005 0.000 

C66 930 0.001 0.004 0.000 

C67 945 0.001 0.004 0.000 

C68 959 0.000 0.005 0.000 

C69 974 0.000 0.003 0.000 

C70 988 0.000 0.002 0.000 

C71 1003 0.000 0.001 0.000 

C72 1018 0.000 0.001 0.000 

C73 1033 0.000 0.001 0.000 

C74 1047 0.000 0.001 0.000 

C75 1062 0.000 0.000 0.000 

C76 1077 0.000 0.000 0.000 

C77 1092 0.000 0.000 0.000 

C78 1107 0.000 0.000 0.000 

C79 1121 0.000 0.000 0.000 

C80 1136 0.000 0.000 0.000 

C81 1151 0.000 0.000 0.000 

C82 1166 0.000 0.000 0.000 

C83 1181 0.000 0.000 0.000 

C84 1196 0.000 0.000 0.000 

C85 1211 0.000 0.000 0.000 

C86 1226 0.000 0.000 0.000 

C87 1241 0.000 0.000 0.000 

C88 1256 0.000 0.000 0.000 

C89 1271 0.000 0.000 0.000 

C90 1286 0.000 0.000 0.000 

C91 1302 0.000 0.000 0.000 

C92 1317 0.000 0.000 0.000 

C93 1332 0.000 0.000 0.000 

C94 1347 0.000 0.000 0.000 

C95 1362 0.000 0.000 0.000 

C96 1378 0.000 0.000 0.000 

C97 1393 0.000 0.000 0.000 

C98 1408 0.000 0.000 0.000 

C99 1424 0.000 0.000 0.000 

C100 1439 0.000 0.000 0.000 
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The molecular weights of the flashed-off liquid samples were calculated based on 

component mole fraction and its molecular weight and the results are summarized in 

Table 4–16. As the table shows, the molecular weight of the extract (L1) as well as the 

residue increases with the pressure and overall ethane concentration. This is an indirect 

indication of component distribution within the phases. The overall ethane concentration 

significantly changes the molecular weight of the samples, which may be due to the 

complete extraction of light components from the asphaltene-enriched phase (L2) at high 

overall concentrations resulting in a high molecular weight value for the asphaltene-

enriched phase. 

 

Table 4–16: Calculated molecular weight of flashed-off phase samples taken from liquid-liquid equilibrium 

study of MacKay River bitumen / ethane mixtures at ambient temperature; w, overall ethane weight fraction 

(Kariznovi et al. 2013c). 

Equilibrium Condition L1 L2 

w = 0.4 and P = 5 MPa 259 541 

w = 0.4 and P = 9 MPa 286 572 

w = 0.9 and P = 9 MPa 370 870 

 

4.7.9. Phase Diagrams for MacKay River Bitumen / Ethane Systems 

The presentation of phase diagrams, such as pressure-temperature (P-T) at a constant 

composition or pressure-composition (P-x) at a constant temperature, for the 

bitumen/solvent systems is beyond the scope of this study. Many experimental data and 

higher resolution near the boundary, where the phase transition occurs, are required to 

develop a quantitative phase diagrams. Consequently, the phase behaviour of these 

mixtures is investigated with qualitative phase diagrams. These diagrams were drawn 

based on all of the generated experimental data in this research. Thus, the regions were 

defined on the basis of the experimental data; and, the transition zones and the regions 

between the experimental points may subject to further experimental analysis. 

As previously mentioned, the mixture of MacKay River bitumen and ethane exhibits 

the liquid-liquid partitioning at the temperatures less than 30°C. The experiments were 
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designed to analyze the important parameters and their impacts on the physical 

properties. Based on the experimental observations, the qualitative pressure-temperature 

diagram for Mackay River bitumen / ethane systems is presented in Figure 4–45. The 

blue symbols correspond to the experiments in which the vapour-liquid equilibrium 

exists. The red symbols are the experimental conditions which lead to liquid-liquid 

equilibrium. Finally, the green symbols are the experimental data reported in the 

literature. 

 

 
Figure 4–45: Pressure-Temperature (P-T) diagram for Mackay River bitumen / ethane systems; , vapour-

liquid experimental data; , the experimental data of Athabasca bitumen / ethane systems by Mehrotra and 

Svrcek (1985a); ■, liquid-liquid experimental data. 

 

As Figure 4–45 indicates, there is a narrow range in which more than two phases can 

form. The transition between the regions is presented by a dashed line, and no 

experimental data have confirmed the three-phase region yet. The boundary between the 

vapour-liquid and liquid-liquid regions is clearly determined at ambient temperature, 
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30°C where ethane is at supercritical conditions, the vapour phase contains the light 

hydrocarbons extracted from bitumen at high pressures (> 6 MPa). In this case, the 

liquid-liquid behaviour is also observed for bitumen/ethane mixtures. 

In addition to the pressure-temperature diagram, the phase behaviour of MacKay 

River bitumen / ethane mixtures is presented as pressure-composition diagram in Figure 

4–46 at a constant temperature of 21.6°C. Three regions, depending on the pressure and 

overall ethane concentration, L1, L1-L2, and L1-V, were observed during the experiments. 

 

 
Figure 4–46: Pressure-Composition (P-x) diagram for Mackay River bitumen / ethane systems at ambient 

temperature; , the experimental data of Athabasca bitumen / ethane systems by Mehrotra and Svrcek 

(1985a); ■, liquid-liquid experimental data. 

 

At 21.6°C, the vapour phase is pure ethane in the V-L1 region, and the composition 

of liquid phase varies with the pressure. In the L1-L2 region, as more ethane is added to 

the mixture at this temperature, the physical properties of phases change. As anticipated 

from Figure 4–46 and the results in Section 4.7.7, if two liquids are present at equilibrium 

conditions, the less dense phase (i.e. solvent-enriched phase, L1) is rich in saturates and/or 
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aromatics while the more dense phase (i.e. asphaltene-enriched phase, L2) is rich in resins 

and asphaltenes. The selectivity of the component distribution is clearly a function of the 

overall ethane concentration and pressure. 

The pressure-composition diagram presented in Figure 4–46 indicates that, for 

pressures greater than 4 MPa, the increase in the overall ethane concentration converts 

the state of the system from single phase into a L1-L2 equilibrium condition. However, for 

pressures less than 4 MPa, the single phase region changes to a V-L1 equilibrium by 

which the vapour phase is virtually pure ethane. The pressure of 4 MPa is the saturation 

pressure of ethane at ambient temperature. The dashed lines in Figure 4–46 are the 

qualitative transition boundaries between the L1-L2 and V-L1 regions and between L1-L2 

and L1 regions. The boundary between L1 and V-L1 regions were experimentally 

confirmed and are shown by a solid line. 

By combining the phase behaviour observations and the physical property 

measurements at constant overall ethane concentration and temperature, a diagram for the 

compositions of the coexisting phases versus equilibrium pressure and a diagram for the 

densities of coexisting phases versus equilibrium pressure were constructed. Figures 4–47 

and 4–48 show these diagrams for Mackay River bitumen / ethane mixtures at a constant 

overall ethane concentration of 0.4 weight fraction and at a constant temperature of 

21.6°C. 

Figure 4–47 shows the compositions of the coexisting phases at different equilibrium 

pressures. The plot is shown for the cases where there is excess ethane in the system 

(overall ethane concentration is 0.4 weight fraction). In other words, no single phase 

region can be detected at constant temperature and pressure. As anticipated from the 

figure, the composition of ethane in L1 within V-L1 region increases with the pressure. 

This behaviour is expected, because the solubility of hydrocarbon gases in bitumen 

increases with the pressure. As the pressure further increases to 4 MPa, the V-L1 region is 

still observed, and the vapour phase is pure ethane. However, at pressures higher than 4 

MPa, the vapour phase (i.e. solvent-enriched phase) composition dramatically changes 
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and reduces with the pressure. The V-L1 equilibrium changes to L1-L2 equilibrium 

condition. 

In L1-L2 region, the composition of the solvent-enriched phase (L1) reduces with the 

pressure, due to the extraction of light hydrocarbons into this phase. On the other hand, 

the composition of ethane in the asphaltene-enriched phase (L2) remains constant with 

pressure. The slope of curve for the composition of ethane in L2 is not the same as that of 

V-L1 region, i.e. ethane composition in L2 does not increase with pressure as in L1 within 

V-L1 region. The bitumen components in L2 become heavier with increasing pressure, 

due to higher extraction of light components into L1 at higher pressures; thus, a reduction 

in the composition of ethane in L2 is expected (the heavier hydrocarbon component, the 

lower solubility of ethane at fixed temperature and pressure). In contrast, the solubility of 

ethane in the heavy hydrocarbons increases with pressure. The first factor compensates 

for the second one and no change in the composition is observed. 

 

 
Figure 4–47: Coexisting phase compositions for Mackay River bitumen / ethane systems at ambient 

temperature and at a constant overall ethane concentration of 0.4 weight fraction; , the experimental data 

of Athabasca bitumen / ethane systems by Mehrotra and Svrcek (1985a); ■, liquid-liquid experimental data. 
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Figure 4–48 shows the densities of the coexisting phases at different equilibrium 

pressures. Similar to the compositions of the coexisting phases, there is an excess volume 

of ethane in the mixture (overall ethane concentration is 0.4 weight fraction). That is, no 

single phase region is detected at the studied pressure range. As anticipated from the 

figure, the density of L1 within V-L1 region reduces with the pressure, due to higher 

dissolution of ethane in the saturated bitumen with the increase in pressure. Nevertheless, 

further increases in the pressure result in a change in the state of system from V-L1 

equilibrium to L1-L2 equilibrium. The dramatic variation in the density of the solvent-

enriched phase indicates the phase transition from vapour into L1. The experimental 

results in the liquid-liquid equilibrium study indicate that the density of L1 in L1-L2 region 

is higher than the density of pure ethane at a specified pressure. This confirms that the 

light hydrocarbon components are extracted into the solvent-enriched phase (L1). 

 

 
Figure 4–48: Coexisting phase densities for Mackay River bitumen / ethane systems at ambient temperature 

and at a constant overall ethane concentration of 0.4 weight fraction; , the experimental data of Athabasca 

bitumen / ethane systems by Mehrotra and Svrcek (1985a); ■, liquid-liquid experimental data. 
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Further investigation of coexisting phase densities reveals that pressure affects the 

densities of both liquid phases at equilibrium conditions. The influence of pressure on the 

density of the phases is an indirect indication of the pressure effect on the extraction 

yield, which causes an increase in the densities of L1 and L2 in L1-L2 region. The variation 

in the density of L2 is not as significant as that of L1. This is due to three main factors, 

 The increase in ethane composition in L2 with pressure 

 The direct impact of pressure on the density of liquid, i.e. the increase in density 

with pressure 

 L2 becomes leaner in light hydrocarbons with the increase in pressure 

The density results in Figure 4–48 for L2 reveal that the first factor is balanced with 

other two factors; and, a slight increase in the density of L2 is observed. 

Although the density of L2 remains almost constant with pressure, the density of L1 is 

considerably increased with pressure. In this case, the greater extraction of bitumen 

components and the influence of pressure on the density of liquid result in an increase in 

the density of L1. Thus, as the pressure increases, more components are transferred into 

L1 making this phase much heavier. The compositional analysis presented in Section 

4.7.6 confirms the above-mentioned behaviours. 
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Chapter 5:  Phase Behaviour of Bitumen/Propane Mixtures 

This chapter provides the vapour-liquid and liquid-liquid equilibrium data for 

bitumen/propane mixtures and their applications for bitumen recovery processes. Similar 

to bitumen/ethane mixtures, the results of vapour-liquid equilibria cover the solubility, 

density, and viscosity measurements of the saturated liquid, K-values, and GOR. For 

liquid-liquid equilibrium conditions, the properties of equilibrium phases as well as 

extraction yield were studied. The effect of different paramters on the phases’

composition, density, viscosity, and compositional analysis has been investigated. The 

vapour-liquid and liquid-liquid equilibrium data were then combined to generate phase 

diagrams. In this chapter, the effect of dissolution of different solvents on the thermo-

physical properties of the saturated bitumen was also investigated. The reported data in 

this chapter are used for the tunning of equation of state. 

5.1. Introduction 

Vapour extraction (Vapex) process was described and patented by Butler and Mokrys 

in 1991 (Butler and Mokrys 1991). It is a new oil recovery process with the same analogy 

as the SAGD process using solvent instead of steam. It has application in thin reservoirs, 

where SAGD cannot be applied due to high heat loss. A series of experimental studies by 

Butler and Mokrys (Mokrys and Butler 1993; Butler and Mokrys 1993a, 1993b) show 

that this technique can be economically applied for heavy oil recovery. Propane is one of 

the best solvents which can be considered for Vapex process in Alberta reservoirs. Low 

dew point pressure makes propane a favourable solvent for Vapex process. Its mixtures 

with non-condensable gases such as methane and nitrogen enable to adjust the dew point 

pressure of the mixture. 

Propane has high solubility in heavy oil and bitumen compared to methane, ethane, 

and nitrogen and leads to significant viscosity reduction. The diluted oil is mobile at 
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reservoir condition with an economical production rate. In addition, propane can also 

contribute to an in-situ upgrading process which leads to the production of higher oil 

quality by deasphalting (Nourozieh et al. 2011b). In-situ upgrading improves the oil 

quality and reduces the processing cost of the produced oil. In addition to solvent-based 

recovery processes such as Vapex, propane can be considered as an additive to steam-

based processes. As previously mentioned, in steam-based processes such as cyclic steam 

injection and SAGD, a small amount of additive solvent can be co-injected with steam to 

improve the process performance. 

The application of propane for the in-situ heavy oil recovery has widely been 

evaluated. Mokrys and Butler (1993) investigated the de-asphaltening phenomena and oil 

upgrading during propane injection into a physical model. They used Lloydminster heavy 

oil with API gravity of 13 and the asphaltene content of 16 weight percent. They 

considered two different cases, the injection of pure propane and the co-injection of 

propane with steam. The results indicated that the recovery for both cases are comparable 

while the steam-propane co-injection is more energy efficient compared to pure steam 

injection. The viscosity of oil produced from steam-propane co-injection was lowered by 

a factor of as much as 50 times. In another study, Jiang (1997) came up with a similar 

finding as Mokrys and Butler (1993) and found out that, propane concentration in the oil 

must exceed a certain value (critical concentration) to have oil upgrading (asphaltene 

precipitation) in the reservoir. This value is in the range of 20-30 weight percent propane. 

The higher initial injection rate can leads to higher oil recovery by using less solvent. 

Goite et al. (2001) conducted a series of lab experiments for heavy oil recovery (API 

gravity of 13.5) from the Morichal field, Venezuela. They determined the influence of the 

use of propane and its optimum concentration as an additive during steam injection. The 

results show that the optimal concentration of propane appears about 5:100 propane to 

steam mass ratio. In subsequent study, Ferguson et al. (2001) used the same oil and 

apparatus as Goite et al. and found out that oil production rate is accelerated when 
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propane was used as an additive to steam compared to pure steam. They obtained almost 

the same optimum propane concentration as Goite et al. (2001). 

Tinns (2001) conducted the co-injection experiments with propane to steam mass 

ratio of 5:100 using an oil with API gravity of 21. Tinns observed an acceleration in the 

oil production rate. By measuring the density and viscosity of produced oil, the author 

found out that an increase in the API gravity and the decrease in the viscosity of produced 

oil which is corresponded to oil upgrading. Rivero and Mamora (2002) conducted a 

feasibility study experiments using propane as a steam additive to improve injectivity and 

oil production rate. They used an extra-heavy oil from Hamaca field, Venezuela which 

had the AIP gravity of 8 and a viscosity of 25,000 mPa.s at the temperature of 50°C. 

They considered four different propane to steam mass ratios, and the experimental results 

show that, with steam-propane co-injection, the oil production accelerated by 17% 

compared to pure steam injection. In addition, the steam injectivity can be three times 

higher in the case of propane-steam co-injection compared to pure steam injection. 

Venturini and Mamora (2003) performed a simulation study to evaluate the steam-

propane co-injection, for the production of Hamaca heavy crude oil. They considered a 1-

D model to describe the physical model and characterized the oil with ten pseudo-

components. The simulation results matched the experimental data and confirmed the 

experimental finding. Both experimental and simulation studies showed that oil 

production is accelerated by 20% when steam-propane was co-injected compared to pure 

steam injection. Venturini and Mamora (2003) came up with a general conclusion 

considering their research and previous results in this area as “Small concentrations of

gaseous additives can alter and improve both early and ultimate recovery of heavy oil, on 

the order of 10-20% under favorable conditions. However, the addition of too large 

amountofadditiveagainreducestheefficiency”. 

Deng (2005) did a numerical study of hybrid process with propane and steam co-

injection and simulated the process under different operating strategies and investigated 

the effect of the use of propane as additive in the hybrid process. The author ran a cost 
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model to evaluate the economical performance of the process. The results show the cost 

of propane-steam co-injection is in the same order of pure steam injection. Deng (2005) 

concluded that there is an optimum value for propane to steam ratio in the injection gas, 

and the co-injection of propane in large amount has a negative effect on the process. 

Apart from the application of propane for in-situ oil recovery, supercritical propane 

has been tested for its capability to extract bitumen from oil sands. Jacoby (1987) 

performed experimental studies on the extraction of Athabasca oil sands using solvents 

such as ethane, propane, butane, and pentane in the supercritical and liquid states. Hwang 

[39] and Subramanian (1996) conducted supercritical fluid extraction of Whiterock and 

PR Spring bitumens using propane as the solvent. 

Based on the above-mentioned applications and research studies, the 

bitumen/propane interaction and its phase behaviour and thermodynamic properties are 

extremely important to design and optimize the recovery and extraction processes. It is 

critical to specify the number of phases which are formed for heavy oil / propane systems 

at different temperatures and pressures, and determine the density and viscosity of the 

equilibrium phases. For the extraction processes, the component distribution and the 

extraction yield should be identified. 

5.2. Literature Background 

There are limited data in the literature for the phase behaviour study of 

bitumen/propane systems, and the data have been limited to the low temperatures (< 

100°C) and to pressures less than the vapour pressure of propane. 

Radoz et al. (1987) reported the experimental phase equilibrium compositions for 

two systems containing propane and petroleum derived oil mixtures near the temperature 

of 126.9°C and at the pressures (3 to 5.5) MPa. Two oil samples with different chemical 

compositions, one was rich in saturates (paraffines and naphthenes) and the other was 

rich in aromatics, were used for the experiments. The experimental results confirmed that 
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the solubility of propane in the propane-saturates-rich-oil mixture is greater than in the 

propane-aromatics-rich-oil mixture. The same observation for the solubility of heavy 

components in the vapour phase was found. In addition, the increase in pressure was 

favored the extraction of more components from the oil phase in both samples. 

Deo et al. (1992) conducted the extraction of a paraffinic crude oil, bitumen-derived 

liquid and native Whiterocks bitumen with carbon dioxide and propane. For the paraffinic 

crude oil, the analysis of the extraction data with carbon dioxide revealed that at constant 

temperature of 37.85°C, the extraction yields increased as the pressure was increased 

from (7.6 to 17.2) MPa. However, the extraction yields for a constant pressure (10.3 

MPa) were practically identical at the three temperatures (23.85, 30.85, and 37.85°C) 

near critical condition, while the yields decreased at the higher temperatures (65.85°C). 

For bitumen-derived liquid, extractions with propane were conducted at a 

temperature of 48.85°C and three pressures (5.5, 10.3, and 17.2 MPa) and at a constant 

pressure of 10.3 MPa and three different temperatures, (37.85, 106.85, and 134.85)°C. In 

general, as the pressure was increased at constant temperature, the extraction yields 

increased. Furthermore, the highest yields were obtained near propane critical 

temperature. The extraction yield at the temperature of 106.85°C is higher than 37.85°C 

demonstrating the enhanced solubility in propane phase near critical point. Generally, the 

extraction yields for propane were considerably higher than for carbon dioxide, due to the 

stronger affinity of propane for hydrocarbon components of the feedstocks. 

For native Whiterocks bitumen, the extraction yields were lower than those of the 

bitumen derived liquid; however, the trends were similar. The same as before, the 

extraction yields increased as a function of pressure and is most effective near critical 

temperature of propane. In addition, the carbon-number distributions indicated that 

heavier compounds are extracted at higher pressures. For carbon dioxide extractions, a 

total of 2 wt% of material was extracted at the highest pressure (30.9 MPa) and at a 

constant temperature of 93.85°C while the lower pressure results in no oil extraction. 
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Han et al. (1998) studied the phase behaviour of Fengcheng bitumen with 

supercritical propane at temperatures (108, 115, and 125)°C and at the pressures (4.4 to 

8.6) MPa. The authors conducted the experiments for a constant mass ratio of propane to 

bitumen (1:1.3). The authors reported the propane concentration, density, and viscosity of 

two phases at equilibrium conditions. The results showed that, at a constant temperature, 

supercritical propane had stronger ability to extract Fengcheng bitumen at higher 

pressures. 

Frauenfeld et al. (2002) measured the solubility of ethane and propane in Cold Lake 

blend oil and the solubility of methane, ethane, propane and carbon dioxide in 

Lloydminster Aberfeldy oil at temperatures less than 20°C. Freitag et al. (2005) measured 

the solubility, density and viscosity of a Winter (Lloydminster) oil / propane system at the 

temperatures, (15 and 28)°C, and at the pressures lower than vapour pressure of propane. 

The authors examined the measured solubility of propane in Winter (Lloydminster) oil 

system with two different experimental procedures and they found that the amount of 

propane dissolved in the oil increased by 5 to 20% if the sample has already been 

exposed to higher propane concentrations.  

Luo et al. (2007a) measured the solubility of propane in three Lloydminster heavy oil 

samples with different asphaltene contents at the temperature of 23°C and at the pressures 

less than 800 kPa. The experimental pressure was less than the vapour pressure of 

propane. The results showed that propane solubility is strongly affected by the asphaltene 

content of heavy oil. The oil sample with lowest asphaltene content had the highest 

solubility. In a subsequent study, Luo et al. (2007b) also measured the phase equilibrium 

properties for Lloydminster heavy oil / propane system and for Lloydminster heavy oil / 

solvent (gas mixture: methane, propane, n-butane, and i-butane) mixture at the 

temperature of 23.9°C in the pressure range of (0.5 to 5) MPa using a PVT system from 

D. B. Robinson Design & Manufacturing Ltd. For all experiments, the volume ratio of 

solvent to heavy oil was about 1. 
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For heavy oil / propane mixture, they found out that the heavy oil / propane mixture 

divided into three layers at the pressures of (1.965, 2.979, and 5.019) MPa. The top layer 

was a solvent-enriched oil which contains some light components extracted from the 

heavy oil. The middle layer was the heavy oil with the dissolved solvent and the bottom 

layer contained heavy components (the asphaltene precipitates from middle layer). 

Increase in the pressure resulted in the extraction of more light components from heavy 

oil into top layer and the accumulation of heavy components in bottom layer. The authors 

also measured the viscosity of degassed liquid from each phase and the results confirms 

that higher pressure results in higher viscosity of bottom layer liquid and lower viscosity 

for top and middle layers. 

For heavy oil / solvent mixture (solvent was a mixture of methane, propane, n-

butane, and i-butane), the authors found out that the mixture divided into two layers, 

solvent-enriched and asphaltene-enriched, at the pressures (3.202 and 5.048) MPa while 

only one phase for (0.551 and 2.068) MPa pressures. The authors also compared the 

compositions of the solvent mixture dissolved into the heavy oil for four pressures. The 

major component dissolved in was methane at the pressures (0.551 and 2.068) MPa while 

at the pressures (3.202 and 5.048) MPa, the major component of the dissolved solvent 

mixture was butane. In these experiments, the same trends as heavy oil / propane mixture 

for the behaviour of carbon number distribution with pressure were observed. 

Jossy et al. (2009) conducted phase partitioning measurements for a UTF bitumen / 

propane system at the temperatures (10 and 40)°C near the vapour pressure of propane 

using computed tomography (CT) scans on the visual cell. They evaluated different 

solvent-to-bitumen volume ratios (0.35, 1, 1.5, and 2) to find out how the solvent/oil 

loading affect the phase volume, phase composition and phase density and viscosity. The 

authors concluded that the onset of liquid phase portioning is likely to be around a ratio 

of one (volume). In addition, the behaviour of phase partitioning at two temperatures was 

not the same. The chemical analysis of degassed saturated liquids showed the heavier 

liquid has much higher asphaltene content (35.2 and 34.3 wt% at the temperatures of 10 
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and 40°C, respectively) than raw bitumen (15.7) whereas the lighter liquid is much lower 

(1.6 and 1.7 wt% at the same temperatures). 

Badamchi-Zadeh et al. (2009a) measured the solubility and saturated phase density 

and viscosity for Athabasca bitumen diluted with propane for the temperatures (10 to 

50)°C. For all experiments, they only considered vapour-liquid equilibrium and propane 

concentration of less than 23 wt% to prevent asphaltene precipitation or second liquid 

formation. In subsequent study, Badamchi-Zadeh et al.
 
(2009b) measured the solubility of 

carbon dioxide and mixtures of carbon dioxide and propane in Athabasca bitumen. 

Multiple-liquid phases were observed at pure carbon dioxide contents above 

approximately 12 wt%. The authors reported volume of each phases for multiple phase 

equilibrium. Multiple-liquid phases were also observed in a ternary mixture of 13.1% 

propane, 19.2 wt% carbon dioxide, and bitumen. 

To date, no wide temperature range phase behaviour study has been reported for 

bitumen/propane mixtures that includes both vapour-liquid and liquid-liquid equilibria. 

The generated experimental data in this research show that bitumen/propane mixtures can 

have liquid-liquid separation for the temperatures less than 120°C. The lighter liquid 

(liquid 1, i.e. the solvent-enriched phase) contains light components extracted from the 

bitumen. The heavier liquid (liquid 2, i.e. the asphaltene-enriched phase) is mostly 

composed of heavy fractions of bitumen. The extraction yield changes with the pressure, 

temperature, and the amount of solvent (overall propane concentration). The chemical 

analysis of the degassed saturated liquids showed the heavier liquid had much higher 

asphaltene content than raw bitumen, whereas the lighter liquid had much lower 

asphaltene content than raw bitumen. 

The experimental results for Surmont bitumen / propane systems are presented in this 

chapter. As with bitumen/ethane mixtures, this section considers both vapour-liquid and 

liquid-liquid equilibria. For the vapour-liquid equilibrium condition, the reported data are 

the solubility of propane in bitumen, the density and viscosity of the saturated bitumen, 

K-values and GOR. Liquid-liquid experiments at two temperatures (50 and 100)°C are 
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then presented. The results include the measurements of physical properties (density and 

viscosity) and propane concentrations in both liquid phases. In addition, the light 

component extraction is investigated; and, the impacts of pressure, temperature and 

solvent (propane) loading on the distribution of components are presented. Finally, the 

phase diagrams for bitumen/propane mixtures on the basis of measured data have been 

developed and presented. 

5.3. Vapour-Liquid Equilibrium 

The experimental results for Surmont bitumen / propane systems indicate that, for all 

pressures less than 10 MPa, the vapour-liquid equilibrium exists at the temperatures of 

(150, 175 and 190)°C. At 100°C, the phase transition occurs at the pressures around 4.5 

MPa; and, the vapour-liquid equilibrium exists for the pressures of 2 and 4 MPa. The 

vapour-liquid experiments were carried out at 17 different operating conditions; a 

combination of five different temperatures, 50, 100, 150, 175, and 190
o
C, and five 

different pressures, 1, 2, 4, 6, and 8 MPa. The details of each experiment including the 

amount of bitumen and solvent charged into the equilibrium cell are presented in Table 

5–1. The amount of solvent and bitumen in each experiment is the required mass of each 

species to have both vapour and liquid phases at equilibrium condition and to obtain 

enough phase samples for solubility calculations. As expected, the weight fraction of 

propane in the equilibrium cell increases with pressure and reduces with temperature. 

The experimental results of vapour-liquid equilibrium for Surmont bitumen / propane 

mixtures at five temperatures (50, 100, 150, 175, and 190)°C are summarized in Table 5–

2. The repeatability of generated data was examined by repeating some experiments at 

the temperatures of (150 and 175)°C; these data are presented in Table 5–3. As the data 

presented in Table 5–3 show, the measurements of the solubilities in two experiments at 

similar conditions are quite well in agreement and the saturated phase densities are 

precise within 0.5 kg/m
3
. The deviation for the saturated liquid viscosities is less than 5%. 
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Table 5–1: Experimental design and feeding information for Surmont bitumen / propane systems at 

temperature T and pressure P. 

T (°C) P (MPa) 
Equilibrium Cell 

PEquilibrium (MPa) 
C3H10 (g) Bitumen (g) 

50 1 18 54 1.082 

100 
2 13 52 1.965 

4 32 48 3.992 

150 

1 4 46 1.172 

2 6 44 2.096 

4 10.8 49.2 4.012 

6 15 45 6.046 

8 40 40 8.080 

175 

1.25 5 45 1.496 

2 6 44 2.216 

4 5.75 42.5 4.243 

6 10 40 6.136 

8 12.5 37.5 8.118 

190 

1.25 6 44 1.379 

4 10.8 49.2 4.026 

6 12.5 50 6.039 

8 15 45 7.990 

 

For the vapour-liquid experiments of Surmont bitumen / propane mixtures, a clear 

phase transition between two phases, vapour and liquid, was observed for all experiments 

during the phase sampling at equilibrium condition. As Table 5–2 indicates, the 

dissolution of propane in bitumen reduces the density and viscosity of saturated liquid 

phase. Depending on the temperature, the decreasing trend of density and viscosity with 

the solubility of propane is different. At a constant temperature, the solubility of propane 

in bitumen increases with pressure. Thus, the density and viscosity of saturated liquid 

phase shows a decreasing trend with the equilibrium pressure. Although pressure 

increases the density and viscosity of gas-free bitumen at a constant temperature, the 

dissolution of propane in bitumen compensates this effect and also changes its effect 

(reduction of density and viscosity with increasing pressure). 
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Table 5–2: Experimental vapour-liquid equilibrium properties for Surmont bitumen / propane mixtures at T 

= (50, 100, 150, 175 and 190)°C; P, pressure; s, saturated liquid density; s, saturated liquid viscosity; ws, 

weight percent of propane in saturated liquid phase. 

T (°C) P (MPa) ws s (kg/m
3
) s (mPa.s) 

50.2 1.082 10.1 914.1 71.7 

100.2 1.965 7.03 902.5 23.9 

100.2 3.992 23.9 780.5 2.07 

149.5 1.172 1.51 912.5 21.2 

150.0 2.096 3.53 896.0 14.2 

149.9 4.012 8.34 858.5 6.86 

150.4 6.046 13.1 814.1 3.38 

150.0 8.080 19.4 768.0 1.96 

174.2 1.496 1.98 896.4 10.0 

175.0 2.216 3.18 887.0 7.70 

174.5 4.243 6.30 856.8 ---- 

176.0 6.136 10.3 822.7 2.61 

175.5 8.118 14.2 791.7 1.93 

189.4 1.379 1.37 893.0 9.22 

188.9 4.026 5.48 856.9 4.94 

189.2 6.039 8.61 828.2 3.20 

189.7 7.990 12.4 798.7 2.20 

 

 

Table 5–3: Experimental vapour-liquid equilibrium properties of repeated experiments at T = (150 and 

175)°C for Surmont bitumen / propane systems; P, pressure; s, saturated liquid density; s, saturated liquid 

viscosity; ws, weight fraction of propane in saturated liquid phase. 

T (°C) P (MPa) 10
2
 ws s (kg/m

3
) s (mPa.s) 

150 
8.052 19.5 766.9 1.91 

8.107 19.3 769.0 2.00 

175 

4.267 6.43 856.8 ---- 

4.219 6.17 856.8 ---- 

8.107 14.2 791.5 ---- 

8.128 14.2 791.9 1.93 
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5.3.1. Saturated Phase Properties 

The solubility measurements for Surmont bitumen / propane systems at five 

temperatures, (50, 100, 150, 175 and 190)°C, are shown in Figure 5–1. The x-axis shows 

the equilibrium pressure and the y-axis is the measured solubility of propane in bitumen. 

The isotherms corresponding to each temperature are shown by different colors. The 

solubility increases with increasing equilibrium pressure at a constant temperature and 

decreases with increasing temperature at a constant pressure. The variation of solubility 

with equilibrium pressure is more significant at low temperatures. Generally, propane has 

much higher solubility in bitumen compared to ethane and methane at the same operating 

conditions; and, this behaviour is more considerable at low temperatures.  

 
Figure 5–1: Measured solubility of propane in Surmont bitumen as a function of pressure at different 

temperatures. 

 

The difference between the isotherms becomes more significant as the temperature 

decreases from (190 to 100)°C. This behaviour was also observed for bitumen/ethane 
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equilibrium no longer exists at these pressures and temperatures. Thus, the solubility is 

not increased with equilibrium pressure due to depletion of bitumen from light 

components. 

Figures 5–2 and 5–3 illustrate the propane-saturated viscosity and density for 

Surmont bitumen at different temperatures and pressures. When propane is dissolved into 

the bitumen, the viscosity of the saturated bitumen is significantly reduced, even at low 

equilibrium pressures. This makes propane a good candidate for solvent injection 

processes in which the reservoir cannot be operated at high pressure condition. For 

example, at the equilibrium pressure of 1.082 MPa and at the temperature of 50.2°C, the 

viscosity of the mixture is 71.2 mPa.s, which is much lower than the viscosity of the raw 

bitumen (18429 mPa.s) with no dissolved propane. The viscosity in this condition is low 

enough for oil to be recovered from the reservoir. 

 

 
Figure 5–2: Viscosity of propane-saturated Surmont bitumen as a function of pressure at different 

temperatures. 
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The viscosity of propane-saturated bitumen also significantly reduces with 

equilibrium pressure at all temperatures. The variations of saturated viscosity and density 

with equilibrium pressure are linear for all temperatures. There are crossovers for gas-

saturated bitumen viscosity and density. It seems that the effect of solubility at low 

temperatures is more significant than the effect of temperature on the bitumen viscosity. 

Thus, lower saturated density and viscosity are obtained at low temperatures and high 

pressures. It can be concluded that, at low temperatures, the solvent has the same or even 

greater effect on the viscosity reduction, compared to that at high temperatures. 

 

 
Figure 5–3: Density of propane-saturated Surmont bitumen as a function of pressure at different 

temperatures. 
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this effect. For example, at 100.2°C and a pressure of 3.992 MPa, the viscosity of 

saturated liquid phase is 2.07 mPa.s while the viscosity at 189.7°C and a constant 

pressure of 7.990 MPa is 2.2. This shows that manipulating the pressure and temperature, 

the viscosity of liquid phase can be controlled. 

5.3.2. Equilibrium K-values and GOR 

The experimental solubility and density data for the pseudo-binary systems of 

bitumen/solvent systems are commonly used in reservoir simulation software to build 

appropriate thermodynamic and phase behaviour models. On the basis of experiments, 

the equilibrium K-values for propane present in mixture are obtained and directly applied 

into reservoir simulation software such as CMG-STARS. Furthermore, K-values are 

usually used to tune equation of state parameters. The K-values for Surmont bitumen / 

propane mixtures were calculated using Equation 4-1 in which the mole fractions of 

propane in equilibrium vapour and liquid phases are used instead. yC3H8 = 1 was 

considered for all temperatures and pressures; the values for xC3H10 were obtained using 

the data presented in Table 5–2 along with the molecular weight measurements for the 

bitumen. The measured K-values for Surmont bitumen / propane system are plotted as a 

function of equilibrium pressure in Figure 5–4. The K-values are in the range (1 to 10) for 

Surmont bitumen / propane mixtures and its value is determined by the composition of 

propane in the liquid phase because yC3H8 = 1. Higher solubility resulted in lower K-

value. As depicted in Figure 5–4, the increase in pressure or the decrease in temperature 

leads to lower K-values. The solubility of propane in bitumen was found to be significant 

and more than the solubility of methane and ethane at the same condition. As anticipated 

from Figure 5–1, for bitumen/propane mixtures, the solubility of propane is considerable 

and as a result, the viscosity reduction is also significant. 
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Figure 5–4: Measured K-values for Surmont bitumen / propane systems as a function of pressure at 

different temperatures. 
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Figure 5–5: Measured GOR for Surmont bitumen / propane systems as a function of pressure at different 

temperatures. 
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MPa. The solvent-enriched phase contained light components extracted from the bitumen 

while asphaltene-enriched phase was mostly heavy fractions of bitumen. The chemical 

analysis of the degassed saturated liquids shows the asphaltene-enriched phase has much 

higher asphaltene content than raw bitumen, whereas the solvent-enriched phase has 

much lower asphaltene content than raw bitumen. Figure 5–6 illustrates the digital 

photographs of flashed-off liquid samples and raw bitumen at ambient condition. As 

anticipated from the figure, the solvent-enriched phase contain no asphaltenes as it has a 

light brown color. 

         
Figure 5–6: Digital photographs of gas-free bitumen (left) and flashed-off liquid samples (middle and right) 

taken from liquid-liquid equilibrium study of Surmont bitumen / propane mixtures. 

 

Indeed, the partitioning of the bitumen/propane mixtures into two liquid phases can 

be considered as a asphaltene precipitation process in which the properties of the 

precipitated asphaltene is different from those of pentane or heptane. That is, the 

precipitation appears as a heavy liquid phase at equilibrium condition. It was found that 

the yield of precipitation for propane is much higher than pentane and heptane, and 

generally, the precipitation yield reduces with the carbon number of normal alkanes. As it 

will be presented in Section 5.4.4, propane as a precipitant separates a large fraction of 

resins with the asphaltene.  

To evaluate all the important parameters and their impact on the physical properties, 

as well as the component distribution, a series of experiments at two temperatures (50
 
and 

100°C), at different pressures, and at a variety of overall propane concentrations were 
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conducted. The experimental results are summarized in Tables 5–4 to 5–6. Each table 

corresponds to a specific overall propane concentration.  

 

Table 5–4: Liquid-liquid equilibrium properties for Surmont bitumen / propane mixtures at a constant 

overall propane concentration of 40 weight percent; P, pressure; T, temperature; w, weight fraction of 

propane; ρ, densities; µ, viscosity. 

T (°C) P (MPa) 
10

2
w ρ (kg/m

3
) µ (mPa∙s) 

L1 L2 L1 L2 L1 L2 

50.3 2.096 47.5 22.7 660.7 853.2 ---- 115 

50.3 5.046 46.0 22.9 678.4 858.2 ---- 218 

50.3 8.018 44.6 22.7 691.9 861.4 ---- 154 

100.1 6.060 65.5 26.5 512.9 768.9 0.22 4.33 

100.1 8.066 49.5 25.1 600.4 786.8 0.56 7.43 

 

Table 5–5: Liquid-liquid equilibrium properties for Surmont bitumen / propane mixtures at a constant 

overall propane concentration of 60 weight percent; P, pressure; T, temperature; w, weight fraction of 

propane; ρ, densities; µ, viscosity. 

T (°C) P (MPa) 
10

2
w ρ (kg/m

3
) µ (mPa∙s) 

L1 L2 L1 L2 L1 L2 

50.2 2.082 73.0 20.0 542.4 877.4 ---- 68.4 

50.3 5.046 71.4 20.1 559.7 883.3 ---- 484 

50.3 8.052 70.4 19.9 572.1 888.6 ---- 156 

100.2 6.039 80.9 22.3 437.5 808.5 0.07 9.29 

100.1 8.045 76.4 22.2 472.8 820.9 ---- 8.90 

 

Table 5–6: Liquid-liquid equilibrium properties for Surmont bitumen / propane mixtures at a constant 

overall propane concentration of 80 weight percent; P, pressure; T, temperature; w, weight fraction of 

propane; ρ, densities; µ, viscosity. 

T (°C) P (MPa) 
10

2
w ρ (kg/m

3
) µ (mPa∙s) 

L1 L2 L1 L2 L1 L2 

50.3 2.054 87.9 17.4 493.2 911.9 ---- 388 

50.3 5.026 86.3 17.1 506.2 917.8 ---- 548 

50.2 7.969 86.1 17.8 519.3 920.9 ---- 1666 

100.1 6.149 89.5 20.9 402.5 848.3 ---- 17.3 

100.0 7.976 88.4 18.2 425.0 860.4 ---- 24.7 

 

Tables 5–4 to 5–6 list the measurements at overall propane concentrations of 40, 60 

and 80 weight percentages, respectively. In each table, the operating conditions, 

concentration of propane in the solvent-enriched phase (L1) and in the asphaltenes-
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enriched phase (L2), densities and viscosities of each liquid phase are presented. The 

viscosity of the solvent-enriched phase was too low and close to the viscosity of pure 

propane; therefore, it was only measured for the experiments that the extraction of 

components into the solvent-enriched phase was significant. Further discussions of the 

measured liquid-liquid equilibrium data are presented in the following sections. 

5.4.1. Physical Properties 

The performances of the solvent-based recovery processes depend on the viscosity 

and density of the phases that form at in-situ condition. These properties are directly 

affected by the solubility of the solvent, the temperature and the pressure. In this section, 

physical properties of phases at equilibrium conditions are evaluated. 

5.4.1.1. Volume Change on Mixing 

The vapour-liquid equilibrium data of Surmont bitumen / propane mixtures presented 

in Section 5.3 indicated that the dissolution of propane in gaseous state into the bitumen 

results in the variation of the total volume of the mixture. The measured volume of the 

mixture from the initial state and its value during the mixing process at fixed pressure and 

temperature determined the equilibrium condition. For the vapour-liquid equilibrium 

condition, the change in the total volume of the mixture from the initial state up to the 

equilibrium condition is significant. Because the gaseous solvent is condensed into the 

liquid phase, and the equivalent amount of solvent dissolved into the bitumen in gaseous 

state occupies a large volume (at equilibrium temperature and pressure). However, for the 

liquid-liquid equilibrium condition, the volume change on the mixing is not as significant 

as vapour-liquid equilibrium because solvent is not condensed during the mixing process. 

The mixtures of bitumen and propane in the liquid-liquid equilibrium condition were 

subjected to the volume change on the mixing. Although the volume change on the 

mixing is not significant as the vapour-liquid cases, its value is changed with the 

operating parameters. Table 5–7 summarizes the ratio of equilibrium total volume to the 
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initial total volume for the mixtures of propane and Surmont bitumen. In this table, the 

volume ratio of phases at equilibrium condition is also listed. 

 

Table 5–7: The volume change on the mixing and volume ratio of phases in liquid-liquid equilibrium of 

Surmont bitumen / propane mixtures; P, pressure; T, temperature; w, weight fraction of propane; Vt, total 

volume of mixtures; VL, volume of each phase at equilibrium condition. 

T (°C) P (MPa) 10
2
w Vt, equil/ Vt, initial VL1/ VL2 

50.3 2.096 40 0.944 2.15 

50.2 2.082 60 0.951 3.93 

50.3 2.054 80 0.969 13.94 

50.3 5.046 40 0.959 2.74 

50.3 5.046 60 0.958 4.36 

50.3 5.026 80 0.977 14.31 

50.3 8.018 40 0.967 3.36 

50.3 8.052 60 0.958 4.98 

50.2 7.969 80 0.986 14.54 

100.1 6.060 40 0.870 0.73 

100.2 6.039 60 0.887 2.98 

100.1 6.149 80 0.920 11.90 

100.1 8.066 40 0.908 1.45 

100.1 8.045 60 0.930 3.53 

100.0 7.976 80 0.939 12.71 

 

As the data in Table 5–7 shows, the mixtures of Surmont bitumen / propane undergo 

a negative volume change on the mixing. That is, the mixture total volume reduces during 

the mixing process and reaching to the equilibrium state. The negative volume change on 

the mixing is observed for all measured data at different temperatures, pressures, and 

overall propane concentrations. 

As presented earlier, the value of volume change on the mixing is varied with the 

operating parameters. The measured data (Table 5–7) show that at constant temperature 

and pressure, the volume change on the mixing reduces with the increase in the overall 

propane concentration. This trend is expected because the mixture of two components 

reaches to lower values of the volume change on the mixing at infinite dilution of each 

component. Thus, the measured ratio for the total volumes presented in Table 5–7 reach 
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to a value of 1 at higher overall propane concentrations. This trend might not be correct 

for some mixtures such as (toluene + n-octane) in which the volume change on mixing 

shows a zero value around 0.2 mole fraction of toluene (Asfour et al., 1990). The 

increasing trend of the measured ratio for the total volume toward a value of 1 is 

observed at two different temperatures and at three studied pressures. It should be noticed 

here that the mixtures under study are not in the single phase region, and the impact of 

the component distribution should also be taken into the account when the volume change 

upon mixing is studied. 

The density of raw bitumen and pure propane is a function of temperature and 

pressure. Thus, the volume of the components and its molecular behaviour is changed 

with the change in the operating conditions. The measured ratio of total volume presented 

in Table 5–7 during the mixing process reduces with the increase in pressure at a constant 

temperature. This is due to a better arrangement of propane molecules in the bitumen 

molecules. As pressure increases at a constant temperature, the density of raw bitumen as 

well as pure propane are increased. The molecules of each component are made to come 

closer together with the increase in the pressure and consequently reduction in the 

occupied volume. In the pseudo-binary mixtures, the same behaviour occurs with a 

considerable difference. The molecules of different sizes are forced to come closer 

together. The decreasing trend of the measured ratio for the total volume with the 

pressure is observed at two different temperatures and at three studied overall propane 

concentrations. 

The effect of temperature on the volume change on the mixing is also noticeable 

from Table 5–7. The increase in the temperature enhances the volume change on the 

mixing for the mixtures. It is due to the arrangement of the molecules in the mixtures. 

From Table 5–7, it can be concluded that the effect of pressure on the volume change on 

mixing is more considerable at high temperatures. Once again, it is noticeable that the 

mixtures under study are in the liquid-liquid equilibrium condition and the impact of the 

component distribution on the volume change on mixing is also significant. 
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5.4.1.2. Phase Compositions 

The concentration of propane in two co-existing phases was measured (Tables 5–4 to 

5–6), and the results are shown in Figures 5–7 and 5–8 for the temperatures (50 and 

100)°C, respectively. As depicted in the figures, the concentration of propane in the 

solvent-enriched phase is much higher than that of the asphaltene-enriched phase. This is 

because the solvent-enriched phase composes of propane and light components extracted 

from the bitumen. The asphaltene-enriched phase, however, is mainly composed of the 

heavy constitutes such as asphaltene and resin in which the concentration of propane in 

this phase is much less than in the solvent-enriched phase. 

 
Figure 5–7: Liquid-liquid phase equilibria for Surmont bitumen / propane systems at the temperature of 

50°C; the concentration of propane in liquid phases as a function of overall propane concentration at 

different pressures. 

 

As anticipated from Figures 5–7 and 5–8, the pressure and overall propane 

concentration affect the composition of the equilibrium phases. The overall propane 

concentration has a much greater effect on the composition of phases at equilibrium 

condition as does the pressure. The concentration of propane in the solvent-enriched 
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phase increases at higher overall propane concentrations. This is expected, because when 

more propane is added to the system, it goes into the solvent-enriched phase (L1). 

However, propane concentration in the asphaltene-enriched phase is reduced: this is due 

to the higher extraction yield at higher overall propane concentrations, which results in a 

heavier liquid phase and a corresponding lower propane concentration. As expected, the 

heavier hydrocarbon has lower propane solubility at a constant pressure and temperature. 

This behaviour is the same for two temperatures (50 and 100)°C. 

 
Figure 5–8: Liquid-liquid phase equilibria for Surmont bitumen / propane systems at the temperature of 

100°C; the concentration of propane in liquid phases as a function of overall propane concentration at 

different pressures. 
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propane in two liquid phases is more pronounced at the temperature of 100°C compared 

to 50°C. The distribution of components within the phase is considerably changed with 

the pressure at high temperatures. This might be the reason that the impact of pressure at 

high temperatures is more significant. 

5.4.1.3. Density and Viscosity of Phases 

Figures 5–9 and 5–10 demonstrate the densities of equilibrium phases as a function 

of overall propane concentration at different pressures. For both temperatures (50 and 

100°C), the increase in the overall propane concentration results in a lower density for the 

solvent-enriched phase and a higher density for the asphaltene-enriched phase. As the 

overall propane concentration increases, more light components are extracted into the 

solvent-enriched phase; thus, the density of the asphaltene-enriched phase increases. The 

density of the solvent-enriched phase decreases and approaches the density of pure 

propane at the experimental conditions because even with the higher extraction of light 

component from the bitumen, the concentration of propane in the solvent-enriched phase 

increases with increasing overall propane concentration. A comparison of Figure 5–7 for 

the phase compositions and Figure 5–9 for the phase densities provides a good 

understanding about the behaviour of the solvent-enriched phase. 

The effect of the pressure on the equilibrium phase densities is clearly demonstrated 

in Figures 5–9 and 5–10, and the increase in phase densities with pressure is expected. 

Generally speaking, the pressure affects the density of the asphaltene-enriched phase in 

the three ways. Firstly, at a constant temperature, an increase in pressure results in an 

increase in the viscosity of raw bitumen. Secondly, the bitumen components in the 

asphaltene-enriched phase become heavier with increasing pressure, due to higher 

extraction of light components from the asphaltene-enriched phase at higher pressures. 

Finally, the density of propane-saturated bitumen decreases with the increasing propane 

concentration at higher pressures. The first factor has a small effect on the density; 

however, the other two factors result in significant changes in the density. The effect of 
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the first and second factors compensates that of the third. Thus, the density of the 

asphaltene-enriched phase increases. 

 
Figure 5–9: Liquid-liquid phase equilibria for Surmont bitumen / propane systems at the temperature of 

50°C; density of equilibrium phases as a function of overall propane concentration at different pressures. 

 
Figure 5–10: Liquid-liquid phase equilibria for Surmont bitumen / propane systems at the temperature of 

100°C; density of equilibrium phases as a function of overall propane concentration at different pressures. 
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These results are an indirect indication of component distribution within the phases. 

As the pressure increases, there is a balance between the light components that are 

separating from the bitumen and propane that dissolves in the bitumen. This can be seen 

from the composition of equilibrium liquids summarized in Tables 5–4 to 5–6. As 

anticipated from these tables, at a constant overall propane concentration of 40 weight 

percent, the composition of propane in the solvent-enriched phase reduces due to higher 

extraction of components and, the composition of propane in the asphaltene-enriched 

phase decreases because of a produced heavier phase. The bitumen components in the 

asphaltene-enriched phase become heavier with increasing pressure, due to higher 

extraction of light components at higher pressures; thus, a reduction in the composition of 

propane in this phase is expected (a heavier hydrocarbon component, lower the solubility 

of propane at fixed temperature and pressure). However, the solubility of propane in 

hydrocarbons increases with pressure. The first factor cancels the second one and the 

concentration of propane in both phases reduces. Further investigations about the 

component distribution within the phases are presented in Section 5.4.3. 

To illustrate how the viscosity of the asphaltene-enriched phase changes with 

increasing the overall propane concentration and pressure, the viscosity of this phase is 

plotted as a function of overall propane concentration in Figures 5–11 and 5–12. 

Generally, the increase in pressure and overall propane concentration results in higher 

extraction of light components from the bitumen, leading to the increase in the viscosity 

of the asphaltene-enriched phase. 

From the vapour-liquid equilibrium data, it was found that the dissolution of propane 

in bitumen significantly reduces the viscosity of saturated liquid phase especially at low 

temperature. For example, at 3.992 MPa and at 100.2°C, the measured viscosity of 

saturated phase is 2.07 mPa which is much lower than 258.7 mPa of the raw bitumen 

without any propane dissolution. When the pressure increased to 6.060 MPa, the 

respective viscosities of the solvent-enriched and asphaltene-enriched phases are 0.22 and 

4.33 mPa, which again both are lower than the viscosity of the raw bitumen. Although the 
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viscosity of the asphaltene-enriched phase, if compared to pressure 3.992 MPa, increases 

with the pressure (2.07 to 4.33 mPa.s), both equilibrium phases have a viscosity in the 

same magnitude of conventional crude oil and can be easily produced from the reservoir. 

It is worth to point out that when pressure increases at a constant overall propane 

concentration, the viscosity of asphaltene-enriched phase increases. For example, at the 

temperature of 50°C and at a constant overall propane concentration of 80 weight 

percent, the viscosity of the asphaltene-enriched phase is 388 mPa.s at 2 MPa, while the 

viscosity is increased to 1666 mPa.s when pressure increases to 8 MPa. Even with this 

increase in the viscosity, the asphaltene-enriched phase has a viscosity lower than raw 

bitumen. It is noticeable that the impact of pressure on the viscosity of the asphaltene-

enriched phase is more pronounced at higher overall propane concentrations. 

 

 
Figure 5–11: Liquid-liquid phase equilibria for Surmont bitumen / propane systems at the temperature of 

50°C; the viscosity of asphaltene-enriched phase as a function of overall propane concentration at different 

pressures. 
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Figure 5–12: Liquid-liquid phase equilibria for Surmont bitumen / propane systems at the temperature of 

100°C; the viscosity of asphaltene-enriched phase as a function of overall propane concentration at 

different pressures. 

 

The impact of overall propane concentration on the viscosity of the asphaltene-
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enriched phase are considerably important. Because, it determines the extend of the 

extraction process. The extraction yield is defined as the fraction of bitumen that was 

extracted into the solvent-enriched phase. The extraction yield is of particular importance 

for fluid extraction process where the low volatility materials are extracted from various 

mixtures and the undesirable components are left as residues. 

The extraction yield is calculated based on the solubility of propane in each liquid 

phase, and the volume and density of liquid phases. The general equation for the 

calculation was presented in Section 4.7.1. The proposed calculation methods account the 

error introduced in the volume measurements during the experiments. The required 

measured parameters in each approach indicate that the extraction measurements can be 

calculated even with limited experimental measurements. Table 5–8 summarizes the 

average value for extraction yields obtained from three different methods. A maximum 

deviation of 4 % is observed using different methods for extraction yield calculation.  

 

Table 5–8: The calculated extraction yield EY in liquid-liquid equilibrium of Surmont bitumen / propane 

mixtures; P, pressure; T, temperature; w, weight fraction of propane in mixture. 

T (°C) P (MPa) 10
2
w 10

2
EY Deviation 

50.3 2.096 40 53.17 ± 2.40 

50.2 2.082 60 44.79 ± 3.55 

50.3 2.054 80 52.50 ± 0.86 

50.3 5.046 40 60.58 ± 2.26 

50.3 5.046 60 49.78 ± 3.16 

50.3 5.026 80 56.98 ± 4.01 

50.3 8.018 40 66.34 ± 2.33 

50.3 8.052 60 54.31 ± 1.89 

50.2 7.969 80 58.44 ± 4.10 

100.1 6.060 40 18.07 ± 1.48 

100.2 6.039 60 27.82 ± 2.10 

100.1 6.149 80 42.61 ± 1.67 

100.1 8.066 40 42.34 ± 3.31 

100.1 8.045 60 37.77 ± 2.93 

100.0 7.976 80 47.01 ± 2.71 
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The apparatus used for this study is batch for the bitumen and solvent. Solvent 

contacts the whole bitumen and extracts light fractions. In general, the extraction yields 

increases with the increase in pressure at a constant temperature and at a constant overall 

propane concentration. The experimental results also indicate that the extraction yield 

reduces with increasing temperature. 

5.4.2.1. Effect of Pressure 

The impact of pressure on the extraction yield of bitumen was evaluated at two 

temperatures (50 and 100°C). Three different pressures (2, 5, and 8 MPa) were 

considered for the temperature of 50°C, and at 100°C, two pressures (6 and 8 MPa) 

resulted in liquid-liquid separation. 

As the data in Table 5–8 show, the extraction yield generally increases with the 

pressure at a constant temperature and a constant overall propane concentration. The 

maximum extraction yield, 66 wt%, is obtained at the highest pressure (8 MPa) and the 

lowest temperature (50°C). This is in agreement with the results obtained by Deo et al. 

(1992) for a bitumen-derived liquid and by Subramanian and Hanson (1998) for Uinta 

Basin Utah oil sand deposits. The change in extraction yield with pressure is due to the 

variation of solvent density with the pressure. Higher the density for propane, higher 

extraction yield is achieved. 

To evaluate the effect of increasing pressure on extraction yields, the pressure was 

increased at a constant overall propane concentration. The extraction yields at three 

pressures are plotted against the overall propane concentration in Figure 5–13. As 

depicted in the figure, at the temperature of 50°C, the extraction yield increases with 

increasing pressure, regardless of the overall propane concentration. To compare the 

results and to investigate the temperature effect, the extraction yields at the two pressures 

(6 and 8) MPa and at a constant temperature of 100°C are plotted as a function of the 

overall propane concentration in Figure 5–14. In this case, the extend of extraction is also 

increased with the pressure. 
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Figure 5–13: Effect of pressure and overall propane concentration on the extraction yield of Surmont 

bitumen using propane at the temperature of 50°C (Nourozieh et al. 2012c). 

 

It can be concluded that the increasing trend for the variation of extraction yield with 

the pressure is observed at two different temperatures and at three different overall 

propane concentrations. The effect of pressure on extraction yield is more significant at 

high temperatures. This might be due the nature of propane at high temperatures which 

behaves like supercritical fluid close to the critical condition. Although the extraction 

capability at high temperatures is less than that of low temperatures, the impact of 

pressure is more pronounced at higher temperatures as presented in Figure 5–14. For 

instance, at the temperature of 50°C, an increase in the pressure from 5 to 8 MPa at a 

constant overall propane concentration of 40 weight percent increases the extraction yield 

about 10 percent (60.58 to 66.34) while the increase in the pressure (6 to 8) MPa at the 

temperature of 100°C, doubles the extraction yield (18.07 to 42.34). The higher variations 

of extraction yield with the pressure are also observed at other two overall propane 

concentrations. 
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Figure 5–14: Effect of pressure and overall propane concentration on the extraction yield of Surmont 

bitumen using propane at 100°C. 
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of 66.34 and 42.34 weight percent are obtained for two temperatures of 50 and 100°C at a 

constant pressure of 8 MPa and at a constant overall propane concentration of 40 weight 

percent. The decreasing trend of extraction yield with temperature is also observed at 

other overall propane concentrations and is plotted in Figure 5–15. The variation of 

extraction yield with temperature at a constant pressure is attributed to the change in the 

density of propane with the temperature. The density of propane at a constant pressure is 

higher at lower temperatures and reduces with increasing temperature. Thus, on the basis 

of the measured extraction yields, it can be concluded that the increase in the temperature 

reduces the density of propane and consequently decreases the extraction yield, 

regardless of the overall propane concentration. 

 
Figure 5–15: Effect of temperature and overall propane concentration on the extraction yield of Surmont 

bitumen using propane at a constant pressure of 8 MPa. 
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saturation pressure, propane is in the liquid state and under this condition, the liquid-

liquid extraction occurs in the mixtures. Thus, the extraction yield is much higher than 

that of a high temperature condition (e.g. 100°C). This is because of the higher attractive 

forces in the liquid state compared to the vapour condition. In contrast, at a high 

temperature (e.g. 100°C) and even at a relatively high pressure (e.g. 6 MPa), propane 

density is much lower than the liquid propane. Thus, the system shows a behaviour 

similar to vapour-liquid extraction process in which the capacity of propane for the 

extraction is much less than that of liquid state. 

5.4.2.3. Effect of Overall Propane Concentration 

The experimental data presented in Tables 5–4 to 5–6 indicates that the overall 

propane concentration affects the extraction yield and the properties of equilibrium 

phases. The variation of extraction yield with the solvent overall concentration is 

presented in Figures 5–13 and 5–14. No increasing or decreasing trend for the variation 

of extraction yield with the overall propane concentration is observed. However, the 

results show that the extraction yield reduces with the overall propane concentration and 

reaches to a minimum value at the overall propane concentration of 60 weight percent. 

Then, the extraction yield increases with further increase in the overall propane 

concentration. 

If the extraction yield is converted into the separation of heavy constitutes from the 

bitumen using Equation 5-2, it is found that the precipitation yield is not increased with 

the solvent overall concentrations. As it is expected on the basis of asphaltene 

precipitation by pentane or heptanes, the yield of asphaltene precipitation increases with 

the dilution of bitumen with excess volume of pentane or heptane. However, the 

experimental results obtained here for the propane does not show any continuous 

increasing trend for the precipitation yield with the overall propane concentration. It 

might be due to change in the distribution of different fractions (saturate, aromatic, resin, 

and asphaltene) at different overall propane concentrations. As it will be discussed in 
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Sections 5.4.3 and 5.4.4, the distribution of components on the basis of the SimDis 

analysis and the partitioning of different fractions on the basis of SARA analysis are 

significantly changed with the variation of overall propane concentration. The asphaltene 

and resin fractions of bitumen play an important role in the observed behaviours. 

5.4.2.4. Effect of Propane Density 

The impact of temperature and pressure on the extraction yield is attributed to the 

change in propane density. The analysis of the data presented in Sections 5.4.2.1 and 

5.4.2.2 confirmed that the extraction yield increases with the increase in pressure or the 

decrease in the temperature. The density of propane rises with an increase in the pressure 

at a constant temperature or a decrease in temperature at a constant pressure. Thus, if the 

measured extraction yields at different operating conditions are plotted against propane 

density, the extraction capacity of solvent can be evaluated. Figure 5–16 demonstrates the 

extraction yields obtained for the bitumen as a function of propane density at different 

solvent overall concentrations.  

 
Figure 5–16: Effect of propane density and overall propane concentration on the extraction yield of 

Surmont bitumen. 
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As depicted in Figure 5–16, the extraction yield increases as the density of pure 

propane increases. Although the density of propane at the temperature of 50°C over the 

studied pressures is much higher than its corresponding values at the temperature of 

100°C, the plot of extraction yield as a function of propane density follows a linear 

increasing trend. The increasing trend of extraction yield with propane density is 

observed at two other overall propane concentrations. This confirms that propane density 

at a constant overall propane concentration determines the separation of undesirable 

constitutes. This indicates that the extraction yield is a strong function of propane density. 

The densities of pure propane at a constant pressure of 8 MPa and at two different 

temperatures (50 and 100)°C are 475.1 kg/m
3
 and 380.1 kg/m

3
, respectively. The 

corresponding extraction yields are 66.34 and 42.34 weight percent at a constant overall 

propane concentration of 40 weight percent, 54.31 and 37.77 at a constant overall 

propane concentration of 60 weight percent, and 58.44 and 47.01 at a constant overall 

propane concentration of 80 weight percent. The values indicate that at higher pure 

propane density, higher extraction yields are obtained. The propane density is changed by 

adjusting the temperature and pressure. 

Although no experimental data are reported at a constant density of pure propane 

with different combinations of pressures and temperatures, it is expected that the 

extraction yield would be the same if the density of propane kept constant by adjusting 

the operating conditions. The study by the Subramanian (1996) indicated that the similar 

extraction yields are obtained if the same propane density is maintained with a 

combination of temperature and pressure, and the extraction yield is mainly controlled by 

the density of propane. However, Deo et al. (1992) concluded the enhanced solubility of 

bitumen in propane near critical point.  

5.4.3. Compositional Analysis of Extracts and Residues 

The phase samples taken from two equilibrium phases were first flashed at the 

atmospheric condition to measure the volume of evolved gas for solubility calculation. 
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Then, the flashed-off phase samples produced after each experiment were subjected to 

compositional analysis using the ASTM 7169 method. The compositional analysis of raw 

bitumen and flashed-off liquid samples give the distribution of components at equilibrium 

conditions. In addition, the impact of pressure, temperature, and solvent-to-bitumen ratio 

on the phase partitioning can also be evaluated in more detail.  

The terms extract and residue, used throughout this chapter, refer to the flashed-off 

liquid samples taken from each liquid phase at equilibrium condition (extract is the 

flashed-off liquid sample taken from solvent-enriched phase and residue is the flashed-off 

liquid sample taken from asphaltene-enriched phase). 

The experimental results indicated that two liquids, the solvent-enriched and the 

asphaltene-enriched, exist at equilibrium condition for Surmont bitumen / propane 

mixtures at the temperature of 50°C and at the pressures greater than 2 MPa and at the 

temperature of 100°C and at the pressures higher than 4.5 MPa. Figure 5–17 shows the 

boiling point curve of the extracts obtained at two temperatures with the lowest 

equilibrium pressure. For the comparison, the boiling point curve of raw Surmont 

bitumen is also indicated. 

As depicted in this figure, the extract produced at the temperature of 50°C is 

consistently heavier than the extract at the temperature of 100°C. This is clearly verified 

by the higher boiling point curves for the extracted oil taken at the temperature of 50°C. 

Higher boiling point curves are generally corresponded to the heavier molecular weight 

hydrocarbons. The raw bitumen sample is heavier than two extracts. This indicates that 

the light components of bitumen are extracted into the solvent-enriched phase, and 

depending on the condition of the experiment, the distribution of components is different. 

The initial boiling points for two extracts as well as raw bitumen are close to each other. 

In contrast, the weight fraction of distilled raw bitumen (0.813) is much lower than those 

of two extracts (0.853 and 0.994) indicating that the separation of undesirable and heavy 

constitutes from bitumen significantly changed the composition of the solvent-enriched 

phases. 
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Figure 5–17: Boiling point curves (temperature versus weight fraction distilled) for raw Surmont bitumen 

(▲)andtwoextractstakenfromliquid-liquid equilibrium of Surmont bitumen / propane mixtures; □, the 

solvent-enriched phase at the temperature of 50°C and at a constant pressure of 2 MPa with a constant 

overall concentration of 0.4 weight fraction; ●, the solvent-enriched phase at the temperature of 100°C and 

at a constant pressure of 6 MPa with a constant overall propane concentration of 0.8 weight fraction. 
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where wL,i is the weight fraction components in extract (1) or residue (2), mB is the mass 

of bitumen charged into the equilibrium cell, wB is the weight fraction of components in 

bitumen, ρL is the density of equilibrium phase, wS is the weight fraction of solvent in the 

solvent enriched phase, and VL is the volume of equilibrium phase. 

Figure 5–18 presents the compositional analysis for extract and residue produced at 

the temperature of 50°C and a constant pressure of 2 MPa as well as that of raw bitumen. 

As depicted in the figure, the extract contains lighter components compared to the raw 

bitumen and the residue. This indicates that the separation of heavy constitutes such as 

asphaltene from the bitumen significantly changes the composition of the solvent-

enriched phase toward a lighter phase. As it also anticipated from Figure 5–18, the 

distribution of components is balanced at carbon number C55. The extract is composed of 

a higher fraction of components with carbon number less than 55 while the residue 

contains a higher fraction of components with carbon number larger than 55. Thus, the 

light components (C55-) partitioned into the solvent-enriched phase and heavy 

components (C55+) precipitated into the asphaltene-enriched phase. The carbon number 

C55 can be considered as an inflection point in which the distribution of components 

changes for liquid phases. 

 
Figure 5–18: Compositional analysis (component weight percent) for raw bitumen (black) and two flashed-

off phase samples (extract, red, and residue, blue) taken from liquid-liquid equilibrium of Surmont bitumen 

/ propane mixtures at the temperature of 50°C and at a constant pressure of 2 MPa with a constant overall 

propane concentration of 0.4 weight fraction. 
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Figure 5–19: Carbonnumberdistributionforrawbitumen(▲)andtwoflashed-off phase samples (extract 

● and residue □) taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at 50°C and 

at a constant pressure of 2 MPa with a constant overall propane concentration of 0.4 weight fraction. 

 

A comparison of three samples (extract, residue, and raw bitumen) based on 

cumulative carbon number presented in Figure 5–19 shows that the weight fraction of un-

distilled components (C100+) is significantly different. This is clearly shown by the 

configuration of cumulative carbon number curves. That is, the end point of the curve for 

the extract is higher than raw bitumen and residue. The weight fraction of un-distilled 

components in extract, residue, and bitumen are 0.147, 0.232, and 0.187, respectively. 
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MPa. As expected in this case, the distribution of components in two equilibrium phases 

are completely different than the temperature of 50°C. The inflection point for the 

distribution of component in two equilibrium liquid phases was moved toward the C45. At 

the temperature of 100°C, the asphaltene-enriched phase is considerably depleted from 

the light components (C20-) while the solvent-enriched phase contains no components 

heavier than C70. This might be due to the operating condition of process which is close 

the critical point of propane. The experimental data in the literature confirmed that the 

extracted phase with propane near the critical condition contains light components of the 

oil (Deo et al. 1992). 

Figure 5–21 shows a comparison of three samples (extract, residue, and raw bitumen) 

based on cumulative carbon number. The end point of the curves for three samples is 

considerably different. The extract is completely distilled while a large fraction of residue 

was remained as un-distilled fraction. The weight fraction of un-distilled components 

(C100+) in extract, residue, and raw bitumen are 0.04, 0.324, and 0.187, respectively. This 

indicates that the two equilibrium liquid phases at the temperature of 100°C contains 

components with largely different boiling points. 

 
Figure 5–20: Compositional analysis (component weight percent) for raw bitumen (black) and two flashed-

off phase samples (extract, red, and residue, blue) taken from liquid-liquid equilibrium of Surmont bitumen 

/ propane mixtures at the temperature of 100°C and at a constant pressure of 6 MPa with a constant overall 

propane concentration of 0.8 weight fraction. 
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Figure 5–21: Carbonnumberdistributionforrawbitumen(▲)andtwoflashed-off phase samples (extract 

● and residue □) taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at 100°C and 

at a constant pressure of 6 MPa with a constant overall propane concentration of 0.8 weight fraction. 

 

5.4.3.1. Effect of Pressure 

The measured experimental data presented in Sections 5.4.1 and 5.4.2, show that 

pressure affects the physical properties of two equilibrium liquid phases and the 

extraction yield. Generally, it was observed that the extraction yield is increased with the 

pressure. The impact of pressure is explained with the extraction power of the solvent to 

extract the components from the asphaltene-enriched phase. In this section, the impact of 

pressure is evaluated from the compositional analysis results. The analysis was conducted 

at three different cases: a constant temperature of 50°C and a constant overall propane 

concentration of 0.4 weight fraction, a constant temperature of 50°C and a constant 

overall propane concentration of 0.8 weight fraction, and a constant temperature of 100°C 

and a constant overall concentration of 0.8 weight fraction. Figure 5–22 demonstrates the 

boiling point curve of extracts produced at different operating conditions. 
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Considering a constant temperature of 50°C and a constant overall propane 

concentration of 0.4 weight fraction, the initial boiling points for the samples at two 

different pressures are close to each other. However, the weight fraction of distilled raw 

bitumen is much lower than those of the extracts, and as the pressure reduces, the weight 

fraction of distilled samples increases. In fact, increasing the pressure results in an extract 

that contains higher boiling point components. A comparison shows that the weight 

fraction of distilled raw bitumen is 0.813 that is lower than those of extracts, 0.853 and 

0.825 at the pressures of (2 and 8) MPa, respectively. This also indicates that the pressure 

enhances the extraction of undesirable and heavy constitutes into the solvent-enriched 

phase resulting to a lower fraction of distilled sample. 

If a constant overall propane concentration of 0.8 weight fraction was considered at 

the temperature of 50°C, again it was observed that the extract produced at the pressure 

of 8 MPa is consistently heavier than the extract produced at the pressure of 2 MPa. The 

raw bitumen sample is heavier than two extracts. This is clearly verified by the higher 

boiling point curves for the raw bitumen compared to two extracts. The initial boiling 

points for two extracts as well as raw bitumen are close to each other. In contrast, the 

weight fraction of distilled raw bitumen (0.813) is much lower than those of two extracts 

(0.979 and 0.932). As the pressure increases, the weight fraction of distilled samples 

reduces. 

The previous studies on the supercritical extraction processes have shown that the 

impact of pressure on the behaviour of the process would change with temperature (Deo 

et al. 1992; Rose et al. 2001). Thus, in the current study, the effect of pressure on the 

boiling point curve at the temperature of 100°C is also evaluated. In this case, the overall 

propane concentration was fixed at 0.8 weight fraction and the pressures were (6 and 8) 

MPa. The liquid-liquid separation is not observed at pressures less than 4.5 MPa. As 

shown in Figure 5–22, the extract produced at the pressure of 8 MPa is consistently 

heavier than the extract produced at the pressure of 6 MPa. The raw bitumen sample is 

much heavier than two extracts. This is distinctly observed by the higher boiling point 
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curves for the raw bitumen compared to two extracts. A large difference in the boiling 

point curves and the weight fraction of distilled samples is evident. The weight fraction of 

distilled raw bitumen is 0.813 that is much lower than those of two extracts, 0.996 and 

0.994 at (6 and 8) MPa, respectively, indicating that the solvent-enriched phases are 

completely distilled and thus, the separation of undesirable and heavy constitutes from 

bitumen significantly changes the composition of solvent-enriched phases. 

 
Figure 5–22: Boilingpointcurves(temperatureversusweightpercentdistilled) forrawbitumen(▲)and

extracts taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at different pressures, 

temperatures, and overall propane concentrations; ■, 50°C, 2 MPa, and overall propane concentration of 

0.4 weight fraction; ○, 50°C, 8 MPa, and overall propane concentration of 0.4 weight fraction; +, 50°C, 2 

MPa, and overall propane concentration of 0.8 weight fraction; ×, 50°C, 8 MPa, and overall propane 

concentration of 0.8 weight fraction; ●, 100°C, 8 MPa, and overall propane concentration of 0.4 weight 

fraction; ∆, 100°C, 6 MPa, and overall propane concentration of 0.8 weight fraction; *, 100°C, 8 MPa, and 

overall propane concentration of 0.8 weight fraction. 

 

The impact of pressure on the component distribution of extracts and residues at the 

temperature of 50°C is presented in Figures 5–23 and 5–24, respectively. In these figures, 

the component distribution of raw bitumen is also plotted.  
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Figure 5–23: Compositional analysis (component weight percent) for raw bitumen (black) and extracts 

taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at a constant temperature of 

50°C and at different pressures and overall propane concentrations; red, 2 MPa, and overall propane 

concentration of 0.4 weight fraction; blue, 8 MPa, and overall propane concentration of 0.4 weight fraction; 

green, 2 MPa, and overall propane concentration of 0.8 weight fraction. 

 

 
Figure 5–24: Compositional analysis (component weight percent) for raw bitumen (black) and residues 

taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at a constant temperature of 

50°C and at different pressures and overall propane concentrations; red, 2 MPa, and overall propane 

concentration of 0.4 weight fraction; blue, 8 MPa, and overall propane concentration of 0.4 weight fraction; 

green, 2 MPa, and overall propane concentration of 0.8 weight fraction. 

 

As depicted in Figure 5–23, the extract produced at the pressure of 2 MPa is 

composed of higher fraction of light components than the extract produced at the pressure 
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of 8 MPa. This clearly shows the extraction of heavier components at high pressures (e.g. 

8 MPa) which resulting in an overall lower fraction of light components compared to 2 

MPa. From Figure 5–23, it can also be concluded that a large increase in the pressure 

leads to an extract which has a similar component distribution to raw bitumen. In other 

words, the pressure significantly changes the composition of the solvent-enriched phase 

toward raw bitumen. 

The variation of component fractions in the solvent-enriched phases with the pressure 

can also be evaluated and analyzed from its corresponding fraction in the asphaltene-

enriched phase. Figure 5–24 illustrates the component distribution of the residues 

produced at two pressures, (2 and 8) MPa, and at a constant temperature of 50°C with a 

constant overall propane concentration of 0.4 weight fraction. From the figure, it can be 

clearly observed that the residues have the lower weight fraction of light components 

compared to raw bitumen. A comparison of two residues indicates that the residue 

produced at 8 MPa is much heavier than that produced at the pressure of 2 MPa. This 

shows that the extracted phase (solvent-enriched phase) becomes heavier with increasing 

the pressure and consequently, an equilibrium phase (asphaltene-enriched phase) with a 

larger fraction of the heavy constitutes is remained. The higher fraction of light 

components in residue produced at the pressure of 2 MPa compared to residue produced 

at the pressure of 8 MPa is consistent with the data presented here for liquid phases. 

Figures 5–25 and 5–26 present the compositional analysis for the extracts and 

residues produced at pressures (6 and 8) MPa and at a constant temperature of 100°C. As 

depicted in the figure, the extract produced at the pressure of 6 MPa is composed of 

higher fraction of light components than the extract produced at the pressure of 8 MPa. 

This is evidence that the extraction of heavier components occurs at higher pressures (e.g. 

8 MPa). Thus, the extracted phase (solvent-enriched phase) contains heavier hydrocarbon 

components compared to the pressure of 6 MPa. As anticipated from Figure 5–25, the 

increase in the pressure at the temperature of 100°C results in an increase in hydrocarbon 
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components with equivalent carbon number less than 30 (e.g. C30-). This might be due to 

the operating condition of process which is close the critical point of propane. 

 
Figure 5–25: Compositional analysis (component weight percent) for raw bitumen (black) and extracts 

taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at a constant temperature of 

100°C and at different pressures and overall propane concentrations; red, 6 MPa, and overall propane 

concentration of 0.8 weight fraction; blue, 8 MPa, and overall propane concentration of 0.4 weight fraction; 

green, 8 MPa, and overall propane concentration of 0.8 weight fraction. 

 

 
Figure 5–26: Compositional analysis (component weight percent) for raw bitumen (black) and residues 

taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at a constant temperature of 

100°C and at different pressures and overall propane concentrations; red, 6 MPa, and overall propane 

concentration of 0.8 weight fraction; blue, 8 MPa, and overall propane concentration of 0.4 weight fraction; 

green, 8 MPa, and overall propane concentration of 0.8 weight fraction. 
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The comparison of two residues is difficult in Figure 5–26; because no large 

difference in the composition of extracts was observed. However, by plotting the 

cumulative carbon number of three samples (residues and raw bitumen), it can be seen 

that the residue produced at the pressure of 8 MPa is slightly heavier than the residue 

produced at the pressure of 6 MPa. In fact, the higher extraction of light components into 

upper liquid phase at the pressure of 8 MPa cause a heavier asphaltene-enriched phase at 

equilibrium condition. 

Figure 5–27 presents a comparison of samples (extracts and raw bitumen) based on 

cumulative carbon number. At a constant temperature of 50°C and overall propane 

concentration of 0.4 weight fraction, the end point of the curve for the extract produced at 

the pressure of 2 MPa is higher than that produced at the pressure of 8 MPa and that of 

raw bitumen. Although a large fraction of extracts is remained un-distillable for two 

pressures, the extract produced at the pressure of 2 MPa contains much higher content of 

light components compared to the extract produced at the pressure of 8 MPa. The weight 

fraction of un-distilled components (C100+) in two extracts and raw bitumen are 0.147, 

0.175, and 0.187, respectively. This confirms that the pressure changes the composition 

of the solvent-enriched phase toward raw bitumen. 

A similar behaviour at the temperature of 50°C and overall propane concentration of 

0.8 weight fraction was also observed. The weight fractions of un-distilled components 

(C100+) in two exactas produced at the pressures of 2 and 8 MPa and in raw bitumen are 

0.021, 0.069, and 0.187, respectively. As the pressure increases, the weight fraction of 

un-distilled components (C100+) in the extracts increases toward its corresponding value 

for the bitumen, and the curve for the cumulative carbon number starts to overlie the 

bitumen curve. 
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Figure 5–27: Carbon number distribution for raw bitumen (▲) and flashed-off solvent enriched phases 

(extracts) taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at different 

pressures, temperatures, and overall propane concentrations; ■, 50°C, 2 MPa, and overall propane 

concentration of 0.4 weight fraction; ○, 50°C, 8 MPa, and overall propane concentration of 0.4 weight 

fraction; +, 50°C, 2 MPa, and overall propane concentration of 0.8 weight fraction; ×, 50°C, 8 MPa, and 

overall propane concentration of 0.8 weight fraction; ●, 100°C, 8 MPa, and overall propane concentration 

of 0.4 weight fraction; ∆, 100°C, 6 MPa, and overall propane concentration of 0.8 weight fraction; *, 

100°C, 8 MPa, and overall propane concentration of 0.8 weight fraction. 

 

If the cumulative carbon number of extracts produced at the temperature of 100°C 

and overall propane concentration of 0.8 weight fraction is compared, no significant 

difference in two extracts is detected. From Figure 5–27, it is found that the end point of 

the curve for two extracts is almost the same and higher than that of raw bitumen. 

Although both extracts are completely distilled, the extract produced at the pressure of 6 

MPa contains higher content of light components compared to the extract produced at the 

pressure of 8 MPa. The weight fraction of un-distilled components (C100+) in two extracts 

at the pressures of (6 and 8) MPa and in raw bitumen are 0.004, 0.006, and 0.187, 

respectively. This reveals that the extract produced at the pressure of 8 MPa is heavier 

than the one produced at the pressure of 6 MPa. 
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Figure 5–28: Carbon number distribution forrawbitumen(▲)andflashed-off asphaltene-enriched phases 

(residues) taken from liquid-liquid equilibrium of Surmont bitumen / propane mixtures at different 

pressures, temperatures, and overall propane concentrations; ■, 50°C, 2 MPa, and overall propane 

concentration of 0.4 weight fraction; ○, 50°C, 8 MPa, and overall propane concentration of 0.4 weight 

fraction; +, 50°C, 2 MPa, and overall propane concentration of 0.8 weight fraction; ×, 50°C, 8 MPa, and 

overall propane concentration of 0.8 weight fraction; ●, 100°C, 8 MPa, and overall propane concentration 

of 0.4 weight fraction; ∆, 100°C, 6 MPa, and overall propane concentration of 0.8 weight fraction; *, 

100°C, 8 MPa, and overall propane concentration of 0.8 weight fraction. 

 

Figure 5–28 displays the cumulative carbon number of residues and raw bitumen. 

The end point of the curve for the residues is lower than that of raw bitumen. The weight 

fraction of un-distilled components (C100+) in two residues produced at the pressures of 2 

and 8 MPa (50°C and 0.4 overall propane weight fraction) and in raw bitumen are 0.232, 

0.210, and 0.187, respectively. When the pressure increases at the temperature of 50°C 

and a constant overall propane concentration of 0.4 weight fraction, the cumulative 

carbon number presented in Figure 5–28 does not show any variation. As expected, the 

end point of the curve for the residues is lower than that of raw bitumen. The weight 

fractions of un-distilled components (C100+) in two residues produced at the pressures of 2 

and 8 MPa and in raw bitumen are 0.371, 0.351, and 0.187, respectively. 
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Figure 5–28 also shows that the end point of the curve for the residues produced at 

the temperature of 100°C and a constant overall propane concentration of 0.8 weight 

fraction is much lower than that of raw bitumen. The end point of the curve for the 

residue produced at the pressure of 6 MPa is slightly higher than that of the residue 

produced at the pressure of 8 MPa. The weight fraction of un-distilled components 

(C100+) in two residues produced at the pressures of (6 and 8) MPa and in raw bitumen are 

0.324, 0.349, and 0.187, respectively. 

5.4.3.2. Effect of Temperature 

In Section 5.4.1, it was found that temperature affects the physical properties of two 

equilibrium liquid phases and the extraction yield. The significant variations in the 

extraction yield with temperature are mainly due to the change in the nature of the 

system. At a low temperature (e.g. 50°C) and a relatively low pressure (e.g. 2 MPa), 

propane is in the liquid state and under this condition, the liquid-liquid extraction occurs 

in the mixtures. However, at a high temperature condition (e.g. 100°C) and even at a high 

pressure (e.g. 6 MPa), propane density is much lower than liquid propane. Thus, the 

system shows a behaviour similar to vapour-liquid extraction process in which the 

capacity of propane for the extraction is much less than that of liquid state. 

In this section, the impact of temperature is evaluated from the compositional 

analysis results. The analysis was conducted at two different cases: a constant overall 

propane concentration of 0.4 weight fraction and a constant pressure of 8 MPa, and a 

constant overall propane concentration of 0.8 weight fraction and a constant pressure of 8 

MPa. This enables an appropriate evaluation of the temperature effect. 

The boiling point curve of the extracts presented in Figure 5–22 shows that at a 

constant pressure of 8 MPa with a constant overall propane concentration of 0.4 weight 

fraction, the weight fraction of distilled raw bitumen and that of extract at the temperature 

of 50°C is much lower than the extract produced at 100°C. Indeed, the extract produced 

at the temperature of 50°C is substantially similar to the raw bitumen due the combined 
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effects of low temperature, high pressure, and low overall propane concentration. 

Increasing the temperature, however, results in an extract that contains lower boiling 

point components. A comparison shows that the weight fraction of distilled raw bitumen 

is 0.813 that is lower than those of two extracts, 0.825 and 0.887 at the temperatures of 

(50 and 100)°C, respectively. This also indicates that the decrease in the temperature 

enhances the extraction of undesirable and heavy constitutes into the solvent-enriched 

phase resulting to a lower fraction of distilled sample. 

A similar behaviour at a constant pressure of 8 MPa with a constant overall propane 

concentration of 0.8 weight fraction was obtained. The extract produced at the 

temperature of 50°C is consistently heavier than the one produced at the temperature of 

100°C. The raw bitumen sample is heavier than two extracts and this is not similar to the 

results obtained at an overall propane concentration of 0.4 weight fraction in which the 

end points of the curve for the raw bitumen and that of extract at the temperature of 50°C 

was identical (a larger difference in the boiling curves of bitumen and two extracts was 

observed at the overall propane concentration of 0.8 weight fraction). Increasing the 

temperature results in an extract that contains lower boiling point components. A 

comparison shows that the weight fraction of distilled raw bitumen is 0.813 that is lower 

than those of two extracts, 0.932 and 0.994, produced at the temperatures of 50 and 

100°C, respectively. 

The impact of temperature on the component distribution of extracts and residues is 

presented in Figures 5–29 and 5–30. In these figures, the component distribution of raw 

bitumen is also plotted. As depicted in Figure 5–29, the extract produced at the 

temperature of 100°C is composed of higher fraction of light components than the one 

produced at the temperature of 50°C. This clearly shows the extraction of heavier 

components at low temperatures (e.g. 50°C) in which the extracted phase contains 

heavier hydrocarbon components resulting in a lower fraction of light components 

compared to the temperature of 100°C. In fact, at low temperatures, the system behaves 

similar to the liquid-liquid extraction and as the temperature increases, the behaviour of 
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system is changed into the vapour-liquid extraction. It is worth to mention that the 

component distribution in a higher overall propane concentration shows a larger 

difference in the fraction of components in the samples compared to the overall propane 

concentration of 0.4 weight fraction. This might be because of the impact of the overall 

propane concentration that changes the partitioning of the components. 

 
Figure 5–29: Compositional analysis (component weight percent) for extracts taken from liquid-liquid 

equilibrium of Surmont bitumen / propane mixtures at a constant pressure of 8 MPa and at different 

temperatures and overall propane concentrations; red, 100°C and overall propane concentration of 0.4 

weight fraction; green, 100°C and overall propane concentration of 0.8 weight fraction; blue, 50°C and 

overall propane concentration of 0.4 weight fraction; black, 50°C and overall propane concentration of 0.8 

weight fraction. 

 

Figure 5–30 illustrates the component distribution of the residues produced at two 

temperatures, (50 and 100)°C, and at a constant pressure of 8 MPa with constant overall 

propane concentrations of 0.4 and 0.8 weight fractions. From the figure, it can clearly be 

observed that the residues have the lower weight fraction of light components compared 

to raw bitumen. It is worth to mentioned that the fraction of components with carbon 

number less than 55 in raw bitumen is larger than two residues, whereas the 

corresponding values for carbon number bigger than 55 is greater in two residues. A 

comparison of two residues indicates that the residue produced at the temperature of 

50°C is composed of much heavier components than the one produced at the temperature 
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of 100°C. This shows that the extracted phase (the solvent-enriched phase) becomes 

heavier with decreasing the temperature and consequently, an equilibrium phase (the 

asphaltene-enriched phase) with a larger fraction of the heavy constitutes is remained. 

 
Figure 5–30: Compositional analysis (component weight percent) for residues taken from liquid-liquid 

equilibrium of Surmont bitumen / propane mixtures at a constant pressure of 8 MPa and at different 

temperatures and overall propane concentrations; red, 100°C and overall propane concentration of 0.4 

weight fraction; green, 100°C and overall propane concentration of 0.8 weight fraction; blue, 50°C and 

overall propane concentration of 0.4 weight fraction; black, 50°C and overall propane concentration of 0.8 

weight fraction. 

 

A comparison of extracts based on cumulative carbon number (Figure 5–27) shows 

that the end point of the curve for the extract produced at the temperature of 50°C with a 

constant overall propane concentration of 0.4 weight fraction is close to that of raw 

bitumen and both are lower than that of 100°C. Although the end points of the curve for 

the extract produced at the temperature of 50°C and raw bitumen are close, the extract 

contains much higher content of light components compared to the raw bitumen. This is 

clearly noticeable in the cumulative carbon number range of C20-C80. At the same carbon 

number, higher fraction of distilled components is obtained for the extract produced at 

50°C compared to raw bitumen. The comparison of the cumulative carbon number of two 

extracts indicates that the temperature change the composition of solvent-enriched phase 

toward lighter components. The weight fraction of un-distilled components (C100+) in two 
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extracts produced at the temperatures of (50 and 100)°C and in raw bitumen are 0.175, 

0.114, and 0.187, respectively. Figure 5–28 displays the cumulative carbon number of 

residues and raw bitumen. The end point of the curve for the residues is lower than that of 

raw bitumen. An unexpected behaviour for the cumulative carbon number is observed at 

the temperature of 50°C. The residue produced at the temperature of 50°C, which is 

depleted from lighter components, shows a lower weight fraction of un-distilled 

components (C100+), 0.210, compared to its corresponding value, 0.242, at the 

temperature of 100°C. It is expected from the results that the weight fraction of un-

distilled components in the residue produced at the temperature of 50°C would be higher 

than its corresponding value at the temperature of 100°C. This behaviour might be due to 

the extraction of hydrocarbon components in the range (C20 to C80) into the solvent-

enriched phase and the precipitation of heavy constitutes such as asphaltene into the 

asphaltene-enriched phase. 

Considering a higher overall propane concentration (0.8 weight fraction), the end 

point of the curve for the extract produced at the temperature of 100°C is higher than the 

one produced at the temperature of 50°C and that of raw bitumen (Figure 5–27). The 

extract produced at the temperature of 100°C is completely distilled whereas a large 

fraction of bitumen and the extract produced at the temperature of 50°C is remained as 

un-distillable. This reveals that the solvent-enriched phase at the temperature of 100°C 

contains much higher content of light components compared to the solvent-enriched 

phase at the temperature of 50°C. The weight fraction of un-distilled components (C100+) 

in two extracts at (50 and 100)°C and in raw bitumen are 0.069, 0.006, and 0.187, 

respectively. The cumulative carbon number of residues presented in Figure 5–28 does 

not show any substantial variation. As expected, the end point of the curve for the 

residues is lower than that of raw bitumen. The weight fraction of un-distilled 

components (C100+) in two residues produced at the temperatures of (50 and 100)°C and 

in raw bitumen are 0.351, 0.349, and 0.187, respectively. 
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5.4.3.3. Effect of Overall Propane Concentration 

The precipitation of asphaltene from the bitumen using the light hydrocarbon 

solvents is mainly due to the solubility of asphaltene fraction (Mannistu et al. 1997). 

Pentane precipitates the asphaltene from the bitumen and it is expected that the lighter 

hydrocarbon solvents extract the oil that is free from the asphaltene. Depending on the 

hydrocarbon solvent, other fractions of bitumen such as resin can also be precipitated 

from the bitumen. The precipitation and separation of heavy constitutes from the bitumen 

is directly affected by the concentration of solvent. That is, the extend of precipitation is 

greater at higher solvent concentrations. The impact of change in the overall propane 

concentration on the physical properties of two equilibrium liquid phases and the 

extraction yield was explained in Sections 5.4.1 and 5.4.2. As it is expected on the basis 

of asphaltene precipitation using pentane or heptanes, the yield of asphaltene 

precipitation increases with the dilution of bitumen with excess pentane or heptane. 

However, it is not a true statement for the extend of precipitation using propane. 

In this section, the compositional analysis results for the extracts and residues 

produced at different overall propane concentrations are presented. The analysis was 

conducted at two different cases: at a constant temperature of 100°C and at a constant 

pressure of 8 MPa and at a constant temperature of 50°C and at a constant pressure of 8 

MPa. This enables an appropriate evaluation of solvent concentration effect. 

Figure 5–22 demonstrates the boiling point curve of the extracts produced at two 

overall propane concentrations, (0.4 and 0.8) weight fractions, at a constant pressure (8 

MPa), and a constant temperature (50 or 100°C). The initial boiling points for the 

samples are close to each other. However, the weight fraction of distilled raw bitumen 

and that of extracts are different. The raw bitumen is much heavier than the two extracts. 

The extract produced at an overall propane concentration of 0.4 weight fraction is 

substantially heavier than the extract produced at an overall propane concentration of 0.8 

weight fraction. This is due to the nature of propane that precipitates undesirable 
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constitutes from the bitumen resulting in an extract with lower boiling point components. 

A comparison shows that the weight fraction of distilled raw bitumen is 0.813 that is 

lower than those of two extracts (produced at 100°C and 8 MPa), 0.887 and 0.994 at (0.4 

and 0.8) weight fractions of propane, respectively. This also indicates that the volume of 

solvent in excess enhances the precipitation of undesirable and heavy constitutes such as 

asphaltene from the solvent-enriched phase. 

Comparing the results obtained at the temperature of 50°C with those explained for 

100°C, it can be concluded that the decrease in the temperature enhances the precipitation 

of asphaltene molecules from the bitumen. A comparison shows that the weight fraction 

of distilled raw bitumen is 0.813 that is lower than those of two extracts, 0.825 and 0.932 

at (0.4 and 0.8) overall propane concentrations, respectively. This also indicates that the 

volume of solvent in excess enhances the precipitation of undesirable and heavy 

constitutes such as asphaltene from the solvent-enriched phase. 

The impact of overall propane concentration on the component distribution of 

extracts and residues is also presented in Figures 5–29 and 5–30. As anticipated from 

Figure 5–29, the extract produced at an overall propane concentration of 0.4 weight 

fraction is composed of lighter components than the one produced at an overall propane 

concentration of 0.8 weight fraction considering a constant temperature of 100°C. This 

clearly shows the precipitation of asphaltene fractions at higher overall propane 

concentrations in which the extracted phase contains low boiling point hydrocarbons. At 

the temperature of 50°C, the extract produced at a high propane concentration (0.8 weight 

fraction) is composed of higher fraction of light components than the one produced at a 

low propane concentration (0.4 weight fraction). This is evidence that the separation of 

heavier components occurs at higher propane concentrations (e.g. 0.8 weight fraction). 

Thus, the extracted phase (the solvent-enriched phase) contains lighter hydrocarbon 

components compared to an overall propane concentration of 0.4 weight fraction. A large 

increase in the overall propane concentration likely precipitates much heavier 

components (e.g. C55+) and leads to an extract free of asphaltene molecules. 
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A similar comparison on the component distribution of residues produced at the 

temperature of 100°C indicates that the distribution in the residues is completely different 

(Figure 5–30). At an overall propane concentration of 0.4 weight fraction, the light 

hydrocarbon components (<C50) are still presents in the residue and its distribution is 

somehow similar to that of raw bitumen. However, by increasing the overall propane 

concentration to 0.8 weight fraction, the residue is depleted from the light hydrocarbon 

components (<C50) and its distribution is substantially changed. It can be concluded that 

the excess volume of propane forces the heavy constitutes such as asphaltene to 

precipitate into the asphaltene-enriched phase and consequently attracts the light 

hydrocarbon components into the solvent-enriched phase. Thus, the overall propane 

concentration determines the extend of complete separation of components within the 

phases. The impact of overall propane concentration on the component distribution of 

residues produced at the temperature of 50°C is somehow similar to 100°C. 

Figures 5–27 and 5–28 present a comparison of extracts and residues based on 

cumulative carbon number in terms of variation in concentration. The end point of the 

curve for the extract produced at an overall propane concentration of 0.8 weight fraction 

is higher than the one produced at an overall propane concentration of 0.4 weight fraction 

at the temperature of 100°C and both are greater than that of raw bitumen. The 

comparison of the cumulative carbon number of two extracts indicates that the excess 

volume of solvent provides a solvent-enriched phase with lighter components free of 

heavy constitutes. The weight fraction of un-distilled components (C100+) in two extracts 

at an overall propane concentrations of 0.4 and 0.8 weight fractions and in raw bitumen 

are 0.114, 0.006, and 0.187, respectively.  

An examination of the cumulative carbon number of residues presented in Figure 5–

28 confirms the direct impact of overall propane concentration on the distribution of 

components in residues. As expected, the end point of the curve for the residues is lower 

than that of raw bitumen. However, two residues reveal a large difference in the end 

points of the curve. This verifies the existence of heavy constitutes and lack of light 
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components in the residue produced at an overall propane concentration of 0.8 weight 

fraction. The weight fraction of un-distilled components (C100+) in two residues at the 

overall propane concentration of (0.4 and 0.8) weight fractions and in raw bitumen are 

0.242, 0.349, and 0.187, respectively. 

The above-noted trend was also observed at the temperature of 50°C from a 

comparison of cumulative carbon number for the raw bitumen and the extracts. The 

weight fraction of un-distilled components (C100+) in two extracts produced at (0.4 and 

0.8) weight fractions of overall propane concentration and in raw bitumen are 0.175, 

0.069, and 0.187, respectively. As the overall propane concentration increases, the weight 

fraction of un-distilled components (C100+) in the extracts reduces. Figure 5–28 also 

illustrates the cumulative carbon number of residues produced at the temperature of 50°C 

which confirms the direct impact of overall propane concentration on the distribution of 

components in the asphaltene-enriched phases. As expected, the end point of the curve 

for the raw bitumen is higher than that of residues. However, two residues reveal a large 

difference in the end points of the curve. The weight fraction of un-distilled components 

(C100+) in two residues produced at the overall propane concentration of (0.4 and 0.8) 

weight fractions and in raw bitumen are 0.210, 0.351, and 0.187, respectively. A 

comparison of the fraction of un-distilled components in two residues and their 

corresponding value for the extracts indicates that at higher propane concentrations, the 

solvent-enriched phase extracts low boiling point hydrocarbons (C100+ = 0.069) and 

consequently, its respective asphaltene-enriched phase contains much greater high boiling 

point hydrocarbons (C100+ = 0.351). At low propane concentrations (e.g. 0.4 weight 

fraction), however, the solvent-enriched phase contains a wide range of hydrocarbons 

(C100+ = 0.175) and consequently, its respective asphaltene-enriched phase is also 

composed of all hydrocarbons (C100+ = 0.210). 
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5.4.4. SARA Analysis of Extracts and Residues 

The SARA analysis was performed on the extracts and residues produced at different 

operating conditions. Table 5–9 summarizes the SARA analysis results for extracts and 

residues. The weight percentage of the four fractions for the residues was calculated from 

the equilibrium information and SARA analysis of the extracts. 

 

Table 5–9: SARA analysis (in weight percent) of extracts and residues taken from liquid-liquid equilibrium 

study of Surmont bitumen / propane mixtures; P, pressure; T, temperature; w, overall propane concentration 

in weight fraction. 

T (°C) P (MPa) 10
2
w Phase Saturates Aromatics Resins Asphaltenes 

50.3 2.096 40 
L1 17.25 56.52 25.17 1.06 

L2 6.62 21.49 49.38 22.52 

50.3 2.054 80 
L1 27.01 58.05 14.94 0.00 

L2 0.00 19.45 58.03 22.51 

50.3 8.018 40 
L1 13.15 51.97 26.65 8.23 

L2 10.54 17.12 55.61 16.73 

50.3 8.052 60 
L1 23.58 52.86 23.57 0.00 

L2 0.00 24.67 51.29 24.03 

50.2 7.969 80 
L1 22.09 67.03 10.88 0.00 

L2 0.00 2.79 71.04 26.17 

100.1 6.149 80 
L1 33.40 60.99 5.61 0.00 

L2 0.00 23.62 57.60 18.78 

100.1 8.066 40 
L1 21.57 47.94 29.96 0.53 

L2 5.34 34.23 41.42 19.01 

100.0 7.976 80 
L1 31.32 55.93 12.75 0.00 

L2 0.00 24.79 55.12 20.10 

 

The results show that the extracts mostly composed of the saturates with a 

considerable amount of aromatics. No asphaltene is detected in the samples and the resin 

content is varied depending on the operating conditions. The asphaltene fraction of 

bitumen is less soluble in the light hydrocarbon components such as ethane, propane, and 

butane. Pentane precipitates the asphaltene from the bitumen and it is expected that the 

lighter hydrocarbon solvents extract the oil that is free from the asphaltene. The resin 

content of extracts and comparison with that of bitumen confirms that the samples have 
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also lower resin contents compared to the bitumen. The pressure, temperature, and overall 

propane concentrations affects the distribution of fractions in extracts and residues. 

Figures 5–31 and 5–32 illustrate a comparison of the SARA fractions in raw bitumen 

and those of extracts and residues produced at two different operating conditions. Figure 

5–31 shows the SARA compositional analysis for extract and residue produced at the 

temperature of 50°C and the pressure of 2 MPa with an overall propane concentration of 

0.4 weight fraction. Figure 5–32 demonstrates the same results for the temperature of 

100°C and the pressure of 8 MPa with the same overall propane concentration of 0.4 

weight fraction. 

 
Figure 5–31: SARA compositional analysis of raw bitumen (black) and two flashed-off phase samples 

(extract, red, and residue, blue) taken from liquid-liquid equilibrium of Surmont bitumen / propane 

mixtures at 50°C and 2 MPa with an overall propane concentration of 0.4 weight fraction. 

 

As depicted in the figures, the saturate and aromatic contents of the residues are 

lower than the saturate and aromatic contents of raw bitumen while the extracts mostly 

composed of the saturate with a considerable amount of aromatic. No asphaltene is 

detected in the extracts. The resin content of the extracts and comparison with that of 
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bitumen confirms that the samples have also lower resin contents compared to the 

bitumen. The asphaltene fraction of bitumen is less soluble in propane. Therefore, the 

resin and asphaltene contents of residues are much higher than those of the extracts and 

those of raw bitumen. This indicates that propane substantially precipitates the resin and 

asphaltene content of the bitumen and the contribution of resins to the solvent-enriched 

phases is less than that of saturate and aromatic fractions. 

 
Figure 5–32: SARA compositional analysis of raw bitumen (black) and two flashed-off phase samples 

(extract, red, and residue, blue) taken from liquid-liquid equilibrium of Surmont bitumen / propane 

mixtures at 100°C and 8 MPa with an overall propane concentration of 0.4 weight fraction. 

 

5.4.4.1. Effect of Pressure 

The increase in the pressure at a constant temperature and at a constant overall 

propane concentration results in an extract with higher resin fraction and a residue with 

lower saturate and aromatic contents. Figures 5–33, 5–35, and 5–37 shows the impact of 

pressure on the variation of different fractions in the extracts and Figures 5–34, 5–36, and 

5–38 demonstrates the same effect on the variation of different fractions in the residues. 
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As anticipated from Figures 5–35 and 5–36, at the temperature of 50°C, the impact of 

pressure on the distribution of fractions within the phase is highly depend on the overall 

propane concentrations. Figure 5–35 shows that an increase in the asphaltene and resin 

content of the extracts with the pressure and Figure 5–36 illustrates the decrease in the 

corresponding values in the residues. This behaviour is expected because the increase in 

the pressure enhances the extraction of high boiling point components into the solvent-

enriched phase. 

The extend of asphaltene precipitation is found to decrease with an increase in the 

pressure for pentane and heptane solvents (Akbarzadeh et al. 2005). The results presented 

here is in agreement with the behaviour observed for pentane and heptanes. The 

asphaltene content of liquid phase increases with the pressure and this confirmed the 

lower extend of precipitation at higher pressures. 

On the other hand, at high overall propane concentrations (e.g. 0.8 weight fraction), 

Figure 5–37, the pressure results in the depletion of saturates and aromatic contents of the 

residues and consequently an increase in the aromatic content of the extracts. This 

increase occurs because of higher solubility of bitumen components in propane at higher 

pressures and due to the fact that the saturate fraction of bitumen is preferentially 

extracted. Hence, the aromatic fraction of bitumen is extracted more with the increase in 

the pressure and the saturate content of the solvent-enriched phase reduces. Thus, it can 

be concluded that the pressure enhances the extraction of saturates and aromatic fractions 

into the solvent-enriched phase at higher propane concentrations while it increases the 

extraction of resin and asphaltene content at lower propane concentrations. The SARA 

analysis results show that propane is more selective towards the saturate and aromatic 

fractions of the bitumen. 
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Figure 5–33: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different pressures and at 100°C with an 

overall propane concentration of 0.8 weight fraction; red, 6 MPa; blue, 8 MPa. 

 

 
Figure 5–34: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different pressures and at 100°C with an 

overall propane concentration of 0.8 weight fraction; red, 6 MPa; blue, 8 MPa. 
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Figure 5–35: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different pressures and at 50°C with an overall 

propane concentration of 0.4 weight fraction; red, 2 MPa; blue, 8 MPa. 

 

 
Figure 5–36: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different pressures and at 50°C with an overall 

propane concentration of 0.4 weight fraction; red, 2 MPa; blue, 8 MPa. 
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Figure 5–37: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different pressures and at 50°C with an overall 

propane concentration of 0.8 weight fraction; red, 2 MPa; blue, 8 MPa. 

 

 
Figure 5–38: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different pressures and at 50°C with an overall 

propane concentration of 0.8 weight fraction; black, raw bitumen; red, 2 MPa; blue, 8 MPa. 
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5.4.4.2. Effect of Temperature 

The impact of temperature on the distribution of fractions within the phases was also 

investigated at a constant pressure of 8 MPa and at two overall propane concentrations of 

(0.4 and 0.8) weight fractions. The SARA compositional analysis of the extracts and 

residues are presented in Figures 5–39 and 5–40 for a constant overall propane 

concentration of 0.4 weight fraction and in Figures 5–41 and 5–42 for a constant overall 

propane concentration of 0.8 weight fraction. 

As depicted from Figures 5–39 and 5–40, the increase in the temperature enhances 

the saturates content and lowers the asphaltene fraction of extracts. In fact, at high 

temperatures, the solvent-enriched phase contains considerably saturates and aromatic 

fractions. The resin content of extracts slightly increases, and the existence of resins in 

the extracts is due to low overall propane concentration (e.g. 0.4 weight fraction). An 

examination of SARA analysis for residues presented in Figure 5–40 shows that the 

asphaltene and aromatic contents of the asphaltene-enriched phase rise with temperature. 

 
Figure 5–39: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different temperatures and at 8 MPa with an 

overall propane concentration of 0.4 weight fraction; red, 50°C; blue, 100°C. 
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Figure 5–40: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different temperatures and at 8 MPa with an 

overall propane concentration of 0.4 weight fraction; red, 50°C; blue, 100°C. 

 

 
Figure 5–41: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different temperatures and at 8 MPa with an 

overall propane concentration of 0.8 weight fraction; red, 50°C; blue, 100°C. 
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Figure 5–42: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures at different temperatures and at 8 MPa with an 

overall propane concentration of 0.8 weight fraction; red, 50°C; blue, 100°C. 

 

Similar variations in the SARA fractions of flashed-off liquid samples are observed 

at high overall propane concentration, 0.8 weight fraction (Figures 5–41 and 5–42). In 

this case, the extract produced at the temperature of 50°C contains the total saturate and 

aromatic fractions of bitumen and it is free from asphaltene molecules. When the 

temperature increases to 100°C, the aromatic content of sample reduces and a slight 

change in its resin content is detected. The examination of SARA analysis for residues 

also shows that propane is more selective towards the saturate and aromatic fractions of 

the bitumen and as the temperature increases the aromatic content of residues increases. 

5.4.4.3. Effect of Overall Propane Concentration 

The excess volume of propane in the mixture enhances the precipitation of asphaltene 

and resin fractions. This is evidence by the comparison of the SARA fractions of the 

extracts presented in Figures 5–43, 5–45, and 5–47 at different overall propane 

concentrations. The increase in overall propane concentration increases the saturate and 
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aromatic contents of the extract and consequently reduces the asphaltene and resin 

fractions. An opposite trend in SARA fractions of residue is evidence from Figures 5–44, 

5–46, and 5–48. The results obtained here is in agreement with the definition of resins as 

the fraction of oil insoluble in excess liquid propane at room temperature (Firoozabadi, 

1999). It can also be concluded that when the resin fraction of bitumen is precipitated into 

the asphaltene-enriched phase, the asphaltene content of the solvent-enriched phase 

approaches a zero value. This is in agreement with the colloidal model proposed by 

Leontarities and Mansoori (1987) that is based on assumption that asphaltene particles 

are suspended in the oil and stabilized by resins. Swanson (1942) and Witherspoon and 

Munir (1958) stated that the asphaltene molecules dissolved in the maltene fraction of oil 

with the help of resins. Dickie and Yen (1967) suggested that resins play an important 

role to keep asphaltene molecules as polar compounds in the non-polar fractions of oil. 

Thus, the resin fraction is essential for asphaltene particles to be in mixture (Mansoori 

2009). 

 
Figure 5–43: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures with different overall propane concentrations at 

100°C and 8 MPa; red, 0.4 weight fraction; blue, 0.8 weight fraction. 
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Figure 5–44: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures with different overall propane concentrations at 

100°C and 8 MPa; red, 0.4 weight fraction; blue, 0.8 weight fraction. 

 

 
Figure 5–45: SARA compositional analysis of raw bitumen (black) and two extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures with different overall propane concentrations at 

50°C and 2 MPa; red, 0.4 weight fraction; blue, 0.8 weight fraction. 
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Figure 5–46: SARA compositional analysis of raw bitumen (black) and two residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures with different overall propane concentrations at 

50°C and 2 MPa; red, 0.4 weight fraction; blue, 0.8 weight fraction. 

 

 
Figure 5–47: SARA compositional analysis of raw bitumen (black) and three extracts taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures with different overall propane concentrations at 

50°C and 8 MPa; red, 0.4 weight fraction; blue, 0.6 weight fraction; green, 0.8 weight fraction. 
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Figure 5–48: SARA compositional analysis of raw bitumen (black) and three residues taken from liquid-

liquid equilibrium of Surmont bitumen / propane mixtures with different overall propane concentrations at 

50°C and 8 MPa; red, 0.4 weight fraction; blue, 0.6 weight fraction; green, 0.8 weight fraction. 
 

The analysis of the residues pointed out the presence of saturate and aromatic 

fractions in the asphaltene-enriched phases. However, the addition of propane as a non-

polar solvent in excess amount produces a residue free from saturate and aromatic 

fractions (Figure 5–48). At the same time, the extracts became free from the asphaltene 

and resin fractions (Figure 5–47). 

5.5. Phase Diagrams 

In this section, the phase diagrams for bitumen/propane are drawn on the basis of the 

generated experimental data. Thus, the regions are defined on the basis of the 

experimental data; the transition zones and the regions between the experimental points 

may subject to further experimental analysis. The mixtures of propane and Surmont 

bitumen exhibit liquid-liquid phase partitioning at the temperatures of 50°C (pressure > 

1.5 MPa) and 100°C (pressure > 4.5 MPa). On the basis of the experimental observations, 
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a qualitative pressure-temperature diagram for Surmont bitumen / propane systems is 

presented in Figure 5–49. The blue symbols correspond to the conducted experiments in 

which the vapour-liquid equilibrium exists. The red symbols are the experimental 

conditions which lead to liquid-liquid equilibrium and finally, the green symbols are the 

experimental data reported in the literature. No asphaltene precipitation was observed 

during the experiments, and the asphaltenes were separated as a second liquid phase in all 

experiments. 

 
Figure 5–49: Pressure-temperature (P-T) diagram for Surmont bitumen / propane systems; , vapour-liquid 

experimental data; , vapour-liquid experimental data for Athabasca bitumen / propane systems taken from 

Badamchi-Zadeh et al. (2009a); ■, liquid-liquid experimental data. 

 

As the figure indicates, the phase boundary between the V-L and L-L regions is 

indicated by a line. At lower temperatures, the L-L equilibrium occurs at lower pressures. 

The transition between the regions is presented by a dashed line and no experimental data 

confirms the three phase (vapour-liquid-liquid) region so far. The boundary between the 

vapour-liquid and liquid-liquid regions is clearly determined at the temperatures of (50 

and 100)°C where the transition occurs at the pressures around (1.5 and 4.5) MPa, 
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respectively. At the temperatures higher than 100°C in which propane is at supercritical 

conditions, the vapour phase may contains the light hydrocarbons extracted from bitumen 

at high pressures (> 10 MPa).  

The pressure-composition diagrams for Surmont bitumen / propane mixtures are 

presented in Figures 5–50 and 5–51 at constant temperatures (50 and 100°C). Three 

regions depending on the pressure and overall propane concentration, L1, L1-L2, and L1-

V, were observed during the experiments. The experimental results show that, if two 

liquids are present, the less dense phase is enriched in saturates and aromatics, while the 

more dense phase is enriched in resins and asphaltenes. The selectivity of the component 

distribution at constant temperature is clearly a function of overall propane concentration 

and pressure. 

 
Figure 5–50: Pressure-composition (P-x) diagram for Surmont bitumen / propane systems at 50°C; , 

vapour-liquid experimental data; , vapour-liquid experimental data for Athabasca bitumen / propane 

systems taken from Badamchi-Zadeh et al. (2009a); ■, liquid-liquid experimental data. 

 

At the temperature of 50°C, the vapour phase in the V-L1 region is virtually pure 

propane and the composition of liquid phase varies with the pressure. In the L1-L2 region, 
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as more propane is added to the mixture at this temperature, the physical properties of 

phases change. The pressure-composition diagram presented in Figure 5–50 indicates that 

at the pressures greater than about 1.5 MPa, the increase in the overall propane 

concentration converts the state of system from single liquid phase into L1-L2 equilibrium 

condition. However, at the pressures less than about 1.5 MPa, the single liquid phase 

region changes to V-L1 equilibrium by which the vapour phase is virtually pure propane. 

The dashed lines in Figure 5–50 are the qualitative transitions boundaries between the L1-

L2 and V-L1 and between L1-L2 and L1 regions. The boundary between L1 and V-L1 

regions were experimentally confirmed and thus, it is shown by solid line. 

 
Figure 5–51: Pressure-composition (P-x) diagram for Surmont bitumen / propane systems at 100°C; , 

vapour-liquid experimental data; ■, liquid-liquid experimental data. 

 

Similar to the temperature of 50°C, at higher temperature (i.e. 100°C), the vapour 

phase in the V-L1 region is virtually pure propane and the composition of liquid phase 

varies with the pressure. At this temperature, the V-L1 region occurs over wider range of 

pressure. At the pressures greater than about 4.5 MPa, the increase in the overall propane 
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concentration converts the state of system from single phase into L1-L2 equilibrium 

condition. However, at the pressures less than about 4.5 MPa, the single phase region 

changes to V-L1 equilibrium by which the vapour phase is virtually pure propane. 

By combining the phase behaviour observations and the physical properties 

measurements at a constant overall propane concentration and at a constant temperature, 

a diagram for the compositions of coexisting phases versus equilibrium pressure; a 

diagram for the densities of coexisting phases versus equilibrium pressure were plotted. 

Figures 5–52 and 5–53 show the coexisting phase compositions at a constant temperature 

and at a constant overall propane concentration. Noted that the plots are shown for the 

cases where there is excess propane in the system (overall propane concentrations are 0.4 

and 0.6 weight fractions). That is, no single phase region can be detected at constant 

temperature and pressure. The composition of propane in L1 within V-L1 region increases 

with the pressure. This behaviour is expected because the solubility of hydrocarbon 

gaseous in bitumen increases with the pressure. As the pressure further increases into 4.5 

MPa, the V-L1 region is still observed and the vapour phase is pure propane. However, at 

the pressures higher than 4.5 MPa, the vapour phase (i.e. solvent-enriched phase) 

composition is dramatically changes and reduces with the pressure. Here, the V-L1 

equilibrium is changed into L1-L2 equilibrium condition. 

In L1-L2 region at the temperature of 50°C, the composition of the solvent-enriched 

phase (L1) reduces with the pressure due to the extraction of light hydrocarbons into this 

phase. On the other hand, the composition of propane in the asphaltene-enriched phase 

(L2) remains almost constant with the pressure. The slope of curve for the composition of 

propane in L2 is not the same as that of V-L1 region. That is, the composition is not 

increased in L2 with pressure as in L1 within V-L1 region. The bitumen components in L2 

become heavier with increasing pressure, due to higher extraction of light components 

into L1 at higher pressures; thus, a reduction in the concentration of propane in L2 is 

expected (the heavier hydrocarbon component, the lower solubility of ethane at fixed 

temperature and pressure). In contrast, the solubility of propane in heavy hydrocarbons 
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increases with pressure. The first factor cancels out the second one and no notable change 

in the composition is observed. 

 
Figure 5–52: Coexisting phase compositions for Surmont bitumen /propane systems at 50°C and at a 

constant overall propane concentration of 0.4 weight fraction; , vapour-liquid experimental data; , 

vapour-liquid experimental data for propane / Athabasca bitumen systems taken from Badamchi-Zadeh et 

al. (2009a); ■, liquid-liquid experimental data. 

 

The variation of the composition of the solvent-enriched phase (L1) in L1-L2 region is 

more significant at the temperature of 100°C compared to 50°C (Figure 5–53). This 

might be due the nature of propane at high temperatures which behaves like supercritical 

fluid close to the critical condition. As previously mentioned, the extraction of light 

hydrocarbons into the solvent-enriched phase causes a reduction in the composition of 

propane in L1 with pressure. Although the extraction capability at high temperatures is 

less than that of liquid propane, the impact of pressure is higher. For instance, at the 

temperature of 50°C, an increase in the pressure from (5 to 8) MPa at a constant overall 

propane concentration of 40 weight percent increases the extraction yield about 10 

percent while the increase in the pressure (6 to 8) MPa at the temperature of 100°C, 
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doubles the extraction yield. This clarifies the considerable variation of the composition 

of propane in L1 with pressure at the temperature of 100°C which is due to greater change 

of extraction yield with pressure. 

 
Figure 5–53: Coexisting phase compositions for Surmont bitumen / propane systems at 100°C and at a 

constant overall propane concentration of 0.6 weight fraction; , vapour-liquid experimental data; ■, liquid-

liquid experimental data. 

 

Figures 5–54 and 5–55 show the densities of coexisting phase as a function of 

equilibrium pressure at two different temperatures (50 and 100)°C and a constant overall 

propane concentration of 0.4 weight fraction. No single phase region was detected in the 

studied pressure range. As anticipated from the figures, the density of L1 within V-L1 

region reduces with the pressure. This is due to higher dissolution of propane in the 

bitumen with the increase in pressure. Nevertheless, further increase in the pressure 

results in change in the state of system from V-L1 equilibrium to L1-L2 equilibrium. The 

dramatic variation in the density of the solvent-enriched phase indicates the phase 

transition from V into L1. The experimental results in liquid-liquid equilibrium study 

indicated that the density of L1 in L1-L2 region is higher than density of pure propane at 
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specified pressure. This confirms that the light hydrocarbon components are extracted 

into the solvent-enriched phase (L1). 

A noticeable change in the density of saturated bitumen occurs at the temperature of 

50°C when the pressure increases to 2 MPa. In V-L1 region, the density of saturated 

bitumen reduces with pressure whereas further increase in the pressure (L1-L2 region) 

results in a dramatic increase in the density. Indeed, the system undergoes a change in 

state from V-L1 to L1-L2. The vapour phase is converted into L1 and the saturated bitumen 

comes out as L2. The increase in the density is directly due to depletion of saturated 

bitumen from the light components. 

 
Figure 5–54: Coexisting phase densities for Surmont bitumen / propane systems at 50°C and at a constant 

overall propane concentration of 0.4 weight fraction; , vapour-liquid experimental data; , vapour-liquid 

experimental data for propane / Athabasca bitumen systems taken from Badamchi-Zadeh et al. (2009a); ■, 

liquid-liquid experimental data. 

 

Further investigation of coexisting phase densities reveals that the pressure affects the 

densities of both liquid phases at equilibrium condition. The influence of pressure on the 

density of the phases is an indirect indication of the pressure effect on the extraction yield 
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which causes an increase in the densities of L1 and L2 in L1-L2 region. The variation of 

the density of L2 is not as significant as that of L1 at the temperature of 50°C. This is 

because of three main factors. First is the increase in propane concentration in L2 with 

pressure. Second factor is the direct impact of pressure on the density of liquid; increase 

in density with pressure. The third factor is that L2 becomes leaner in light hydrocarbons 

with the increase in pressure. The density results in Figure 5–54 for L2 reveal that the first 

factor is almost balanced with other two factors and a slight increase in the density of L2 

is observed. Whereas, at high temperature condition (i.e. 100°C), the variation of the 

density of L2 is more considerable than that of 50°C. 

 
Figure 5–55: Coexisting phase densities for Surmont bitumen / propane systems at 100°C and at a constant 

overall propane concentration of 0.6 weight fraction; , vapour-liquid experimental data; ■, liquid-liquid 

experimental data. 

 

Although the density of L2 remains almost constant with pressure at the temperature 

of 50°C, the density of L1 is considerably increased with the pressure because the 

solvent-enriched phase is mainly composed of the liquid propane and light components. 

That is, the greater extraction of bitumen components and the influence of pressure on the 
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density of liquid raise the density of L1. Thus, as the pressure increases, more components 

are transferred into L1 and make this phase much heavier. 

5.6. Comparison of Saturated Liquid Properties for Light Hydrocarbons / 

Bitumen Systems 

In previous sections, the solubility and saturated phase properties for Surmont 

bitumen diluted with ethane and propane were reported in the temperature range (50 to 

200)°C and at the pressures up to 8 MPa. The solubility generally increases with pressure 

at a constant temperature and decreases with the temperature at a constant pressure. 

Of particular importance is the saturated bitumen density and viscosity, which 

determine the fluid flow properties. The application of solvent injection to heavy oil and 

bitumen recovery processes requires the predictions of performance for a field-scale 

design. This directly depends on the reduction of oil viscosity by solvent dilution. Thus, 

the comparison and evaluation of the solvent dissolution effects on the properties are 

crucial. In this section, comparisons between the measured properties for gas-saturated 

bitumen are presented. 

Experimental measurements for the saturated bitumen density and viscosity were 

taken: at a constant pressure and at a constant temperature and, at a constant composition 

and at a constant temperature. In the first approach, the system temperature and pressure 

were kept constant, and the solvent was dissolved into bitumen. In fact, the solvent is 

available in an excess amount. Different solvents have different solubilities; and, using 

this approach, we could investigate the maximum solubility of different solvents in 

bitumen. For instance, we concluded that heavier hydrocarbon solvents have higher 

solubility than lighter ones, leading to higher viscosity reduction. 

In the second approach, the main objective was the investigation of the effect of 

different solvents on the properties of saturated bitumen. In this case, the compositions of 

different solvents were kept constant in the saturated mixture, and the saturated properties 
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were then measured. Specific amount of solvent at a constant temperature was added to a 

specific amount of bitumen; and, at a constant pressure, the solvent was dissolved into 

bitumen, resulting in a single liquid phase. The properties of saturated liquid phase for 

different solvents were measured; and, based on these measurements; we can investigate 

the effects of solvent type on saturated properties. 

The amount of solvent that needs to be dissolved into bitumen was selected on the 

basis of the lighter solvent, as it has the lower solubility. The solubility of lightest solvent 

at desired temperature and pressure could be selected; however, to ensure that all solvent 

dissolved in the bitumen and single phase was obtained, lower values were considered. 

5.6.1. Constant Pressure and Constant Temperature  

The vapour-liquid equilibrium data reported in previous sections fall into the 

category of solubility and physical property measurements at constant temperature and at 

constant pressure. In this case, the maximum solubility of a specific solvent in bitumen at 

a constant pressure and at a constant temperature was measured. In addition, the density 

and viscosity of the saturated liquid phase at maximum solubility were reported. Figure 

5–56 illustrates the measured maximum solubility of four different solvents – methane, 

ethane, propane, and butane – in Surmont bitumen at the temperatures of 150 and 190°C. 

As depicted in the figure, the solubility of solvent (in weight fraction) in the bitumen at a 

constant temperature and at a constant pressure was decreased in the following order, 

n-butane > propane > ethane > methane 

The difference between the solubilities at two isotherms became significant as the 

solvent became heavier. The corresponding saturated phase properties – density and 

viscosity – are plotted in Figures 5–57 and 5–58, respectively. Only the temperatures of 

150 and 190°C were considered here, because at lower temperatures (e.g. 100°C), the 

liquid-liquid equilibrium existed for bitumen/propane and bitumen/butane mixtures at 

studied pressures. 
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Figure 5–56: The maximum solubility of light hydrocarbon gases in Surmont bitumen at the temperatures 

of 150 and 190°C; blue, butane; black, propane; red, ethane; green, methane. 

 

 

 
Figure 5–57: Comparison of the measured saturated bitumen density of Surmont bitumen and different light 

hydrocarbon gases at the temperatures of 150 and 190°C; blue, butane; black, propane; red, ethane; green, 

methane. 
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Figure 5–58: Comparison of the measured saturated bitumen viscosity of Surmont bitumen and different 

light hydrocarbon gases at the temperatures of 150 and 190°C; blue, butane; black, propane; red, ethane; 

green, methane. 

 

As depicted in Figures 5–57 and 5–58, the heavier solvent (butane) is more effective 

in the reduction of bitumen density and viscosity. For all temperatures, linear 

relationships existed for the saturated bitumen viscosities and densities with pressure. At 

high temperatures, the viscosity reduction was less significant than at low temperatures. 

These experimental data can be used for optimization of recovery processes in the field 

and as guide for reservoir engineers to select an appropriate solvent on the basis of the 

operational conditions. 

The experimental results shown in Figures 5–57 and 5–58 also indicate that the 

butane (or heavier hydrocarbon solvent) had a greater effect on the viscosity reduction. 

Figure 5–56 illustrates that butane had the highest solubility at a constant pressure and a 

constant temperature. Thus, due to the higher solvent fraction in the liquid phase, the 

saturated viscosity and density were lower, i.e. increasing the pressure resulted in higher 

dissolution of heavier hydrocarbon gas and lower saturated viscosity and density. 
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Considering the above results, one can conclude that at a constant temperature and a 

constant pressure, the solubility determines the saturated phase properties. Higher 

solubility corresponded to higher viscosity reduction. Therefore, the heavier solvent is 

more effective, due to higher solubility. However, at a constant solvent fraction, the 

solvent (methane, ethane or propane) may lead to different viscosity reductions. In the 

next section, we evaluate this behaviour. 

5.6.2. Constant Solvent Weight Fraction and Constant Temperature 

The experimental measurements for the phase behaviour of bitumen saturated with 

light hydrocarbon gases have confirmed that, at a constant pressure, the heavier 

hydrocarbon gas had more viscosity reduction, due to higher dissolution of the solvent. 

However, in some cases, such as the injection of a gas mixture, the available solvent in 

the injected gas may not exceed the maximum solubility of the desired hydrocarbon. In 

this case, the total amount of desired hydrocarbon gas in the injected fluid may dissolve 

in the oil in-situ. Thus, at a constant temperature, a specific amount of solvent might be 

dissolved in the bitumen. 

Luo et al. (2007b) studied the phase behaviour of Lloydminster heavy oil saturated 

with a gas mixture at ambient temperature. The gas mixture composed of 70 mol% 

methane, 25 mol% propane, 3.5 mol% n-butane, and 1.5 mol% iso-butane. The authors 

found that the heavy oil and gas mixture formed a homogenous phase at 0.551 and 2.068 

MPa while two liquid phases were observed at 3.202 and 5.048 MPa. At two low 

pressures, it was found that the major component dissolved in the heavy oil was methane 

(>75 mol%). As expected, the solubility of heavier hydrocarbon gases in heavy oil is 

much higher than that of methane at the same condition. The authors gave the lack of 

enough propane and butane in the solvent mixture as the reason for the observed 

behaviour. 

To evaluate the impact of dissolving a specific amount of solvent in the bitumen and 

the corresponding saturated phase properties, four different operational conditions were 
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considered. The selection of the operating conditions depended on the solubility 

measurements conducted in the previous section. For example, at 150°C and 8 MPa, the 

maximum solubility of ethane in Surmont bitumen was 5.55 wt%, which was lower that 

of propane and butane at the same conditions. Thus, the composition of 4 wt% was 

selected as the constant composition at this condition, which was smaller than maximum 

solubility for a single liquid phase. At a constant temperature of 150°C and a constant 

solvent fraction of 4 wt%, the saturated phase properties for Surmont bitumen / solvent 

systems were measured. Table 5–10 summarizes all four operating conditions for the 

measurements. 

 

Table 5–10: Operational conditions for constant temperature and constant solvent weight fraction 

experiments; T, temperature; ws, solvent weight fraction. 

T (°C) 10
2
ws Maximum solubility (ethane) (wt%) 

50 10 14.2 

100 6 8.5 

150 4 5.6 

190 2.5 4.4 

 

The experimental saturated phase densities and viscosities for a constant temperature 

and a constant solvent weight fraction with different hydrocarbon gases are summarized 

in Tables 5–11 and 5–12 and are plotted in Figures 5–59 and 5–60. The experiments for 

Surmont bitumen / methane was not considered here because the measured maximum 

solubility of methane at 150°C and 8 MPa was reported as 1.03 wt% by Kariznovi (2013) 

which is much lower than the values reported in Table 5–10. 

As depicted in Figures 5–59 and 5–60, at a constant solvent weight fraction, the 

lighter hydrocarbon was more effective than the heavier hydrocarbon. These results were 

in contradiction with the results obtained at a constant pressure, where the heavier solvent 

was more effective. At lower temperatures, the impact of the dissolution of a specific 

amount of solvent on the saturated phase properties was more significant. 
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Table 5–11: Experimental saturated liquid densities for Surmont bitumen saturated with different solvents; 

T, temperature; s, saturated liquid density; ws, weight percent of solvent in saturated liquid phase. 

T (°C) ws 
s (kg/m

3
) 

Ethane-Saturated Propane-Saturated Butane-Saturated 

50 10 894.6 919.4 934.3 

100 6 903.2 916.0 926.6 

150 4 892.6 901.9 908.3 

190 2.5 881.3 888.9 890.1 

 

Table 5–12: Experimental saturated liquid viscosities for Surmont bitumen saturated with different 

solvents; T, temperature; s, saturated liquid viscosity; ws, weight percent of solvent in saturated liquid 

phase. 

T (°C) ws 
s (mPa.s) 

Ethane-Saturated Propane-Saturated Butane-Saturated 

50 10 56.7 117 207 

100 6 29.5 38.3 47.1 

150 4 11.6 14.2 15.6 

190 2.5 6.46 7.07 7.89 

 

 

 
Figure 5–59: The comparison of the saturated liquid densities for Surmont bitumen saturated with different 

solvents at different temperatures and a constant solvent weight fraction. 
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Figure 5–60: The comparison of the saturated liquid viscosities for Surmont bitumen saturated with 

different solvents at different temperatures and a constant solvent weight fraction. 

 

Generally speaking, lighter hydrocarbons have smaller molecules; and, at a constant 

composition (wt%), lighter hydrocarbons contain a higher number of molecules, which 

are distributed among the oil molecules. Thus, the dissolution of lighter hydrocarbons is 

more effective than heavier ones. These results are valuable for designing the 

composition of the gas mixture in which the carrier gas would be methane or nitrogen. 

The addition of a light hydrocarbon into the carrier gas can result in higher viscosity 

reduction. 

The results presented in Section 5.6.2, along with the solubility measurements in 

Section 5.6.1, can be used as a comprehensive set of experimental data for the design and 

evaluation of gas mixture composition. The solubility measurements determine the 

operational conditions, while the results in Section 5.6.2 indicate the selection of an 

appropriate hydrocarbon gas for the desired viscosity reduction. 
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Chapter 6:  Thermo-physical Properties of Bitumen/Hexane 

Mixtures 

This chapter considers the phase behaviour of bitumen/n-hexane mixtures and the 

application of n-hexane for heavy oil and bitumen in situ recovery methods. The 

measurements for the density and viscosity of bitumen diluted with n-hexane were 

reported at different temperatures, pressures, and solvent weight fractions. The data for 

the mixtures were also evaluated with predictive schemes as well as with correlation models 

representing certain mixing rules proposed in the literature. The influences of pressure, 

temperature, and solvent weight fraction on the density and viscosity of mixtures are 

considered in the models and evaluated from the experimental results. 

6.1. Introduction 

As outlined in Chapter 1, the benefits of steam-solvent co-injection over steam or 

solvent-based processes are higher viscosity reduction, higher oil production rate, less 

amount of water consumption, and lower GHG emissions. During the co-injection 

process, the bitumen viscosity is reduced by two different mechanisms, the temperature 

increase provided by steam and the dilution by solvent dissolution. The addition of 

solvent improves the performance of the process and reduces the steam requirement. The 

advantages of solvent co-injection processes have been investigated by many researchers 

(Nasr et al. 2002; Nasr and Ayodele 2006; Ayodele et al. 2009; Ardali et al. 2011; 

Mohammadzadeh et al. 2012). Different solvents including light solvents, such as 

propane; to heavier ones, such as n-pentane to n-octane; field solvents, such as 

condensate and naphtha; and aromatic solvents, such as xylene and toluene have been 

tested. The experimental conditions varied from low pressures of 60 kPa (Li and Mamora 

2010) to medium pressures of 550 kPa (Ardali et al. 2012) and 1500 kPa (Ivory et al. 

2008) and even higher pressures of 2200 kPa (Zhao et al. 2005). The experimental results 
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confirm that co-injection improves the production rate and recovery of oil with less 

energy and water consumption and reduces greenhouse gas (GHG) emissions. 

To have beneficial effect of solvent additive to SAGD process, the hydrocarbon 

steam additive should reach the bitumen surface; that is, it must remain in the gaseous 

state when traveling with steam in the chamber. Thus, the success of ES-SAGD process 

highly depends on the selection of a suitable solvent. Nasr et al. (2002) proposed that the 

best solvent is the one which has the closest properties as those of the water at the 

temperature and pressure conditions in the steam chamber. Hexane or diluent, which 

contain mostly higher carbon numbers than 6, was proposed by Nasr et al. (2002) and 

considered as ideal hydrocarbon additives for ES-SAGD process. Hexane has the closest 

vaporization temperature to the injected steam for the operational condition of SAGD 

process in Alberta. For instance, considering an operating temperature of 215°C; the 

saturation pressure of water is 2.11 MPa while this value is 2.27 MPa for hexane which is 

very close to the water saturation pressure. 

The lab-scale experiments by Nasr et al. (2002) showed that the drainage rates with 

the co-injection of hexane (1% mass fraction) and steam were approximately double 

compared to pure steam injection. The authors considered hydrocarbon solvents from C1 

up to C8 and commercial diluents. The results indicated that the co-injection of steam and 

hexane produced the highest drainage rates among the solvents tested. Mccormack (2009) 

did a numerical investigation for the implications of hexane addition to steam in SAGD 

process. The study showed lower energy requirements and the improvement in the SOR 

by the addition of hexane to steam compared to conventional SAGD process. Mohebati et 

al. (2013) conducted extensive numerical studies in a three-dimensional model to 

evaluate the benefit of hexane additive to steam in SAGD process. The results indicated 

that hexane co-injection reduces the SOR and improves the process performance and is 

more advantageous in Athabasca reservoir than in Cold Lake and Lloydminster.  

Although the potential advantage of hydrocarbon solvents has been confirmed by 

many researchers as discussed in the text, the application of these new recovery processes 
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is challenging. Hydrocarbon solvents, such as hexane, are more expensive than the 

produced oil and the success of process depends on how much solvent can be recovered 

during and at the end of the process. Prediction and optimization of solvent-assisted 

processes are challenging task because the existence of solvent in the solvent-based 

process or the introduction of a solvent into steam-based processes leads to complex 

phase behaviour system. For any given heavy oil and solvent mixture, it may be 

necessary to predict the phase boundaries, amounts and compositions of solvent in the 

bitumen and asphaltene precipitation regions. It is necessary to know how solvent 

additive affects oil properties at elevated temperatures before all the potential benefits can 

be determined. The quantitative effects of hexane dissolution on bitumen viscosity, 

density, and phase behaviour are not well understood especially at elevated temperature 

in which the steam-based processes are applied. Thus, in this chapter, the phase 

behaviour and physical properties of bitumen/hexane systems are investigated. 

6.2. Literature Background 

The phase behaviour of bitumen diluted with hexane has gained less attention and 

few experimental data for the thermo-physical properties as well as phase equilibrium 

information have been reported. Park et al. (2000) has reported the experimental data on 

the extraction behaviour and fractionation of an aromatic heavy oil using n-hexane as the 

extraction solvent. They found that the total amount of extracted oil increases with 

increasing temperature while a reduction in the density of solvent is obtained with 

increase in temperature. No asphaltene fraction in the extracted oil was found when the 

extraction was conducted under vapour-liquid condition. 

Alboudwarej (2003) reported the fractional asphaltene yield from Lloyminter heavy 

oil and Cold Lake and Athabasca bitumens diluted with n-hexane. In another study, 

Akbarzadeh et al. (2005) used regular solution theory to model the asphaltene 

precipitation of different oils diluted with n-alkanes. For Athabasca bitumen / n-hexane 
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mixtures, the authors found that the yield of precipitation increases as the solvent mass 

fraction in the solution increases and the fractional yield is higher at the temperature of 

0°C compared to 25°C. 

In this chapter, the aim is to measure the thermo-physical properties of Athabasca 

bitumen / hexane mixtures. This information is crucial for the understanding of the 

recovery processes that include hexane as a solvent. Thus, the density and viscosity of 

Surmont bitumen diluted with n-hexane were reported at different temperatures, 

pressures, and solvent weight fractions. The aim was to evaluate the impact of variations 

in the above-mentioned parameters on the viscosity and density of mixture. Some liquid 

solvents such as benzene and toluene are known to be miscible with bitumens in all 

proportions without asphaltene instability. This is not the case for paraffinic solvents such 

as n-alkanes. There is a critical concentration in which the asphaltene fraction of oil starts 

to separate from the liquid mixture (Mousavi-Dehghani et al. 2004). The separation of 

asphaltene from mixture leads to significant change in the properties of the mixture 

(Escobedo and Mansoori 1995, 1997). Wiehe et al. (2005) determined the onset of 

asphaltene precipitation for Athabasca bitumen / n-hexane mixtures at room temperature. 

The volume fraction of n-hexane at the onset of asphaltene precipitation was reported as 

0.669. The corresponding weight fraction of n-hexane (critical concentration) is 0.568 for 

the asphaltene separation. 

After the density and viscosity measurements for the Surmont bitumen / n-hexane 

mixtures at a constant solvent concentration, the equilibrium cell was opened to check the 

possible asphaltene precipitation from the mixture. The results showed that the asphaltene 

precipitation only occurred at a concentration of 0.6 n-hexane weight fraction. Figure 6–1 

shows a picture of the precipitated asphaltenes from the mixture at a temperature of 

100°C and a solvent concentration of 0.6 weight fraction. At the equilibrium condition, 

the asphaltene enriched phase was semi-solid and highly viscous with a small amount of 

n-hexane as presented in Figure 6–1a. After the evaporation of n-hexane, the asphaltenes 

became more solid-like and converted into bright and black powders (Figure 6–1b). 
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In this study, to avoid the asphaltene precipitation, the maximum n-hexane weight 

fraction was considered to be less than the critical value. Thus, the mixtures with (0.05, 

0.1, 0.2, 0.3, 0.4, and 0.5) weight fractions of n-hexane were considered. 

                
Figure 6–1: Digital photographs of the precipitated asphaltene from the mixture of Surmont bitumen / n-

hexane at the temperature of 100°C and at a concentration of 0.6 n-hexane weight fraction; a) immediately 

after experiment; b) after evaporation of n-hexane. 

 

6.3. Density of Mixtures 

Tables 6–1 to 6–3 summarize the measured density values for pseudo-binary 

mixtures of Surmont bitumen and n-hexane at different temperatures, pressures, and 

solvent weight fractions. As the tables show, the density of binary mixture is reduced 

with temperature and is increased with pressure. The density of pure n-hexane and of raw 

Surmont bitumen shows similar trends as their binary mixtures with temperature and 

pressure. The density of the pseudo-binary mixture is significantly decreased with 

increasing n-hexane weight fraction. The impact of pressure on the density of pure n-

hexane is more pronounced at high temperature conditions (150 and 190°C). The critical 

temperature of n-hexane is 235°C and as the temperature increased toward the critical 

point, the variation of n-hexane density with the pressure becomes more significant. The 

same trend was also observed for the raw bitumen. That is, at high temperatures (150 and 

190°C), the impact of pressure on the density of bitumen was more significant compared 

to low temperatures (23°C). The temperature considerably changes the density of n-
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hexane over the studied pressure (NIST). Although the density of bitumen is also reduced 

with temperature, its variation is not as significant as pure n-hexane. 

 

Table 6–1: Experimental liquid densities of Surmont bitumen / n-hexane mixtures at 0.05 and 0.1 weight 

fractions of hexane; T, temperature; P, pressure; m, density of mixture. 

w = 0.05 w = 0.1 

T (°C) P (MPa) ρm (kg/m
3
) T (°C) P (MPa) ρm (kg/m

3
) 

189.7 2.05 877.8 189.7 2.09 849.9 

189.7 4.10 880.7 189.7 4.09 852.9 

189.7 6.06 882.7 189.7 6.08 855.2 

189.7 8.08 884.7 189.7 8.07 857.5 

189.7 10.05 886.6 189.7 10.02 859.7 

150.2 2.11 903.5 150.0 2.07 876.1 

150.2 4.05 905.6 150.0 4.10 879.2 

150.2 6.12 907.5 150.0 6.08 881.1 

150.2 8.09 909.2 150.0 8.10 883.0 

150.2 10.11 910.9 150.0 10.06 884.8 

100.7 2.04 934.9 100.5 2.04 909.3 

100.7 4.09 936.5 100.5 4.08 910.9 

100.7 6.09 937.9 100.5 6.10 912.4 

100.7 8.12 939.0 100.5 8.08 913.9 

100.7 10.07 940.7 100.5 10.11 915.5 

50.0 2.06 966.2 50.0 2.09 941.5 

50.0 4.14 967.5 50.0 4.16 942.9 

50.0 6.12 968.6 50.0 6.09 944.1 

50.0 8.06 969.7 50.0 8.10 945.3 

50.0 10.11 970.9 50.0 10.09 946.6 

23.2 2.04 982.4 23.6 2.05 958.0 

23.2 4.07 980.4 23.6 4.15 959.8 

23.2 6.17 984.9 23.6 6.09 960.9 

23.2 8.11 986.0 23.6 8.09 962.1 

23.2 10.09 987.0 23.6 10.08 963.2 
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Table 6–2: Experimental liquid densities of Surmont bitumen / n-hexane mixtures at 0.2 and 0.3 weight 

fractions of hexane; T, temperature; P, pressure; m, density of mixture. 

w = 0.2 w = 0.3 

T (°C) P (MPa) ρm (kg/m
3
) T (°C) P (MPa) ρm (kg/m

3
) 

189.5 2.13 798.1 189.0 2.13 749.7 

189.5 4.11 801.1 189.0 4.12 753.7 

189.5 6.06 804.3 189.0 6.09 757.1 

189.5 8.05 807.1 189.0 8.08 760.5 

189.5 10.08 809.8 189.0 10.09 763.8 

150.2 2.08 826.9 149.4 2.09 782.2 

150.2 4.09 829.4 149.4 4.09 785.6 

150.2 6.10 831.8 149.4 6.09 788.3 

150.2 8.08 834.0 149.4 8.08 790.9 

150.2 10.08 836.3 149.4 10.07 793.4 

100.6 2.06 861.9 100.5 2.09 819.9 

100.6 4.10 863.9 100.5 4.09 822.0 

100.6 6.10 865.6 100.5 6.09 824.0 

100.6 8.10 867.0 100.5 8.12 826.0 

100.6 10.08 868.7 100.5 10.11 827.9 

50.0 2.03 897.6 50.0 2.11 856.4 

50.0 4.09 898.9 50.0 4.11 858.0 

50.0 6.08 900.1 50.0 6.07 859.5 

50.0 8.08 901.4 50.0 8.09 861.0 

50.0 10.11 902.8 50.0 10.09 862.5 

23.8 2.05 913.7 23.4 2.09 875.0 

23.8 4.10 915.8 23.4 4.09 876.6 

23.8 6.09 917.2 23.4 6.11 878.1 

23.8 8.08 918.6 23.4 8.08 879.5 

23.8 10.14 919.9 23.4 10.13 880.9 
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Table 6–3: Experimental liquid densities of Surmont bitumen / n-hexane mixtures at 0.4 and 0.5 weight 

fractions of hexane; T, temperature; P, pressure; m, density of mixture. 

w = 0.4 w = 0.5 

T (°C) P (MPa) ρm (kg/m
3
) T (°C) P (MPa) ρm (kg/m

3
) 

188.9 2.12 698.7 189.2 2.11 657.2 

188.9 4.12 705.7 189.2 4.09 663.3 

188.9 6.10 710.4 189.2 6.10 669.0 

188.9 8.09 714.0 189.2 8.11 674.1 

188.9 10.12 718.1 189.2 10.05 678.7 

150.1 2.09 735.6 149.6 2.11 695.1 

150.1 4.09 739.5 149.6 4.08 700.3 

150.1 6.10 743.0 149.6 6.10 704.0 

150.1 8.08 746.1 149.6 8.10 707.6 

150.1 10.08 749.1 149.6 10.14 711.1 

100.6 2.09 775.5 100.5 2.11 739.1 

100.6 4.09 778.1 100.5 4.10 741.9 

100.6 6.09 780.4 100.5 6.09 744.5 

100.6 8.10 782.8 100.5 8.13 747.1 

100.6 10.08 785.0 100.5 10.10 749.6 

50.2 2.06 815.0 49.9 2.09 779.3 

50.2 4.12 816.8 49.9 4.11 781.4 

50.2 6.04 818.7 49.9 6.09 783.2 

50.2 8.08 820.5 49.9 8.09 785.0 

50.2 10.09 822.2 49.9 10.09 786.8 

22.7 2.09 835.1 23.1 2.10 800.2 

22.7 4.09 836.5 23.1 4.11 801.8 

22.7 6.08 838.0 23.1 6.10 803.4 

22.7 8.10 839.4 23.1 8.09 804.9 

22.7 10.10 840.9 23.1 10.10 806.5 
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The variation of the mixture density with temperature and pressure is highly 

dependent on the n-hexane weight fraction. At low solvent concentrations (i.e. 0.05 

weight fraction), the mixture behaves similar to bitumen whereas at a high n-hexane 

weight fraction (i.e. 0.5), the mixture behaviour is more similar to the pure solvent. Thus, 

the variation of density with pressure is not considerable at n-hexane weight fraction of 

0.05. 

6.3.1. Prediction of Mixture Density 

The measured density data of Surmont bitumen / n-hexane mixtures are predicted 

with the following equation, 
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s

s

s
m 1

1




ww 



  
6-1 

where ws is the weight fraction of n-hexane, ρs and ρB are the densities of n-hexane and 

bitumen, respectively. This equation was developed on the assumption that no volume 

change occurs upon mixing. The density of pure n-hexane at each temperature and 

pressure was taken from NIST database and that of raw bitumen taken from Chapter 3 

were used for the calculations. The density values were predicted using the above 

equation, and the results were in agreement with the measured data, within 1.36% 

AARD. 

Figures 6–2 and 6–3 display the measured density data for the mixtures of Surmont 

bitumen / n-hexane along with the predicted values. In these figures, the density is plotted 

as a function of n-hexane weight fraction at different temperatures and at a constant 

pressure. Figure 6–2 shows the results at the lowest pressure, 2 MPa, and Figure 6–3 

illustrates the same measurements at the highest pressure, 10 MPa. The symbols are the 

experimental data and lines are the predictions using equation 6-1. The predictions agree 

with the measured data. An examination of Figures 6–2 and 6–3 demonstrates that the 

mixture densities are significantly varied with the n-hexane weight fraction over the 
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studied concentrations. The predictions are in good agreement with the measured data at 

lowest temperature (23°C). As the temperature increases, the deviation between the 

predicted densities and the measured values becomes more. The same trends are also 

observed at other pressures. 

Figures 6–4 and 6–5 illustrate the impact of pressure on the mixture density at 

different solvent weight fractions and at the temperatures of 23 and 190°C, respectively. 

As depicted in these figures, the mixture density is linearly changed with the pressure at a 

constant solvent weight fraction and the pressure effect is greater at higher temperature 

(i.e. 190°C). A closer examination of Figures 6–4 and 6–5 reveals that the predictions at 

highest temperature and highest solvent concentrations deviate significantly from the 

experimental data. 

 
Figure 6–2: Density of Surmont bitumen / n-hexane mixtures as a function of the weight fraction of n-

hexane at different temperatures and at a constant pressure of 2 MPa; ■,▲,○,♦,×, experimental data; ----, 

predicted values. 
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Figure 6–3: Density of Surmont bitumen / n-hexane mixtures as a function of the weight fraction of n-

hexane at different temperatures and at a constant pressure of 10 MPa; ■,▲,○,♦,×, experimental data; ----, 

predicted values. 

 
Figure 6–4: Density of Surmont bitumen / n-hexane mixtures as a function of pressure at different n-hexane 

weight fractionsandat thelowesttemperature(23°C);○,×,▲, ■, ♦, +, experimental data; ----, predicted 

values. 
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Figure 6–5: Density of Surmont bitumen / n-hexane mixtures as a function of pressure at different n-hexane 

weightfractionsandatthehighesttemperature(190°C);○,×,▲, ■, ♦, +, experimental data; ----, predicted 

values. 

 

The variation of mixture density with pressure at other temperatures (i.e. 50, 100, and 

150°C), as it is shown in Figures 6–6 and 6–7, is linear over the studied pressure, and the 

linear increase of the mixture density with the pressure occurs at all measured 

concentrations. Figure 6–6 shows the variation of the mixture density with the pressure at 

the lowest n-hexane weight fraction (i.e. 0.05) while Figure 6–7 displays the same results 

at the highest n-hexane weight fraction (i.e. 0.5). As depicted in these figures, the mixture 

density is linearly increased with the pressure at different temperatures. 
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experimental data better at higher pressures. That is, the deviation between the 

predictions and measured data is more significant at lower pressures. It is also worth to 

mention that at higher n-hexane concentrations or at higher temperatures, equation 6-1 
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change on mixing is more pronounced at high temperatures or at high solvent weight 

fractions because larger deviations from the measured data were obtained. 

 
Figure 6–6: Density of Surmont bitumen / n-hexane mixtures as a function of pressure at different 

temperatures and at the lowest solvent weight fraction (0.05); ○, ×, ▲, ■, ♦, experimental data; ----, 

predicted values. 

 
Figure 6–7: Density of Surmont bitumen / n-hexane mixtures as a function of pressure at different 

temperatures and at the highest solvent weight fraction (0.5); ○, ×, ▲, ■, ♦, experimental data; ----, 

predicted values. 
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As previously explained in Chapter 3, the density of raw bitumen is linearly varied 

with temperature at a constant pressure. The variations of mixture density with 

temperature at two different pressures, (2 and 10) MPa, are shown in Figures 6–8 and 6–

9. As depicted in these two figures, all prepared mixtures somehow follow a linear 

decrease in density with temperature. The comparison of Figures 6–8 and 6–9 confirmed 

that the linear decrease of the mixture density with temperature was observed for all 

measured pressures. The density data at the highest n-hexane weight fraction (0.5) 

slightly deviate from the linear trend and it is due to the non-linear trend of the density 

with temperature for n-hexane at a constant pressure. As depicted in Figure 6–8, the 

deviation between the predictions by equation 6-1 and experimental data becomes 

significant at high temperatures. 

 

 
Figure 6–8: Density of Surmont bitumen / n-hexane mixtures as a function of temperature at different n-

hexaneweightfractionsandatthelowestpressure(2MPa);○,×,▲, ■, ♦, experimental data; ----, predicted 

values. 
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Figure 6–9: Density of Surmont bitumen / n-hexane mixtures as a function of temperature at different n-

hexaneweight fractions and at the highest pressure (10MPa);○, ×,▲, ■, ♦, +, experimental data; ----, 

predicted values. 
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the volume change on the mixing. Although the volume change on the mixing is not 

significant for moderate temperature and pressure changes, its value was changed with 

the operating parameters and solvent concentration. As the modelling results in previous 

section show, the assumption of no volume change for the calculation of the mixture 

densities resulted in the under-prediction of the measured data. This indicates that the 

mixtures of Surmont bitumen / n-hexane undergo a negative volume change on the 

mixing. That is, the total volume of the mixture reduces during the mixing process and 

reaching to the equilibrium state. The negative volume change on the mixing was 

observed for all measured data at different temperatures, pressures, solvent weight 

fractions. 

The volume change upon mixing is calculated by 

s initial,B initial,m final,mixing VVVV   6-2 

The summation of the volumes of each component before mixing is called ideal 

volume and if the volume change on mixing be zero, the solution is known as ideal 

solution, thus, 

s initial,B initial,mix ideal, VVV   6-3 

As presented earlier, the value of volume change on the mixing was varied with the 

operating parameters. In order to evaluate the impact of different parameters on the 

volume change on mixing, the following dimensionless parameter is used, 
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 6-4 

where ws is the weight fraction of n-hexane, ρs and ρB are the densities of n-hexane and 

bitumen, respectively, and ρm, exp is the measured density of mixture. 

The predicted densities in previous section showed that at a constant pressure and a 

constant solvent weight fraction, the deviation between the measured data and the 

calculated values became significant with the increase in temperature. This is an indirect 
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representation of the increase in the volume change on the mixing with the temperature. 

However, if the calculated values from equation 6-4 is plotted with respect to the 

temperature at a constant pressure and a constant solvent weight fraction, it is found that 

the volume change upon mixing directly affected by the temperature. Figures 6–10 and 

6–11 illustrate the dimensionless volume change as a function of temperature at a 

constant pressure. As depicted in these figures, volume change on mixing increases with 

the temperature. Although the extent of increase in volume change on mixing is not the 

same at different pressures, the increasing trend was observed for all measured pressures. 

The effect of solvent weight fraction on the volume change on the mixing is also 

noticeable from Figures 6–10 and 6–11. The increase in the solvent weight fraction 

enhanced the volume change on the mixing for the mixtures. This trend was expected 

because the mixture of two components reaches to lower values of the volume change on 

the mixing at infinite dilution of each component. 

 
Figure 6–10: Effect of temperature on the volume change on mixing for Surmont bitumen / n-hexane 

mixtures with different solvent weight fractions at a constant pressure of 2 MPa. 
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Figure 6–11: Effect of temperature on the volume change on mixing for Surmont bitumen / n-hexane 

mixtures with different solvent weight fractions at a constant pressure of 10 MPa. 
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becomes significant. At two high temperatures (150 and 190°C), the volume change on 

mixing is noticeably observed for the mixtures. The variations are a non-linear function 

of pressure. Figure 6–12 illustrates the change in the volume during mixing process for 

Surmont bitumen / n-hexane mixtures at the highest temperature (190°C). The decreasing 

trend of the volume change on mixing with the pressure was observed at five different 

temperatures and six n-hexane weight fractions. The mixture of Surmont bitumen / n-

hexane with 0.05 weight fraction of solvent exhibits a smaller pressure dependence than 

that of 0.5 weight fraction of solvent where a large decrease in the volume change on 

mixing is measured for a given pressure change at high n-hexane weight fraction. 

 
Figure 6–12: Effect of pressure on the volume change on mixing for Surmont bitumen / n-hexane mixtures 

with different solvent weight fractions at 190°C. 
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fraction into 0.1 or 0.2, the variation of volume change on mixing with pressure becomes 

substantially important. Figure 6–13 demonstrates the volume change on mixing as a 

function of pressure at highest solvent weight fraction (0.5). As anticipated from the 

figure, the volume change on mixing at the ambient temperature (23°C) even at high 

solvent weight fractions is negligible. Thus, it can be concluded that at ambient 

temperature, the volume change on mixing for the mixtures of Surmont bitumen / n-

hexane over the entire concentration range is insignificant and equation 6-1 can 

adequately predict the density of mixture. 

 
Figure 6–13: Effect of pressure on the volume change on mixing for Surmont bitumen / n-hexane mixtures 

at a constant solvent weight fraction of 0.5 and at different temperatures. 
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was also previously mentioned, the mixtures show a negative volume change on the 

mixing. A negative value of volume change on mixing in the entire concentration range 

indicates the formation of more compact structure compared to the pure species. Figures 

6–14 and 6–15 illustrate the volume change on mixing for the Surmont bitumen / n-

hexane mixture as a function of solvent weight fraction at a constant pressure. Figure 6–

14 shows the results at the pressure of 2 MPa and Figure 6–15 demonstrates the same 

measurements at the pressure of 10 MPa. 

As depicted in the figures, the increase in the solvent weight fraction resulted in a 

larger value for the volume change on the mixing. The pressure reduces the volume 

change on the mixing at a constant temperature. Similar to the binary hydrocarbon 

systems, the pressure reduced the maximum value of the volume change on the mixing 

and forced the concave curve toward a zero value. As it was expected from the binary 

hydrocarbon mixtures, the volume change on mixing should be increased with the solvent 

weight fraction to a maximum and starts decreasing toward a zero value. However, as 

depicted in Figure 6–14 for the bitumen / n-hexane mixtures, the volume change on 

mixing flatten off after the n-hexane weight fraction of 0.3. It might be due to the 

asphaltene instability in the mixtures beyond this concentration. Escobedo and Mansoori 

(1995, 1997) observed a dramatic change on the viscosity of oil and n-alkane mixtures 

when the n-alkane concentration in the mixture increased stepwise without any observed 

asphaltene precipitation. They corresponded this behaviour to the flocculation of 

asphaltene particles in the mixture at a specific solvent concentration.  

As the results of the measurements at 0.6 n-hexane weight fraction confirmed the 

visual observation of the asphaltene precipitation from the mixture, the observed 

behaviour in the plot of the volume change on the mixing with respect to the solvent 

weight fraction might be due to the flocculation of the asphaltene particles within the 

mixtures. 
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Figure 6–14: Volume change on mixing for Surmont bitumen / n-hexane mixtures as a function of the 

weight fraction of hexane at different temperatures and at a constant pressure of 2 MPa. 
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6.3.3. Improvement in Calculation of Mixture Density 

The predicted densities from equation 6-1 resulted in an under-prediction of the 

measured data. As discussed earlier, the volume change on mixing for the Surmont 

bitumen / n-hexane mixtures is significant. In this section, two approaches to improve the 

calculation of the densities are presented. The first approach considers the excess volume 

in the prediction of the densities and the second approach applied the concept of effective 

liquid densities to represent the measured densities. 

6.3.3.1. Excess Volume Mixing Rule 

The measured density data of Surmont bitumen / n-hexane mixtures are correlated 

with the following equation (Saryazdi 2012), 
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where ws is the weight fraction of n-hexane, ρs and ρB are the densities of n-hexane and 

bitumen, respectively. The last term accounts for the volume change on mixing and βij is 

the binary interaction parameter between n-hexane and bitumen which is obtained by the 

regression of the measured data. The densities were correlated using the above equation, 

and the results were in agreement with measured data. The best fitted binary interaction 

parameter (βij) was 0.0265 which gave lowest AARD. 

6.3.3.2. Effective Liquid Densities 

The density of the mixtures with a dissolved gas can be predicted with equation 6-1 

but using the effective liquid density for the gas. Tharanivasan et al. (2011) proposed a 

method based on the extrapolation of the molar volume of liquid normal alkanes to obtain 

the effective liquid molar volumes of light normal alkanes present in gaseous state in pure 

form. The authors plotted the molar volume of liquid normal alkanes with respect to the 

molecular weight and extrapolated the curve to determine the effective liquid molar 
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volumes of light normal alkanes. Tharanivasan et al. (2011) reported the effective liquid 

densities for normal alkanes at the pressures above 10 MPa. 

Recently, Saryazdi (2012) found that the proposed correlation by Tharanivasan et al. 

(2011) resulted in larger values for the molar volumes of the n-alkanes when it was 

extrapolated to lightest hydrocarbons. Saryazdi (2012) explained this over-prediction by 

closeness of the n-alkanes to critical points and proposed to plot the molar volumes of 

only the higher n-alkanes with respect to molar mass. Saryazdi (2012) found that the 

molar volume trend in this case is linear and the author redeveloped the new effective 

density correlation using the molar volumes of the higher liquid n-alkanes whose molar 

volumes were linearly related to their molecular weight. Thus, the higher n-alkane molar 

volumes at fixed temperatures and pressures were extrapolated linearly to determine new 

effective molar volumes for the lighter n-alkanes (Saryazdi, 2012). The effective molar 

volumes were then converted to density and plotted versus pressure at fixed temperatures. 

Saryazdi (2012) proposed the following equation for the effective densities of n-hexane, 

PTT )106846.2142.0(80985.0512.901 3  6-6 

where ρ is density in kg/m
3
, T is temperature in Kelvin and P is pressure in MPa. 

The measured densities of the Surmont bitumen / n-hexane were predicted using 

equation 6-1 along with the effective densities of n-hexane obtained using equation 6-6 

and the results are quite well represented with this approach. The density of raw bitumen 

at each temperature and pressure given in Chapter 3 were used for the calculations. Table 

6–4 summarizes the calculated deviations of the models for the prediction of mixture 

densities. As the deviations show, the best results are obtained with the effective liquid 

densities followed by excess volume mixing rule, and no volume change assumption. 

 

Table 6–4: The deviations of different models for the calculation of Surmont bitumen / n-hexane mixture 

densities. 

Calculation Method AARD (%) AAD (kg/m
3
) MAD (kg/m

3
) 

No volume change 1.36 10.5 43.0 

Excess volume 0.92 7.2 33.9 

Effective density 0.31 2.5 11.5 
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Figures 6–16 to 6–18 illustrate the dispersion plots of the calculated densities versus 

the measured values for the mixtures of Surmont bitumen / n-hexane using three different 

approaches. The excess volume mixing rule slightly improves the predictions compared 

to the method with the assumption of no volume change on mixing. Considering effective 

liquid densities for n-hexane significantly improve the predictions. 

Figures 6–19 and 6–20 display the measured densities for the mixtures of Surmont 

bitumen / n-hexane along with the calculated values. In Figure 6–19, the density is 

plotted as a function of n-hexane weight fraction at different temperatures and at a 

constant pressure (2 MPa). Figure 6–20 illustrates the impact of pressure on the mixture 

density at different solvent weight fractions and at the temperature of 190°C. As 

anticipated from the figures, the application of effective liquid densities for the prediction 

of mixture densities resulted in a close agreement between the measured data and 

calculated ones. Although the excess volume mixing rule with one adjustable parameter 

slightly improve the correlations, the calculated values at high temperature and high 

solvent weight fractions still far from the experimental data. 

 
Figure 6–16: Calculated densities of Surmont bitumen / n-hexane mixtures using no volume change on 

mixing assumption versus the measured values. 
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Figure 6–17: Calculated densities of Surmont bitumen / n-hexane mixtures using excess volume mixing 

rule versus the measured values. 

 

 
Figure 6–18: Calculated densities of Surmont bitumen / n-hexane mixtures using effective liquid densities 

versus the measured values. 
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Figure 6–19: Density of Surmont bitumen / n-hexane mixtures as a function of the weight fraction of n-

hexane at different temperatures and at a constant pressure of 2 MPa; ■,▲,○,♦,×,experimentaldata;─,no

volume change on mixing; ----,excessvolumemixingrule;───,effectiveliquiddensities. 

 
Figure 6–20: Density of Surmont bitumen / n-hexane mixtures as a function of pressure at different n-

hexaneweightfractionsandatthehighesttemperature(190°C);○,×,▲, ■, ♦,+,experimentaldata;─,no

volume change on mixing; ----,excessvolumemixingrule;───,effectiveliquiddensities. 
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6.4. Viscosity of Mixtures 

Tables 6–5 to 6–7 summarize the experimental viscosity values of the pseudo-binary 

mixture, Surmont bitumen / n-hexane, at different temperatures, pressures, and solvent 

weight fractions. The viscosity of the mixture is reduced with temperature and increased 

with the pressure. The solvent weight fraction significantly decreases the viscosity of the 

mixture. The viscosity of pure n-hexane and raw bitumen is also reduced with the 

temperature and increased with the pressure. 

The impact of pressure on the mixture viscosity is more pronounced at lower n-

hexane weight fractions. This behaviour is expected; because, as the weight fraction of 

solvent increases, the behaviour of mixture is more similar to pure n-hexane. The data on 

the viscosity of pure n-hexane (NIST database) indicate that the viscosity of n-hexane is 

not significantly affected by the pressure due to simple structure of n-hexane compared to 

bitumen. However, a stronger functionality between bitumen viscosity and pressure 

exists. Thus, any mixture prepared from the species of bitumen and n-hexane shows a 

behaviour similar to bitumen at low n-hexane weight fraction. The impact of pressure on 

the mixture viscosity is also dependent on the temperature. That is, at lower temperatures, 

the pressure results in higher viscosity variations. 

It is worth to mention that the impact of pressure on the viscosity of pure n-hexane is 

more pronounced at high temperature conditions (i.e. 150 and 190°C). The critical 

temperature of n-hexane is 235°C and as the experimental temperature increased toward 

the critical point, the variation of n-hexane viscosity with the pressure becomes more 

significant. 
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Table 6–5: Experimental liquid viscosities of Surmont bitumen / n-hexane mixtures at 0.05 and 0.1 weight 

fractions of hexane; T, temperature; P, pressure; µm, viscosity of mixture. 

w = 0.05 w = 0.1 

T (°C) P (MPa) µm (mPa.s) T (°C) P (MPa) µm (mPa.s) 

190.5 2.05 5.29 189.5 2.09 3.36 

190.5 4.10 5.45 190.0 4.09 3.44 

190.6 6.06 5.64 190.0 6.08 3.52 

190.6 8.08 5.83 190.0 8.07 3.65 

190.7 10.05 6.04 190.0 10.02 3.83 

151.7 2.11 12.5 151.0 2.07 6.89 

151.7 4.05 13.1 151.0 4.10 6.91 

151.6 6.12 13.9 151.0 6.08 7.21 

151.7 8.09 14.1 151.3 8.10 7.43 

151.7 10.11 14.6 151.0 10.06 7.52 

102.5 2.04 63.9 102.5 2.04 26.4 

102.5 4.09 66.4 102.5 4.08 27.7 

102.5 6.09 69 102.5 6.10 28.8 

102.6 8.12 71.4 102.5 8.08 29.8 

102.7 10.07 74.3 102.6 10.11 30.8 

53.5 2.06 927 53.0 2.09 231 

53.5 4.14 990 53.0 4.16 244 

53.2 6.12 1064 53.0 6.09 260 

53.3 8.06 1129 53.0 8.10 266 

53.5 10.11 1197 53.0 10.09 280 

27.7 2.04 6618 27.5 2.05 1570 

27.0 4.07 9931 27.5 4.15 1811 

27.5 6.17 11070 27.5 6.09 1943 

27.7 8.11 11910 27.5 8.09 2047 

27.9 10.09 12920 27.8 10.08 2205 
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Table 6–6: Experimental liquid viscosities of Surmont bitumen / n-hexane mixtures at 0.2 and 0.3 weight 

fractions of hexane; T, temperature; P, pressure; µm, viscosity of mixture. 

w = 0.2 w = 0.3 

T (°C) P (MPa) µm (mPa.s) T (°C) P (MPa) µm (mPa.s) 

190.0 2.13 1.81 190.0 2.13 0.931 

190.0 4.11 1.89 190.0 4.12 0.969 

190.0 6.06 1.93 190.0 6.09 1.01 

190.1 8.05 1.96 190.0 8.08 1.04 

190.2 10.08 2.00 190.0 10.09 1.06 

151.5 2.08 2.81 150.5 2.09 1.36 

151.5 4.09 2.87 150.5 4.09 1.40 

151.5 6.10 2.96 150.5 6.09 1.45 

151.5 8.08 3.04 150.5 8.08 1.49 

151.5 10.08 3.12 150.5 10.07 1.54 

102.5 2.06 6.94 102.7 2.09 3.00 

102.5 4.10 7.06 102.7 4.09 3.07 

102.5 6.10 7.30 102.7 6.09 3.16 

102.5 8.10 7.37 102.7 8.12 3.25 

102.5 10.08 7.64 102.7 10.11 3.36 

52.5 2.03 36.4 52.4 2.11 10.7 

52.5 4.09 38.4 52.5 4.11 11.0 

52.5 6.08 39.5 52.5 6.07 11.3 

52.5 8.08 41.3 52.5 8.09 11.7 

52.5 10.11 42.5 52.5 10.09 12.0 

28.5 2.05 98.8 27.7 2.09 24.7 

28.5 4.10 113 27.7 4.09 26.3 

28.5 6.09 121 27.7 6.11 27.4 

28.5 8.08 128 27.7 8.08 28.4 

28.5 10.14 134 27.7 10.13 29.4 
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Table 6–7: Experimental liquid viscosities of Surmont bitumen / n-hexane mixtures at 0.4 and 0.5 weight 

fractions of hexane; T, temperature; P, pressure; µm, viscosity of mixture. 

w = 0.4 w = 0.5 

T (°C) P (MPa) µm (mPa.s) T (°C) P (MPa) µm (mPa.s) 

189.5 2.12 0.423 190.0 2.11 0.318 

188.0 4.12 0.483 190.0 4.09 0.325 

189.5 6.10 0.490 190.0 6.10 0.334 

189.5 8.09 0.504 190.0 8.11 0.345 

189.5 10.12 0.514 190.0 10.05 0.351 

151.7 2.09 0.718 149.6 2.11 0.496 

151.3 4.09 0.770 150.1 4.08 0.52 

151.6 6.10 0.780 150.5 6.10 0.518 

151.7 8.08 0.790 151.0 8.10 0.522 

151.7 10.08 0.841 151.3 10.14 0.507 

103.0 2.09 1.37 102.4 2.11 0.845 

103.0 4.09 1.42 102.7 4.10 0.867 

103.0 6.09 1.44 102.9 6.09 0.892 

103.0 8.10 1.47 102.9 8.13 0.853 

103.0 10.08 1.52 103.0 10.10 0.864 

53.3 2.06 3.57 52.6 2.09 1.79 

53.3 4.12 3.65 53.0 4.11 1.78 

53.3 6.04 3.80 53.0 6.09 1.82 

53.3 8.08 3.80 53.0 8.09 1.88 

53.3 10.09 3.90 53.0 10.09 1.92 

26.5 2.09 8.01 28.7 2.10 2.97 

27.0 4.09 8.24 28.7 4.11 3.03 

27.3 6.08 8.75 28.7 6.10 3.11 

27.8 8.10 7.92 28.7 8.09 3.14 

28.0 10.10 7.84 28.7 10.10 3.22 

 



 266 

6.4.1. Correlation and Prediction of Mixture Viscosity 

The measured viscosity data of n-hexane and Surmont bitumen mixtures were also 

evaluated with relationships developed for the mixtures. These relationships were mostly 

developed for light and medium oils diluted with solvents. Centeno et al. (2011) 

summarized a total of 26 mixing rules and classified them according to the number and 

type of parameters and the information required for each relationship. In this study, we 

haveevaluatedfourpredictionschemes,Arrhenius’,Cragoe’s,Shu’s,andLobe’smodels,

and two correlations, Lederer’s and power law models. These models were commonly 

used for heavy oil / solvent mixtures. 

Arrhenius’model(Arrhenius 1887) or log-type mixing rule is commonly used in the 

reservoir simulators to predict the viscosity of oil-blended mixtures and the equation is, 

)1(

Bsm
ss xx 

   6-7 

or in the log-form, 

Bsssm ln)1(lnln  xx   6-8 

where, xs is mole fraction of solvent, µs and µB are the viscosities of solvent and bitumen, 

respectively. 

The power law model is based on the Kendall model, in which the viscosity of 

mixture is directly dependent on the concentration, 

 n
1

n

Bs

n

ssm )1(  xx   6-9 

where the exponent n is the adjustable parameter in this correlation, xs is the mole 

fraction of solvent, and µs and µB are the viscosities of solvent and bitumen, respectively. 

In the Kendall-Monroe model (Kendall and Monroe 1917), a value of 1/3 was considered 

for the exponent n while the Bingham model (Bingham 1918) represent the mixture 

viscosity data with n = –1. 

Cragoe (1933) developed a linear mixing rule for the mixture of petroleum oils as, 
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where, ws is the weight fraction of solvent, µs and µB are the viscosities of solvent and 

bitumen, respectively. 

Lederer (1933) proposed a modified version of classic log-type viscosity mixing rule 

as, 
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where θ is an adjustable parameter having values between 0 and 1, and φs and φB are the 

volume fractions of solvent and bitumen, respectively. Shu (1984) developed a method to 

calculate the constant θ as, 













s

B

6316.1

s

2745.3

B

5237.0

sB

ln

)(04.17






  

6-12 

where ρs and ρB are the densities of solvent and bitumen, respectively. Shu (1984) 

showed that the model could determine the viscosity of heavy oils, bitumen and 

petroleum fractions. The model has been shown to provide good viscosity estimations 

over a wide range of data. However, the equation requires density values which create 

further computational work and introduce more experimental error. In this study, the 

densities of solvent and bitumen were also measured, thus there is no restriction for 

applyingShu’sprediction scheme. 

Lobe (1973) proposed a correlation for prediction of kinematic viscosities of a binary 

mixture composed of a solvent and oil as, 

   ssBBBBssm expexp    6-13 

where φs and φB are the volume fractions of solvent and bitumen, and υs and υB are the 

kinematic viscosities of solvent and bitumen, respectively. Lobe proposed the following 

expressions for the ηs and ηB, 
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These equations were obtained using the experimental data for many binary mixtures. 

Table 6–8 summarizes the AARDs of the calculated viscosity values using six 

aforementioned models for the Surmont bitumen / n-hexane mixtures. In this study, the 

fraction of solvent was considered as mole,weight,andvolumefractionsinArrhenius’,

powerlaw,andCragoe’smodels.Arrhenius’modelresultsinbetterpredictionswhenthe

molefractionisconsideredinthemodels.Cragoe’sandpowerlawmodelsgivethebest

results with the volume fraction. The adjustable parameters in the models were obtained 

by minimizing the AARD of the calculated values and measured ones. Although the 

minimization of the sum of squared residuals (SSR) resulted in less scattered data, the 

AARDs are bigger than the case that the AARDs are minimized. 

 

Table 6–8: Calculated AARDs of different models for the correlation and prediction of the viscosity for 

Surmont bitumen / n-hexane mixtures. 

Model  
AARD (%) 

Mole fraction Weight fraction Volume fraction 

Arrhenius  46.6 4388 1329 

Power Law  43.6
a
 28.8

b
 12.3

c
 

Cragoe 82.9 189 30.3 

Lederer  ---- ---- 44.5 (θ = 0.2869) 

Shu ---- ---- 60.4 

Lobe ---- ---- 107 
a
 n = 0.0186; 

b
 n = – 0.3365; 

c
 n = – 0.2049 

 

Nourozieh et al. (2013) reported the experimental viscosity of Athabasca bitumen / n-

decane mixtures and represented the data with different models. They found that the 

Arrhenius’ and power law models led to better results when the mole fraction was

considered. Cragoe’s model gave best results with the volume fractions. Barrufet and 

Setiadarma (2003) also found that the use of mole fractions in Arrhenius’andpowerlaw
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models provides the lowest absolute errors for the entire composition range in their study 

of heavy oil and n-decane mixtures. 

Figure 6–21 shows the comparison between the Arrhenius’modelandthemeasured

viscosity data using three different solvent fractions (i.e. mole, weight, and volume). The 

best predictions are obtained with considering the mole fraction in the model. When the 

viscosities are calculated on the basis of the weight and volume fraction, the predicted 

values are basically greater than the experimental data. When the viscosities of the 

mixture is less than 1000 mPa.s, the Arrhenius’model (mole basis) under-predicts the 

experimental data while for the viscosities greater than 1000 mPa.s, the calculated values 

are slightly over-predicted. 

 
Figure 6–21: ThecomparisonbetweenthecalculatedviscositieswithArrhenius’modelandexperimental

data for Surmont bitumen / n-hexane mixtures. 

 

Figure 6–22 illustrates the comparison between the power law model and the 

measured data using different fraction basis. In this model, the parameter (n) was adjusted 
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predictions using weight and mole fractions are reasonable, the best predictions are 

obtained with considering the volume fraction in the model. A comparison shows that 

AARD of power law model with the volume fraction is 12.3% while AARDs are 43.6% 

and 28.8% for mole and weight fractions basis, respectively. 

Similar to the Arrhenius model, the power law model (with mole fraction) under-

predicts the viscosities in the range (0.1 to 1000) mPa.s and over-predicts the data when 

the viscosities of the mixtures are greater than about 1000 mPa.s. Opposite to the 

Arrhenius model, the power law model with the weight fraction mostly under-predicts the 

viscosities over the entire range.  

 
Figure 6–22: The comparison between the calculated viscosities with power law model and experimental 

data for Surmont bitumen / n-hexane mixtures. 
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viscosity data whereas the calculated results with the weight fraction are greater than the 

measured data. The errors for both cases are too big; a comparison shows that AARD of 

Cragoe’smodel with the volume fraction is 30.3% while AARDs are 82.9% and 189% 

for mole and weight fractions basis, respectively. 

ThecalculatedviscositiesoftheCragoe’smodelwiththevolumefractionareslightly

greater than the experimental data when the viscosities of the mixture are greater than 

100 mPa.s. In the viscosity range of (0.1 to 100) mPa.s, the model adequately predicts the 

experimental viscosity data. 

 
Figure 6–23: The comparison between the calculated viscosities withCragoe’smodel and experimental

data for Surmont bitumen / n-hexane mixtures. 

 

Figures 6–24 to 6–26 illustrate the calculated results using Lederer’s, Shu’s, and

Lobe’s models compared to experimental viscosity data, respectively. The adjustable 

parameter for Lederer’s model was obtained by regression of all data as α = 0.2869 

(coefficient inLederer’smodel).Asdepicted in the figures, theLederer’smodel could 

not predict the results well over wide range of viscosity data; the model under-predicts 

0.1 

1 

10 

100 

1000 

10000 

100000 

0.1 1 10 100 1000 10000 100000 

C
al

cu
la

te
d

 V
is

co
si

ti
es
(

m
P

a.
s)

 

Measured Viscosities (mPa.s) 

Mole fraction 

Weight fraction 

Volume fraction 



 272 

the data for the viscosities less than 100 mPa.s and over-predicts the measured values for 

theviscositiesgreaterthan100mPa.s.Shu’sandLobe’smodelsprovidegoodpredictions

for the viscosities less than 100 mPa.s while the results show large deviations for the 

viscosities greater than 100 mPa.s. 

 
Figure 6–24: The comparison between the calculated viscositieswith Lederer’smodel and experimental

data for Surmont bitumen / n-hexane mixtures. 
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Figure 6–25: Thecomparisonbetween thecalculatedviscositieswithShu’smodelandexperimentaldata

for Surmont bitumen / n-hexane mixtures. 

 

 
Figure 6–26: ThecomparisonbetweenthecalculatedviscositieswithLobe’smodelandexperimentaldata

for Surmont bitumen / n-hexane mixtures. 
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From the calculated AARDs in Table 6–8, it can be concluded that the models predict 

the experimental viscosity data of Surmont bitumen / n-hexane mixtures well over the 

entire range in the following order, 

1. power law (volume) 

2. power law (weight) 

3. Cragoe (volume) 

4. power law (mole) 

5. Lederer  

6. Arrhenius (mole) 

7. Shu 

8. Cragoe (mole) 

9. Lobe 

DuetobettercorrelationsoftheresultswithpowerlawandCragoe’modelsusingthe

volume fraction, these two models were compared with experimental data to analyze the 

data and find the trends. The results obtained by the power law model are shown by solid 

lines in the figures and the dashed lines represent the results of Cragoe’ model. The

temperature values reported in each figure are the average values. 

Figures 6–27 and 6–28 illustrate the effect of increasing n-hexane weight fraction on 

the mixture viscosity at different temperatures in semi-log scale. Figure 6–27 shows the 

results at the lowest pressure (2 MPa) and Figure 6–28 displays the same data at the 

highest pressure (10 MPa). As presented in these figures, the viscosity of mixture shows a 

non-linear trend with respect to solvent weight fraction. The impact of temperature on the 

viscosity of mixture was less pronounced at higher n-hexane concentrations. It could be 

due to the temperature dependency of bitumen and n-hexane viscosities. At low n-hexane 

concentrations, the mixtures behave more similar to the bitumen; thus, the mixture shows 

higher temperature dependency. 
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Figure 6–27: Viscosity of Surmont bitumen / n-hexane mixtures as a function of the weight fraction of n-

hexaneatdifferenttemperaturesandataconstantpressureof2MPa;○,×,▲, ■, ♦, measured viscosities; 

calculatedvalues:─,powerlaw model; - - -,Cragoe’smodel. 

 
Figure 6–28: Viscosity of Surmont bitumen / n-hexane mixtures as a function of the weight fraction of n-

hexaneatdifferenttemperaturesandataconstantpressureof10MPa;○,×,▲, ■, ♦, measured viscosities; 

calculatedvalues:─,powerlawmodel;- - -,Cragoe’smodel. 
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The experimental viscosity data are well correlated using the power law model. 

Despite no significant difference in the results of two models, power law model predicted 

theexperimentaldatabetterthantheCragoe‘smodel.TheCragoe‘smodelover-predicts 

the data at the lower temperatures (i.e. 28 and 52°C) and under-predicts at the higher 

temperatures (i.e. 150 and 190°C) while the power law model slightly under-predicts all 

measured data. 

An examination of Figures 6–27 and 6–28 demonstrates that the mixture viscosity 

shows a curvilinear trend with n-hexane concentration when log (viscosity) is plotted 

versus solvent weight fraction. This behaviour was observed when the concentration was 

reported in weight fraction. However, by converting the concentration into mole fraction, 

a linear trend for the mixture viscosities with concentration was observed. 

 
Figure 6–29: Viscosity of Surmont bitumen / n-hexane mixtures as a function of temperature at different 

weight fractions of n-hexaneandataconstantpressureof2MPa;○,×, ▲, ■, ♦, +, measured viscosities; 

calculatedvalues:─,powerlawmodel;- - -,Cragoe’smodel. 
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temperature. The diluted bitumen also showed significant viscosity variations with the 

temperature. Figures 6–29 and 6–30 illustrate the variation of mixture viscosities with 

temperature at two pressures (2 and 10) MPa, respectively. These figures illustrate that 

the viscosity data, when plotted in semi-log scale, follow a linear trend at high n-hexane 

weight fractions and a non-linear trends at low n-hexane weight fractions. At higher n-

hexane weight fractions, the mixtures behave similar to n-hexane and the viscosity of n-

hexane shows linear trend with temperature (in semi-log plot). However, at lower n-

hexane concentrations, the mixture is enriched in bitumen and its viscosity, as stated in 

equation 3-7, is not linearly changed with the temperature. 

 
Figure 6–30: Viscosity of Surmont bitumen / n-hexane mixtures as a function of temperature at different 

weight fractions of n-hexaneandataconstantpressureof10MPa;○,×,▲, ■, ♦, +, measured viscosities; 

calculatedvalues:─,powerlawmodel;- - -,Cragoe’smodel. 

 

To have a better representation of data and comparison with the models, the viscosity 

data at different n-hexane weight fractions were plotted versus pressure. Figure 6–31 

shows the impact of pressure on the viscosity of Surmont bitumen / n-hexane mixtures at 

a constant temperature (28°C). Cragoe’s model over-predicted the viscosity values of 
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mixtures at different solvent weight fractions while power law model under-predicts the 

data. When the temperature is increased to the highest measured value (190°C), an 

opposite behaviour was observed for two models (Figure 6–32). That is, Cragoe’smodel

under-predicted the viscosity values of mixtures at different solvent weight fractions 

while power law model slightly over-predicts the data. 

 
Figure 6–31: Effect of n-hexane concentration ws and pressure P on the viscosity of Surmont bitumen / n-

hexanemixturesatthelowesttemperature(28°C);○,×,▲, ■, ♦, +, measured viscosities; calculated values: 

─,powerlawmodel;- - -,Cragoe’smodel. 

 

As it was not presented here, the best match between the experimental data and 

Cragoe’smodelwasobtainedat the temperature of 103°C. However, at the temperature 

of 28°C, the calculated viscositieswithCragoe’smodel show largest deviation. Power

law model represents the viscosity data more accurately at the temperature of 190°C and 

the model cannot correlate the data at the lowest temperature (28°C) as good as other 

temperatures. 
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Figure 6–32: Effect of n-hexane concentration ws and pressure P on the viscosity of Surmont bitumen / n-

hexane mixtures at the highest temperature (190°C); ○, ×,▲, ■, ♦, +, measured viscosities; calculated 

values:─,powerlawmodel;- - -,Cragoe’smodel. 

 

To determine the effect of pressure and n-hexane concentration on the mixture 

viscosity, the viscosity data are plotted as a function pressure at 0.05 and 0.5 weight 

fractions of n-hexane in Figures 6–33 and 6–34, respectively. The symbols with the same 

color indicate a constant temperature in these plots. These figures show that the mixture 

viscosity is linearly increased with the pressure at each isotherm, and this effect is greater 

at lower n-hexane weight fraction (i.e. 0.05). 

Comparing Figures 6–33 and 6–34 indicate that the slope of viscosity-pressure plots 

is higher at a lower solvent weight fraction. In fact, the impact of pressure on the 

viscosity of bitumen and n-hexane is different. The viscosity of n-hexane is not affected 

by moderate pressure increment; therefore, the viscosity of bitumen/n-hexane mixtures at 

high n-hexane concentrations follows the same trend. At low solvent weight fractions, the 

pressure has more significant effect on the mixture viscosity due to higher bitumen 

concentration in the mixture. 
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Figure 6–33: Effect of pressure P on the viscosity of Surmont bitumen / n-hexane mixtures at the lowest n-

hexane weight fraction (0.05); ○, ×,▲, ■, ♦, +, measured viscosities; calculated values: ─, power law

model; - - -,Cragoe’smodel. 

 
Figure 6–34: Effect of pressure P on the viscosity of Surmont bitumen / n-hexane mixtures at the highest n-

hexaneweightfraction(0.5);○,×,▲, ■, ♦, +, measuredviscosities;calculatedvalues:─,powerlawmodel;

- - -,Cragoe’smodel. 
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The examination of the results reveals that the maximum deviation between the 

measured viscosity data and the calculated values was obtained at the lowest solvent 

weight fraction (0.05). As the weight fraction of n-hexane in the mixture increased, the 

deviation of the models from the experimental results reduced. 

  



 282 

Chapter 7:  Thermo-physical Properties of Bitumen/Condensate 

Mixture 

This chapter presents the phase behaviour of bitumen/condensate mixtures and the 

application of condensate for in situ bitumen recovery methods and pipline 

transportation. As with bitumen/n-hexane mixtures, the measurements for the density and 

viscosity of bitumen diluted with condensate were reported at different temperatures, 

pressures, and solvent weight fractions. The data for the mixtures were also evaluated with 

predictive schemes as well as with correlation models representing certain mixing rules 

proposed in the literature. 

7.1. Introduction 

Bitumen is extremely viscous at reservoir conditions; therefore, it is essential to 

reduce its viscosity for enhanced oil recovery and pipeline transportation. This viscosity 

reduction is commonly attained by increasing the temperature and/or the dilution with 

gaseous solvents or liquid diluents. The dilution of bitumen with a solvent breaks down 

or weakens the intermolecular forces and dramatically reduces the viscosity (Miadonye et 

al. 2001). The effect is significant and the addition of a small amount of solvent leads to 

considerable reduction in the viscosity. 

The phase behaviour experiments and solubility measurements reported in the 

previous sections were for pure solvents. However, in field applications, a complex 

mixture of hydrocarbon molecules is used as the solvent (injection fluid). This mixture, 

usually called naphtha or condensate, is the fraction of hydrocarbons in petroleum that 

boil between 30 and 200°C. It consists of a complex mixture of hydrocarbon molecules, 

generally having between 5 and 12 carbon atoms. Naphtha is similar to condensate but it 

is slightly heavier and contains components with higher boiling points. 
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The commercial application of liquid solvents to reduce bitumen viscosity in in-situ 

processes has been investigated by several authors. Hernandez and Farouq-Ali (1972) 

experimentally studied the oil recovery from Athabasca oil sand using a number of 

solvents (tetrachloride, toluene, benzene, and naphtha) with and without steam. In another 

study, Farouq-Ali and Snyder (1973) evaluated oil recovery from Athabasca oil sands 

using a two-dimensional vertical model with the injection of naphtha, steam, or a 

combination of both. Farouq-Ali and Abad (1976) also investigated oil recovery from 

Athabasca oil sands using naphtha in conjunction with steam in a vertical tar sand pack 

and in a large three-dimensional model. 

Although different hydrocarbon additives can be co-injected with steam in ES-SAGD 

processes, the inventors of the ES-SAGD process (Nasr et al. 1991; Nasr and Isaacs 

2001; Nasr et al. 2002; Nasr and Ayodele 2005) found it preferable to use a solvent with 

a saturation temperature close to the saturation temperature of steam at operating 

pressure. In optimal conditions, the evaporation temperature of the additive should be 

within ±15°C of the steam saturation temperature. Considering this criteria, the 

condensate is a good candidate for the ES-SAGD process. 

Several field and pilot tests have tried condensate and naphtha-steam co-injection. 

Nexen conducted a pilot test of the ES-SAGD process in Long Lake over a two-month 

period from February 13
th

 to April 16
th

, 2006. They ran the ES-SAGD in a well pair, 

which had the most stable rating condition with the lowest SOR. They used heavy 

hydrocarbon fractions (C7 to C12) with steam. The solvent concentration was 10% when 

they started the co-injection and was then reduced to 5% to maintain the solvent at the 

concentration of 5%. The test was stopped after two months because no increase in 

bitumen production rate was observed. Suncor implemented an ES-SAGD project using 

naphtha as the solvent but the results were not encouraging and they did not observe any 

increase in the oil production rate (Orr 2009). Despite the lack of encouraging results in 

the field implementation of condensate and naphtha, it can still be considered as a 
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recovery method for bitumen reservoirs. Further investigation and studies are required to 

fully understand the phenomenon and make it practical for bitumen recovery.  

Shu and Hartman (1988) did a simulation study to investigate the effect of steam slug 

in the presence of solvent. They considered three classes of solvents based on solvent 

volatility (light, medium and heavy) and solvent concentration (no more that 10%). Based 

on these categories, condensate belongs to the medium class. The simulation found that, 

the lighter solvents resulted in earlier oil recovery and the highest recovery was obtained 

using medium solvent. The heavy solvents did not improve the oil recovery. 

Palmgren and Edmunds (1995) proposed naphtha-assisted gravity drainage (NAGD) 

process. In this process, hot naphtha vapour was replaced with water vapour in order to 

combine the effective thermal process with the dilution mechanism of the naphtha. Their 

study showed that higher oil recovery and oil rate could be obtained using the NAGD 

process but the process economy was highly dependent on the naphtha recovery at the 

end of the process. 

Nasr et al. (2002) modified the SAGD process by co-injecting a small concentration 

of condensable hydrocarbon additive with steam phase through a conventional SAGD 

pattern. They did an initial screening and considered propane to octane (C3-C8) and 

diluent as the solvent. The diluent used in their study was a gas condensate with the 

majority of its hydrocarbon fractions between C4 to C10. Their experimental results 

showed improved bitumen recovery but the improvement was more significant for 

hexane and diluent. 

Boak and Palmgren (2007) did a simulation study of solvent-steam co-injection using 

a pseudo-compositional thermal reservoir simulator. They studied the effects of co-

injection of naphtha as a multi-component mixture and propane and pentane as pure 

components. Their simulation showed that the co-injection of all solvents studied 

(propane, pentane, and naphtha) resulted in an improvement in SOR proportional to the 

solvent concentration. Higher solvent concentration resulted in greater improvement. 

However, the oil production rate was only improved using naphtha. The oil production 
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rate decreased when the solvent concentration exceeded 5 mole percent due to 

accumulation of solvent gas at the front of the vapour chamber. 

Deng et al. (2010) conducted an ES-SAGD lab test with the co-injection of steam and 

diluent using Athabasca bitumen. Their study showed that the co-injected solvent 

transports with steam and mixes with the bitumen in the boundary of the chamber and 

thus the oil production is enhanced due to further viscosity reduction of the solvent 

bitumen mixture. They concluded that the solubility of solvent in bitumen is important 

for ES-SAGD process and needs to be determined. 

The above discussion highlights the potential advantages of condensate for bitumen 

extraction, transportation, and in-situ recovery that have been confirmed by many 

researchers. However, the application and optimization of condensate for recovery and 

extraction processes are challenging. The condensate is relatively expensive and the 

process should be conducted under optimum conditions to make it economically 

practical. Predicting and optimizing the performance of solvent-based processes are 

challenging task because the addition of solvent creates a complex phase behaviour 

system. We must determine how solvent additives affect the properties of oil at elevated 

temperatures in order to determine all of the potential benefits. 

7.2. Literature Background 

Knowledge of diluent-bitumen interactions and their thermo-physical properties is 

becoming increasingly important for technical people in the industry. This information 

improves project economic and lessens the environmental impact through the reduction 

of greenhouse gas (GHG) emissions and water used in bitumen recovery. In addition, the 

knowledge of the properties of diluent-bitumen mixtures is necessary to design in-situ 

recovery and surface processes. The time and cost involved in obtaining experimental 

data necessitates the development of a method to predict the transport properties of 

bitumen and solvent mixtures. 
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The phase behaviour study of condensate/bitumen systems in the literature is limited 

to a study by Motahhari et al. (2011) which reported the viscosities of a condensate, two 

bitumen samples from Peace River field, and bitumen/condensate mixtures. They 

correlated the mixture data using an expanded fluid viscosity model. 

Wen et al. (2005) conducted viscosity measurements for mixtures of heavy oil and 

solvents. They added solvents at different ratios to each oil and used NMR spectra to 

measure the viscosity of the mixture. They used four oils (Peace River, Cold Lake, Edam, 

and Atlee Buffalo) and six solvents (kerosene, toluene, naphtha, heptane, hexane, and 

pentane). Measurements were conducted at the temperature of 25°C and at atmospheric 

pressure. They modelled the viscosity data using Shu’s andCragoe’smodels. 

In this chapter, the experiments for Surmont bitumen / condensate mixtures were 

conducted to measure the density and viscosity of condensate-saturated Surmont bitumen 

at different fractions of condensate (0.05 to 0.5 weight fractions). Five different 

temperatures (ambient, 50, 100, 150, and 190°C) were used in the experiments. In 

addition, the separation of asphaltene fractions from the mixture was confirmed by visual 

observation of the solid particles. 

7.3. Condensate Properties 

The condensate used in the experiments was provided by Nexen Inc. Prior to any 

experiments, the density and viscosity of the condensate was measured over the 

temperature and pressure ranges, 22 to 190°C and 2 to 10 MPa. The pure solvent density 

and viscosity data were used to predict the properties of the mixture. The compositional 

analyses for the condensate were also completed using two standard methods, ASTM 

D2887 and ASTM D7169. The first method is applicable for light mixtures including 

petroleum products and fractions with a final boiling point of 538°C. The second test 

method, ASTM D7169, provides useful information on the amount of residue by 

determining the boiling point distribution of crude oils, vacuum residues, and other 
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petroleum fractions through a temperature of 720°C, which corresponds to the elution of 

n-C100. The compositional analysis was used to obtain the molecular weight of the 

condensate and to characterize the condensate for equation of state modelling. 

7.3.1. Compositional Analysis 

The compositional analysis of the condensate (boiling point versus percent distilled) 

was obtained with two ASTM methods, D2887 and D7169, and is summarized in Table 

7–1. The initial boiling point found using two methods was 33.5 and 33.8°C which are 

similar values. The final boiling point obtained was 377°C for ASTM D2887 and 344°C 

for ASTM D7169. Although ASTM D2887 is more appropriate than ASTM D7169 for 

condensate, two methods provided similar results. The boiling point curve of the 

condensate was converted into the carbon number distribution with the built-in software 

installed in the SimDis apparatus and the results are presented in Table 7–2. 

7.3.2. Molecular Weight 

As outlined in Chapter 3, the molecular weight of the condensate can be measured 

with two different methods, vapour pressure osmometry and cryoscopy method. The 

former is based on the change in the boiling point of a solvent when a solute is added and 

the latter is based on the freezing point depression. The molecular weight of the 

condensate can also be estimated from the compositional analysis. The carbon number 

distribution presented in Table 7–2 along with the molecular weight of the components 

was used to obtain the molecular weight of the condensate. The correlation (shown in 

equation 4-7) was applied to obtain the molecular weight of components Cn, where n≥10.

For components with n≤10,themolecularweightistakenfromRiazi(2005).Thefraction

of components in the condensate determined from ASTM methods was converted into a 

mole fraction. The molecular weight of condensate was then calculated from, 


i

iix MWMW  7-1 
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The calculated molecular weights are 85.7 and 86.7 g/mol using the carbon number 

distributions from ASTM D2887 and D7169, respectively. During the rest of this chapter, 

the fraction of condensate in the mixture is converted from a weight fraction into a mole 

fraction using an average molecular value of 86.2 g/mol. 

 

Table 7–1: Boiling point distribution of condensate. 

ASTM 2887 ASTM 7169 

% Off Boiling Point (°C) % Off Boiling Point (°C) 

IBP 33.5 IBP 33.8 

1 33.6 1 34.0 

2 33.8 2 34.3 

3 34.1 3 34.8 

4 34.8 4 35.0 

5 34.9 5 35.2 

6 34.9 6 35.4 

7 35.0 7 35.6 

8 35.0 8 35.7 

9 35.1 9 35.9 

10 35.1 10 36.0 

11 35.1 11 36.2 

12 35.2 12 36.4 

13 35.2 13 36.6 

14 35.3 14 36.9 

15 35.3 15 37.2 

16 35.4 16 37.5 

17 35.4 17 37.9 

18 35.5 18 38.4 

19 35.5 19 38.9 

20 35.6 20 39.5 

21 35.7 21 40.3 

22 35.7 22 41.6 

23 35.8 23 43.6 

24 35.8 24 46.5 

25 35.8 25 49.8 

26 35.9 26 53.3 

27 35.9 27 56.7 

28 35.9 28 60.3 

29 36.0 29 63.9 

30 36.0 30 65.1 

31 36.1 31 66.1 

32 36.1 32 67.2 

33 36.1 33 70.0 

34 36.2 34 73.4 

35 36.3 35 76.1 

36 36.4 36 78.5 

37 41.3 37 80.1 

38 44.6 38 81.6 

39 47.6 39 83.1 

40 50.4 40 84.6 

41 53.3 41 86.5 

42 56.0 42 88.9 
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43 58.1 43 91.3 

44 59.8 44 93.4 

45 61.1 45 95.2 

46 62.2 46 97.0 

47 63.4 47 98.6 

48 64.4 48 99.2 

49 65.3 49 99.9 

50 65.9 50 100.7 

51 66.4 51 101.7 

52 66.8 52 102.6 

53 67.2 53 103.4 

54 67.6 54 104.2 

55 67.9 55 105.2 

56 68.2 56 107.7 

57 68.6 57 110.3 

58 68.9 58 111.8 

59 69.2 59 113.4 

60 69.6 60 116.2 

61 70.2 61 118.6 

62 71.1 62 122.7 

63 72.6 63 127.9 

64 74.3 64 130.8 

65 77.3 65 136.2 

66 85.1 66 140.2 

67 87.4 67 148.6 

68 88.7 68 158.4 

69 89.7 69 172.3 

70 90.6 70 193.4 

71 91.6 71 231.2 

72 92.7 72 343.9 

73 93.8   

74 94.9   

75 95.8   

76 96.6   

77 97.2   

78 97.8   

79 98.2   

80 98.7   

81 99.2   

82 100.2   

83 109.4   

84 115.3   

85 118.2   

86 120.1   

87 125.1   

88 126.8   

89 128.4   

90 137.2   

91 145.3   

92 152.8   

93 167.8   

94 188.8   

95 226.6   

96 377.0   
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Table 7–2: Component distribution of condensate. 

ASTM 2887 ASTM 7169 

Cut % Off Cut % Off 

C5 35.73 C5 37.60 

( C5, C6 ) 25.29 ( C5, C6 ) 22.09 

( C6, C7 ) 21.92 ( C6, C7 ) 14.36 

( C7, C8 ) 8.01 ( C7, C8 ) 15.68 

( C8, C9 ) 4.39 ( C8, C9 ) 4.65 

( C9, C10 ) 1.57 ( C9, C10 ) 1.86 

( C10, C11 ) 0.89 ( C10, C11 ) 0.98 

( C11, C12 ) 0.54 ( C11, C12 ) 0.54 

( C12, C13 ) 0.33 ( C12, C13 ) 0.43 

( C13, C14 ) 0.12 ( C13, C14 ) 0.16 

( C14, C15 ) 0.11 ( C14, C15 ) 0.15 

( C15, C16 ) 0.11 ( C15, C16 ) 0.14 

( C16, C17 ) 0.10 ( C16, C17 ) 0.13 

( C17, C18 ) 0.10 ( C17, C18 ) 0.13 

( C18, C19 ) 0.09 ( C18, C19 ) 0.12 

( C19, C20 ) 0.09 ( C19, C20 ) 0.12 

( C20, C21 ) 0.09 ( C20, C21 ) 0.05 

( C21, C22 ) 0.08 ( C21, C22 ) 0.04 

( C22, C23 ) 0.07 ( C22, C23 ) 0.04 

( C23, C24 ) 0.03 ( C23, C24 ) 0.04 

( C24, C25 ) 0.03 ( C24, C25 ) 0.04 

( C25, C26 ) 0.03 ( C25, C26 ) 0.04 

( C26, C27 ) 0.03 ( C26, C27 ) 0.04 

( C27, C28 ) 0.03 ( C27, C28 ) 0.03 

( C28, C29 ) 0.03 ( C28, C29 ) 0.03 

( C29, C30 ) 0.03 ( C29, C30 ) 0.03 

( C30, C31 ) 0.03 ( C30, C31 ) 0.03 

( C31, C32 ) 0.03 ( C31, C32 ) 0.03 

( C32, C33 ) 0.03 ( C32, C33 ) 0.03 

( C33, C34 ) 0.02 ( C33, C34 ) 0.03 

( C34, C35 ) 0.02 ( C34, C35 ) 0.03 

( C35, C36 ) 0.02 ( C35, C36 ) 0.03 

( C36, C37 ) 0.01 ( C36, C37 ) 0.03 

( C37, C38 ) 0.00 ( C37, C38 ) 0.02 

( C38, C39 ) 0.00 ( C38, C39 ) 0.03 

( C39, C40 ) 0.00 ( C39, C40 ) 0.02 

( C40, C41 ) 0.00 ( C40, C41 ) 0.02 

( C41, C42 ) 0.00 ( C41, C42 ) 0.02 

( C42, C43 ) 0.00 ( C42, C43 ) 0.02 

( C43, C44 ) 0.00 ( C43, C44 ) 0.02 

( C44, FBP ) 0.00 ( C44, C45 ) 0.02 

 

 ( C45, C46 ) 0.02 

 

 ( C46, C47 ) 0.02 

 

 ( C47, C48 ) 0.02 

 

 ( C48, C49 ) 0.01 

 

 ( C49, C50 ) 0.02 

 

 ( C50, C51 ) 0.01 
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7.3.3. Density and Viscosity 

To evaluate the correlations for the viscosity and density of bitumen/condensate 

mixtures, the density and viscosity of the condensate over a wide range of pressures and 

temperatures are required. Once a correlation for the density or viscosity of condensate as 

a function of pressure and temperature is developed, the equation can directly be applied 

in reservoir simulations to calculate the viscosity at the desired temperature and pressure. 

With a comprehensive set of data, correlations can be developed easily and comparisons 

of mixture data with condensate can be made. Thus, prior to the measurements for the 

mixtures, the density and viscosity of condensate were measured for a wide range of 

temperatures and pressures. The viscosity and density of the condensate was measured 

using a procedure similar to the one used for bitumen. 

The density of the condensate sample was measured over wide range of temperatures 

by the Anton Paar density measuring cell. The temperature was varied within ±0.1°C and 

the pressure was controlled with a Quizix pump. The uncertainty of pressure and density 

measurements was 0.01 MPa and 0.1 kg/m
3
, respectively. The measured density data at 

different temperatures 23 to 190°C over the pressure range atmospheric pressure to 10 

MPa are listed in Table 7–3. As expected, the density of the condensate is reduced as 

temperature is increased at a constant pressure. This behaviour was observed for all 

pressures. At a constant temperature, however, the density increases with pressure. 

The impact of pressure on the density of condensate is more pronounced at high 

temperatures (i.e. 150 and 190°C). As the experimental temperature increases toward the 

critical point, the variation of condensate density with the pressure becomes more 

significant. The same trend was observed for the raw bitumen. That is, at higher 

temperatures (i.e. 150 and 190°C), the impact of pressure on the density of bitumen was 

more significant than the lower temperatures (i.e. 23°C). 

The density of the condensate is a value between the densities of n-hexane and n-

heptane at constant pressure and temperature. The variation of condensate density with 
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pressure at a constant temperature is more pronounced than that of pure components. For 

example at the temperature of 190°C, a density increment of 19.6 kg/m
3
 was observed for 

n-hexane over the pressure increase of 4 to 10 MPa whereas this increment is 26.9 kg/m
3
 

for condensate. The data in Table 7–3 also confirmed that the temperature considerably 

changes the density of condensate over the studied pressure. Although the density of 

bitumen is also reduced with temperature, its variation is not as significant as that of 

condensate. 

 

Table 7–3: Measured ρexp and correlated ρcorr density of condensate at different temperatures T and 

pressures P; AD, absolute deviation. 

T (°C) P (MPa) ρexp (kg/m
3
) ρcorr (kg/m

3
) AD (kg/m

3
) 

189.7 4.023 496.8 497.9 1.1 

189.7 6.052 505.3 507.5 2.2 

189.7 7.992 513.7 517.0 3.3 

189.7 10.033 523.7 527.1 3.4 

149.6 1.973 541.9 542.6 0.7 

149.6 4.024 551.5 549.3 2.2 

149.6 6.022 559.9 555.9 4.0 

149.6 8.041 567.0 562.7 4.3 

149.6 9.982 572.8 569.3 3.5 

100.5 2.002 601.3 601.2 0.1 

100.5 4.03 605.9 605.4 0.5 

100.5 5.982 610.1 609.4 0.7 

100.5 8.017 613.9 613.7 0.2 

100.5 10.006 617.5 617.8 0.3 

50.4 2.024 651.0 651.6 0.6 

50.4 4.009 653.3 654.1 0.8 

50.4 5.983 655.5 656.6 1.1 

50.4 8.004 657.7 659.1 1.4 

50.4 9.995 660.2 661.7 1.5 

21.5 2.029 676.6 676.3 0.3 

21.5 4.022 678.5 678.2 0.3 

21.5 6.021 680.5 680.0 0.5 

21.5 8.006 682.5 681.9 0.6 

21.5 9.997 684.5 683.8 0.7 
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The measured density values were fitted with the following equation that takes into 

account the impact of pressure and temperature. The procedure to obtain the coefficients 

of the equation was explained in Chapter 3. 

    PTTT 01148.0exp001076.0exp002039.07299.006.691 2  7-2 

where T is temperature in Celsius, P is the pressure in MPa, and ρ is the density in kg/m
3
. 

The fitted correlation represents the density of condensate within ±4.3 kg.m
-3

 with an 

average absolute deviation of 1.4 kg/m
3
. The AARD of the correlated densities from the 

measured values is 0.25 %. This confirms that the data are well represented by equation 

7-2. 

The viscosity of the condensate sample was also measured at the temperatures up to 

190°C over the pressure range 2 to 10 MPa. The measured data are summarized in Table 

7–4. As the data show, the viscosity of the condensate is reduced with the temperature at 

a constant pressure and increases with the pressure at a constant temperature. It is worth 

mentioning that the impact of pressure on the viscosity of the condensate is more 

pronounced at high temperature conditions (i.e. 150 and 190°C) while for the bitumen, 

the variation of viscosity with pressure is more significant at low temperatures (i.e. 22 

and 50°C). 

The viscosity of the condensate was fitted with a four-constant correlation, 

    gPTT )1005.700182.0(00812.08759.0ln 5  7-3 

where T is the temperature in K, µ is the viscosity in mPa.s, and Pg is the gauge pressure 

in MPa. The AARD between the measured data and correlated values is 3.6%. 

7.4. Density of Mixture 

Tables 7–5 to 7–7 summarize the experimental density values of the pseudo-binary 

mixture of Surmont bitumen and condensate at different temperatures, pressures, and 

solvent weight fractions. As the tables show, the density of the binary mixture is reduced 

with temperature at a constant pressure and is increased with pressure at a constant 
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temperature. The density of the pseudo-binary mixture is significantly decreased with 

increasing condensate weight fraction at constant temperature and pressure. At the 

temperature of 190°C, the pseudo-binary mixtures form vapour-liquid equilibrium at a 

constant pressure of 2 MPa. Therefore, no single phase was observed at this condition to 

report density and viscosity of single liquid phase. 

 

Table 7–4: Measured µexp and correlated µcorr viscosity of condensate at different temperatures T and 

pressures P; ARD, absolute relative deviation. 

T (°C) P (MPa) µexp (mPa.s) µcorr (mPa.s) ARD (%) 

188.5 2.992 0.096 0.094 2.1 

189.1 4.023 0.099 0.095 4.0 

189.4 6.052 0.102 0.098 3.9 

189.7 7.992 0.106 0.101 4.7 

189.9 10.033 0.108 0.104 3.7 

151.5 1.973 0.122 0.125 2.5 

151.7 4.024 0.126 0.128 1.6 

151.8 6.022 0.128 0.131 2.3 

151.8 8.041 0.132 0.134 1.5 

151.8 9.982 0.134 0.137 2.2 

100.6 2.002 0.175 0.187 6.9 

101.4 4.03 0.177 0.189 6.8 

101.9 5.982 0.180 0.192 6.7 

102.3 8.017 0.182 0.195 7.1 

102.5 10.006 0.184 0.198 7.6 

53.2 2.024 0.286 0.273 4.5 

53.1 4.009 0.289 0.277 4.2 

53.1 5.983 0.294 0.280 4.8 

53.0 8.004 0.299 0.283 5.4 

53.0 9.995 0.304 0.286 5.9 

25.7 2.029 0.342 0.340 0.6 

26.1 4.022 0.341 0.342 0.3 

26.3 6.021 0.343 0.344 0.3 

26.5 8.006 0.345 0.346 0.3 

26.6 9.997 0.348 0.348 0.0 
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Table 7–5: Experimental liquid densities of the pseudo-binary mixtures of Surmont bitumen / condensate at 

0.05 and 0.1 weight fractions of condensate; w, weight fraction of condensate in the mixture; T, 

temperature; P, pressure; m, density of mixture. 

w = 0.05 w = 0.1 

T (°C) P (MPa) ρm (kg/m
3
) T (°C) P (MPa) ρm (kg/m

3
) 

189.8 2.01 ---- 190.0 2.01 ---- 

189.8 4.02 885.3 190.0 4.04 858.3 

189.8 6.02 887.7 190.0 6.01 860.7 

189.8 8.01 888.8 190.0 7.98 862.9 

189.8 9.99 892.1 190.0 10.00 865.1 

150.5 1.98 908.9 150.3 2.03 883.5 

150.5 4.00 911.2 150.3 3.99 885.6 

150.5 6.05 912.6 150.3 6.01 887.5 

150.5 8.04 914.5 150.3 8.00 889.3 

150.5 10.03 916.2 150.3 10.03 891.1 

100.7 1.99 939.4 100.8 2.01 915.0 

100.7 3.98 941.1 100.8 4.02 916.9 

100.7 6.01 942.5 100.8 6.03 918.4 

100.7 8.05 943.9 100.8 7.99 919.9 

100.7 10.05 945.2 100.8 10.05 921.5 

50.2 2.03 970.4 49.9 2.00 947.5 

50.2 4.04 971.5 49.9 4.03 948.9 

50.2 6.05 972.6 49.9 6.01 950.2 

50.2 8.02 973.8 49.9 8.00 951.4 

50.2 10.03 974.9 49.9 10.00 952.6 

22.7 2.05 986.7 23.1 2.01 964.4 

22.7 4.01 987.6 23.1 4.01 965.5 

22.7 5.98 988.7 23.1 6.01 966.6 

22.7 7.98 989.7 23.1 8.02 967.7 

22.7 10.03 990.7 23.1 9.99 968.8 
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Table 7–6: Experimental liquid densities of the pseudo-binary mixtures of Surmont bitumen / condensate at 

0.2 and 0.3 weight fractions of condensate; w, weight fraction of condensate in the mixture; T, temperature; 

P, pressure; m, density of mixture. 

w = 0.2 w = 0.3 

T (°C) P (MPa) ρm (kg/m
3
) T (°C) P (MPa) ρm (kg/m

3
) 

189.6 2.01 ---- 189.6 2.01 ---- 

189.6 4.00 809.8 189.6 4.03 762.8 

189.6 6.03 812.9 189.6 6.00 766.6 

189.6 7.99 815.4 189.6 8.02 769.9 

189.6 9.96 818.0 189.6 10.03 773.1 

150.8 2.01 836.6 150.6 2.00 791.4 

150.8 4.00 838.9 150.6 4.02 794.3 

150.8 6.01 841.5 150.6 6.02 797.2 

150.8 7.99 843.7 150.6 8.03 799.9 

150.8 10.00 845.9 150.6 10.01 802.5 

100.2 2.02 871.9 101.0 2.02 829.1 

100.2 4.01 873.7 101.0 4.04 831.4 

100.2 5.99 875.4 101.0 6.03 833.5 

100.2 8.01 877.1 101.0 8.03 835.5 

100.2 9.98 878.8 101.0 10.01 837.5 

50.0 2.04 905.6 49.9 2.02 865.6 

50.0 4.02 906.9 49.9 4.04 867.3 

50.0 5.99 908.3 49.9 6.04 868.9 

50.0 8.01 909.7 49.9 8.00 870.4 

50.0 10.01 911.0 49.9 10.01 871.9 

21.8 2.00 924.3 22.1 2.00 886.0 

21.8 4.00 925.6 22.1 4.02 886.9 

21.8 5.99 926.8 22.1 5.99 888.1 

21.8 8.04 928.1 22.1 8.00 889.4 

21.8 10.03 929.3 22.1 10.00 890.8 
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Table 7–7: Experimental liquid densities of the pseudo-binary mixtures of Surmont bitumen / condensate at 

0.4 and 0.5 weight fractions of condensate; w, weight fraction of condensate in the mixture; T, temperature; 

P, pressure; m, density of mixture. 

w = 0.4 w = 0.5 

T (°C) P (MPa) ρm (kg/m
3
) T (°C) P (MPa) ρm (kg/m

3
) 

189.8 2.01 ---- 189.5 2.01 ---- 

189.8 4.03 718.5 189.5 4.01 677.5 

189.8 5.99 723.2 189.5 6.00 682.9 

189.8 7.98 727.1 189.5 8.01 687.5 

189.8 9.99 731.1 189.5 10.01 692.2 

150.3 2.03 749.5 150.5 2.02 709.9 

150.3 4.04 752.8 150.5 3.98 714.1 

150.3 6.07 756.3 150.5 6.00 718.0 

150.3 8.00 759.4 150.5 8.01 721.6 

150.3 10.00 762.4 150.5 9.99 725.1 

100.6 1.99 790.4 100.8 1.98 753.7 

100.6 3.99 792.6 100.8 4.05 756.7 

100.6 5.98 794.9 100.8 6.03 759.2 

100.6 8.03 797.3 100.8 7.99 761.7 

100.6 10.05 799.5 100.8 10.00 764.2 

50.3 2.01 828.0 50.3 1.99 793.9 

50.3 3.99 829.9 50.3 3.99 796.0 

50.3 6.02 831.6 50.3 6.06 798.0 

50.3 8.05 833.4 50.3 8.00 799.8 

50.3 9.98 835.1 50.3 10.00 801.7 

22.5 1.99 848.6 22.7 2.00 815.2 

22.5 3.99 850.2 22.7 4.02 816.7 

22.5 6.00 851.7 22.7 6.03 818.3 

22.5 8.02 853.0 22.7 8.00 819.9 

22.5 9.96 854.4 22.7 9.95 821.4 
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The impact of pressure on the density of the condensate and raw bitumen is more 

pronounced at high temperature conditions (i.e. 150 and 190°C). The data on the density 

of the condensate confirm that the temperature changes the density considerably over the 

studied pressure range. Although the density of bitumen is also reduced with temperature, 

the variation is not as significant as that of condensate. The variation of the mixture 

density with temperature and pressure is highly dependent on the condensate weight 

fraction. At low solvent concentrations (i.e. 0.05 weight fraction), the mixture behaves 

similarly to bitumen whereas at a high weight fraction (i.e. 0.5), the mixture behaviour is 

more similar to that of the condensate. For this reason, the variation of mixture density 

with pressure is not considerable at a condensate weight fraction of 0.05 while it is 

significant at condensate weight fraction of 0.5. 

7.4.1. Prediction of Mixture Density 

The measured density data of Surmont bitumen / condensate mixtures were predicted 

by equation 6-1 which was developed on the assumption that no volume change occurs 

upon mixing. The density of the condensate at each temperature and pressure was 

calculated from the developed correlations and those of raw bitumen were taken from 

Chapter 3. The mixture density values were predicted using equation 6-1, and the results 

were in agreement with the measured data, within 1.43% AARD. The density of the 

mixture can also be predicted by, 




i

w

i

i
m

1



  
7-4 

where wi and ρi are the weight fraction and density of components in the mixture, 

respectively. Although SimDis data and the component distribution for the condensate 

are available, this equation requires the density of each component at each temperature 

and pressure, which is not available. For this reason, equation 7-2 was used throughout 

this section to represent the density of condensate. 
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Figures 7–1 and 7–2 display the measured density data and the predicted values for 

the mixtures of Surmont bitumen and condensate. In these figures, the density is plotted 

as a function of the condensate weight fraction at different temperatures and constant 

pressure. Figure 7–1 shows the results at the lowest pressure, 2 MPa, and Figure 7–2 

illustrates the data at the highest pressure, 10 MPa. The symbols are the experimental 

data and the lines are the predictions using equation 6-1. At a constant temperature of 

190°C, no single phase was observed over the studied concentrations. Despite a lack of 

measured data, the predictions are shown in the figure. 

The predictions can be interpreted to agree with the measured data. An examination 

of Figures 7–1 and 7–2 demonstrates that the mixture densities are significantly varied 

with the condensate weight fraction over the studied concentrations. The predictions are 

in good agreement with the measured data at the lowest temperature (23°C). As the 

temperature increases, the deviation between the predicted densities and the measured 

values increases. The same trends were also observed at other pressures. 

 
Figure 7–1: Density of Surmont bitumen / condensate mixtures as a function of the weight fraction of 

condensate at different temperatures and at a constant pressure of 2 MPa; ■,▲,○,♦,×, experimental data; ----

, predicted values. 
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Figure 7–2: Density of Surmont bitumen / condensate mixtures as a function of the weight fraction of 

condensate at different temperatures and at a constant pressure of 10 MPa; ■,▲,○,♦,×, experimental data; --

--, predicted values. 

 
Figure 7–3: Density of Surmont bitumen / condensate mixtures as a function of pressure at different 

condensateweightfractionsandatthelowesttemperature(23°C);○,×,▲, ■, ♦, +, experimental data; ----, 

predicted values. 
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Figures 7–3 and 7–4 illustrate the impact of pressure on the mixture density at 

different solvent weight fractions and at temperatures of 23 and 190°C. As depicted in the 

figures, the mixture density shows a linear relationship to the pressure at a constant 

solvent weight fraction and this effect is more significant at higher temperatures (i.e. 

190°C). A closer examination of Figures 7–3 and 7–4 reveals that the predictions at the 

highest temperature and the highest solvent concentrations deviate from the experimental 

data and the increase in temperature results in a higher deviation between the predictions 

and the measured values. 

 
Figure 7–4: Density of Surmont bitumen / condensate mixtures as a function of pressure at different 

condensateweightfractionsandatthehighesttemperature(190°C);○,×,▲, ■, ♦, +, experimental data; ----

, predicted values. 
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highest condensate weight fraction (0.5). As depicted in these figures, the mixture density 

increases linearly with the pressure at different temperatures. The effect of pressure on 

the mixture density is more pronounced at higher temperatures and at higher 

concentrations. 

 
Figure 7–5: Density of Surmont bitumen / condensate mixtures as a function of pressure at different 

temperatures and at the lowest solvent weight fraction (0.05); ○, ×, ▲, ■, ♦, experimental data; ----, 

predicted values. 
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Figure 7–6: Density of Surmont bitumen / condensate mixtures as a function of pressure at different 

temperatures and at the highest solvent weight fraction (0.5); ○, ×, ▲, ■, ♦, experimental data; ----, 

predicted values. 
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Figure 7–7: Density of Surmont bitumen / condensate mixtures as a function of temperature at different 

condensate weight fractions and at the lowest pressure (2MPa); ○, ×,▲, ■, ♦, experimental data; ----, 

predicted values. 

 

 
Figure 7–8: Density of Surmont bitumen / condensate mixtures as a function of temperature at different 

condensateweightfractionsandatthehighestpressure(10MPa);○,×,▲, ■, ♦, +, experimental data; ----, 

predicted values. 
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7.4.2. Volume Change on Mixing 

The predicted densities in the previous section show that at a constant pressure and 

constant solvent weight fraction, the deviation between the measured data and the 

calculated values became significant when the temperature was increased. This is an 

indirect representation of the increase in the volume change on the mixing with the 

temperature. However, when the values calculated with equation 6-4 are plotted with 

respect to the temperature at a constant pressure and a constant solvent weight fraction, 

the volume change upon mixing is directly affected by the temperature. Figures 7–9 and 

7–10 illustrate the dimensionless volume change (equation 6-4) as a function of 

temperature at a constant pressure. As depicted in these two figures, the volume change 

on mixing increases with the temperature. Although the extent of increase in volume 

change on mixing is not the same at different pressures, the increasing trend was 

observed for all of the pressures that were measured. The effect of the solvent weight 

fraction on the volume change on mixing is also evident in Figures 7–9 and 7–10. The 

increase in the solvent weight fraction enhanced the volume change on mixing for the 

mixtures. 

The densities of raw bitumen and condensate are a function of temperature and 

pressure. The volume of the components and their molecular behaviour changed as the 

operating conditions were manipulated. The measured volume change on mixing was 

reduced as the pressure was increased at a constant temperature. As the pressure increases 

at a constant temperature, the density of the raw bitumen and the condensate was 

increased. The molecules of each component are pushed closer together by increasing 

pressure and resulting in a reduction of the occupied volume. Due to less void space 

between molecules at high pressures, limited number of molecules can occupy the void 

spaces and thus volume shrinkage is less at high pressures. 
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Figure 7–9: Effect of temperature on the volume change on mixing for Surmont bitumen / condensate 

mixtures with different solvent weight fractions at a constant pressure of 2 MPa. 

 

 
Figure 7–10: Effect of temperature on the volume change on mixing for Surmont bitumen / condensate 

mixtures with different solvent weight fractions at a constant pressure of 10 MPa.  
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The effect of pressure on the volume change on mixing at the lowest temperature 

(23°C) is negligible (less than 1 %) for all solvent weight fractions. As the temperature 

increases, the variation of the volume change on mixing with pressure becomes 

significant. At two high temperature conditions (150 and 190°C), significant volume 

change on mixing is observed for the mixtures. The variations are a non-linear function of 

pressure. Figure 7–11 illustrates the change in the volume during the mixing process for 

Surmont bitumen / condensate mixtures at the highest temperature (190°C). The 

decreasing trend of the volume change on mixing with the pressure was observed at five 

different temperatures and six condensate weight fractions. The mixture of Surmont 

bitumen / condensate with 0.05 weight fraction of solvent exhibits a smaller pressure 

dependence than that of 0.5 weight fraction of solvent where a large decrease in the 

volume change on mixing is measured for a given pressure. 

 

 
Figure 7–11: Effect of pressure on the volume change on mixing for Surmont bitumen / condensate 

mixtures with different solvent weight fractions at 190°C. 
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To evaluate the impact of temperature and pressure on the volume change on mixing, 

volume change can be plotted as a function of pressure at different temperatures and at a 

constant weight fraction of condensate. It was observed that at the condensate weight 

fraction of 0.05, the impact of pressure is insignificant. However, when the solvent 

weight fraction increased to 0.1 or 0.2, the variation of volume change on mixing with 

pressure becomes significant. Figure 7–12 demonstrates the volume change on mixing as 

a function of pressure at the highest solvent weight fraction (0.5). As anticipated from the 

figure, the volume change on mixing at the ambient temperature (23°C) is negligible even 

at high solvent weight fractions. It can be concluded that at ambient temperature, the 

volume change on mixing for the mixtures of Surmont bitumen / condensate over the 

entire concentration range is insignificant and equation 6-1 can adequately predict the 

density of mixture. 

 

 
Figure 7–12: Effect of pressure on the volume change on mixing for Surmont bitumen / condensate 

mixtures at a constant solvent weight fraction of 0.5 and at different temperatures. 
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The volume change on mixing increases as the solvent weight fraction in the mixture 

is increased. For some binary systems, such as (n-hexane + n-decane), the volume change 

on mixing reaches a minimum or maximum value at a specific concentration (Asfour et 

al. 1990). For the Surmont bitumen / condensate mixtures, the volume change on mixing 

increases as the condensate weight fraction is increased. As previously mentioned, the 

mixtures show a negative volume change on the mixing indicating the formation of a 

more compact structure compared to the pure species. 

Figures 7–13 and 7–14 illustrate the volume change on mixing for the Surmont 

bitumen / condensate mixture as a function of the solvent weight fraction at a constant 

pressure. Figure 7–13 shows the results at the pressure of 2 MPa and Figure 7–14 details 

the measurements at the pressure of 10 MPa. 

 
Figure 7–13: Volume change on mixing for Surmont bitumen / condensate mixtures as a function of the 

weight fraction of pentane at different temperatures and at a constant pressure of 2 MPa. 
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the pressure reduced the maximum value of the volume change on the mixing and forced 

the concave curve toward zero. As expected from the binary hydrocarbon mixture results, 

the volume change on mixing should increase as the solvent weight fraction increases, 

reaches a maximum values, and starts decreasing towards zero. However, as depicted in 

Figure 7–13 for the bitumen / condensate mixtures, the volume change on mixing flattens 

off after the condensate weight fraction of 0.3. 

 
Figure 7–14: Volume change on mixing for Surmont bitumen / condensate mixtures as a function of the 

weight fraction of pentane at different temperatures and at a constant pressure of 10 MPa. 
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the measured densities. The density of the condensate at each temperature and pressure 

was calculated from the developed correlation and that of raw bitumen was taken from 

Chapter 3. The best fitted binary interaction parameter (βij) was 0.0313, which gave the 

lowest average absolute relative deviation. Table 7–8 summarizes the calculated 

deviations of the models for prediction of the mixture densities. As the deviations show, 

the calculated results using the excess volume mixing rule are slightly better those 

calculated with the assumption of no volume change on mixing. 

 

Table 7–8: Deviations of different models for calculation of Surmont bitumen / condensate mixture density 

Calculation Method AARD (%) AAD (kg/m
3
) MAD (kg/m

3
) 

No volume change 1.43 11.5 35.1 

Excess volume 0.78 6.3 24.0 

 

Figures 7–15 and 7–16 are dispersion plots illustrating the calculated densities versus 

the measured values for the mixtures of Surmont bitumen / condensate using two 

different approaches. The excess volume mixing rule slightly improves the predictions 

compared to the method with the assumption of no volume change on mixing. The 

models show a larger deviation from the experimental data in the lower density values. 

This indicates that the calculated results at high temperature and/or high concentrations 

cannot be well predicted with these two models. 

Figures 7–17 and 7–18 display the measured densities for the mixtures of Surmont 

bitumen / condensate along with the calculated values. In Figure 7–17, the density is 

plotted as a function of the condensate weight fraction at different temperatures and at a 

constant pressure (2 MPa). Figure 7–18 illustrates the impact of pressure on the mixture 

density at different solvent weight fractions and at the temperature of 190°C. As shown in 

the figures, the application of the excess volume mixing rule for the prediction of 

densities resulted in a better agreement between measured and calculated data. 



 312 

 
Figure 7–15: Calculated densities of Surmont bitumen / condensate mixtures using no volume change on 

mixing assumption versus the measured values. 

 

 
Figure 7–16: Calculated densities of Surmont bitumen / condensate mixtures using excess volume mixing 

rule versus the measured values. 
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Figure 7–17: Density of Surmont bitumen / condensate mixtures as a function of the weight fraction of 

condensate at different temperatures and at a constant pressure of 2 MPa; ■,▲,○,♦,×,experimentaldata;─,

no volume change on mixing; ----, excess volume mixing rule. 
 

 
Figure 7–18: Density of Surmont bitumen / condensate mixtures as a function of pressure at different 

condensateweightfractionsandatthehighesttemperature(190°C);○,×,▲, ■, ♦, +, experimental data;─,

no volume change on mixing; ----, excess volume mixing rule. 
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7.5. Viscosity of Mixtures 

Tables 7–9 to 7–11 summarize the experimental viscosity values of the pseudo-

binary mixture, Surmont bitumen / condensate, at different temperatures, pressures, and 

solvent weight fractions. At the temperature of 190°C, the pseudo-binary mixtures form a 

vapour-liquid equilibrium at a constant pressure of 2 MPa. Under these conditions, no 

single liquid phase was observed and so the viscosity could not be reported. 

The viscosities of the condensate and the raw bitumen are reduced with the 

temperature at a constant pressure and increased with the pressure at a constant 

temperature. Similarly, the viscosity of the mixture at a constant solvent weight fraction 

is reduced as the temperature decreases at a constant pressure and increased as the 

pressure rises at a constant temperature. Under conditions of constant temperature and 

pressure, the solvent weight fraction significantly decreases the viscosity of the mixture. 

The impact of pressure on the viscosity of the mixture is more pronounced at the 

lower condensate weight fractions. This behaviour is expected because as the weight 

fraction of solvent becomes higher, the behaviour of mixture becomes increasingly 

similar to that of the condensate.  

The data on the viscosity of the condensate indicate that the viscosity is not 

significantly affected by changes in pressure. However, bitumen viscosity is more 

pressure dependent than the condensate. We have determined that any mixture prepared 

from bitumen and condensate shows behaviour similar to bitumen at low condensate 

weight fractions. The impact of pressure on the mixture viscosity is also dependent on the 

temperature. That is, at low temperatures, changes in the pressure result in higher 

viscosity variations. 
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Table 7–9: Experimental liquid viscosities of the pseudo-binary mixtures of Surmont bitumen / condensate 

at 0.05 and 0.1 weight fractions of condensate; w, weight fraction of condensate in the mixture; T, 

temperature; P, pressure; µm, density of mixture. 

w = 0.05 w = 0.1 

T (°C) P (MPa) µm (mPa.s) T (°C) P (MPa) µm (mPa.s) 

189.6 2.01 ---- 190.0 2.01 ---- 

189.6 4.02 5.78 190.0 4.04 3.65 

189.9 6.02 6.02 190.2 6.01 3.86 

190.0 8.01 6.11 190.3 7.98 4.13 

190.2 9.99 6.41 190.3 10.00 4.18 

151.5 1.98 13.2 150.9 2.03 7.68 

151.5 4.00 14.0 151.2 3.99 7.92 

151.6 6.05 14.6 151.3 6.01 8.03 

151.7 8.04 15.6 151.4 8.00 8.23 

151.7 10.03 15.6 151.5 10.03 8.48 

101.5 1.99 70.3 102.1 2.01 30.1 

101.5 3.98 72.7 102.4 4.02 30.6 

101.2 6.01 78.4 102.6 6.03 31.5 

101.5 8.05 82.3 102.7 7.99 32.5 

101.7 10.05 84.8 102.8 10.05 33.6 

53.9 2.03 1039 52.0 2.00 253 

53.1 4.04 1194 52.2 4.03 279 

52.9 6.05 1307 52.3 6.01 297 

52.8 8.02 1390 52.4 8.00 316 

52.7 10.03 1464 52.4 10.00 335 

24.4 2.05 20780 27.1 2.01 2056 

25.5 4.01 21980 27.2 4.01 2404 

26.6 5.98 23080 27.2 6.01 2637 

26.6 7.98 ---- 27.3 8.02 2873 

26.6 10.03 ---- 27.3 9.99 3109 
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Table 7–10: Experimental liquid viscosities of the pseudo-binary mixtures of Surmont bitumen / 

condensate at 0.2 and 0.3 weight fractions of condensate; w, weight fraction of condensate in the mixture; 

T, temperature; P, pressure; µm, density of mixture. 

w = 0.2 w = 0.3 

T (°C) P (MPa) µm (mPa.s) T (°C) P (MPa) µm (mPa.s) 

190.0 2.01 ---- 190.0 2.01 ---- 

190.0 4.00 1.83 190.0 4.03 0.902 

190.0 6.03 1.86 190.0 6.00 0.931 

189.4 7.99 1.92 190.0 8.02 0.955 

189.7 9.96 1.97 190.0 10.03 0.979 

149.1 2.01 3.13 151.4 2.00 1.459 

149.9 4.00 3.24 151.3 4.02 1.510 

150.5 6.01 3.28 151.5 6.02 1.541 

150.7 7.99 3.33 151.5 8.03 1.588 

151.0 10.00 3.39 151.6 10.01 1.636 

101.5 2.02 8.00 102.4 2.02 3.34 

101.5 4.01 8.61 102.7 4.04 3.48 

101.5 5.99 9.04 102.8 6.03 3.53 

101.5 8.01 9.42 102.8 8.03 3.63 

101.5 9.98 9.79 102.8 10.01 3.73 

53.0 2.04 42.6 52.3 2.02 11.8 

53.0 4.02 44.6 52.4 4.04 12.2 

53.0 5.99 46.0 52.5 6.04 12.6 

53.0 8.01 47.9 52.6 8.00 12.8 

53.0 10.01 49.8 52.7 10.01 13.3 

26.0 2.00 170 26.5 2.00 29.4 

26.0 4.00 180 26.8 4.02 31.3 

26.1 5.99 186 27.0 5.99 32.4 

26.5 8.04 188 27.1 8.00 33.5 

26.8 10.03 194 27.2 10.00 34.5 
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Table 7–11: Experimental liquid viscosities of the pseudo-binary mixtures of Surmont bitumen / 

condensate at 0.4 and 0.5 weight fractions of condensate; w, weight fraction of condensate in the mixture; 

T, temperature; P, pressure; µm, density of mixture. 

w = 0.4 w = 0.5 

T (°C) P (MPa) µm (mPa.s) T (°C) P (MPa) µm (mPa.s) 

190.0 2.01 ---- 190.0 2.01 ---- 

189.6 4.03 0.502 190.0 4.01 0.328 

189.8 5.99 0.520 190.0 6.00 0.339 

189.9 7.98 0.535 190.0 8.01 0.344 

190.0 9.99 0.543 190.0 10.01 0.361 

151.5 2.03 0.748 150.8 2.02 0.472 

151.5 4.04 0.762 151.2 3.98 0.480 

151.3 6.07 0.789 151.4 6.00 0.491 

151.4 8.00 0.807 151.5 8.01 0.502 

151.5 10.00 0.826 151.6 9.99 0.512 

101.0 1.99 1.539 101.6 1.98 0.867 

101.0 3.99 1.586 102.2 4.05 0.882 

101.0 5.98 1.608 102.4 6.03 0.892 

101.0 8.03 1.647 102.6 7.99 0.905 

101.0 10.05 1.679 102.7 10.00 0.919 

51.5 2.01 4.19 51.9 1.99 2.04 

51.5 3.99 4.34 52.1 3.99 2.03 

51.5 6.02 4.49 52.3 6.06 2.06 

51.5 8.05 4.55 52.5 8.00 2.11 

51.5 9.98 4.66 52.6 10.00 2.15 

28.2 1.99 8.02 27.9 2.00 3.16 

28.2 3.99 8.32 27.7 4.02 3.31 

28.2 6.00 8.54 27.7 6.03 3.41 

28.4 8.02 8.72 27.7 8.00 3.48 

28.3 9.96 8.96 27.9 9.95 3.53 
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7.5.1. Correlation and Prediction of Mixture Viscosity 

Few correlations for the calculation of the viscosity for bitumen/diluents mixtures 

have been documented in the literature. Miadonye et al. (1995) developed a viscosity 

correlation to predict the viscosity-temperature relationship of bitumen mixed with 

various proportions of diluents such as GCOS synthetic crude, Mobil solvent and 

naphtha. Miadonye et al. (2000) proposed an equation for predicting the kinematic 

viscosity of bitumens and heavy oils mixed with diluents. This correlation requires the 

knowledge of the viscosities of raw bitumen and pure solvent at any given temperature. 

Miadonye et al. (2001) extended a correlation to predict the viscosity of bitumen-diluent 

mixtures, as well as the mass fraction required to reduce the bitumen viscosity to 

pumping viscosity. Motahhari et al. (2011) correlated the viscosity of a condensate, two 

bitumen samples from the Peace River field, and bitumen/condensate mixtures using an 

expanded fluid viscosity model. 

The measured viscosity data of the Surmont bitumen / condensate mixtures were 

evaluated with relationships developed for the mixtures (Section 6.4.1). Table 7–12 

summarizes the AARDs of the calculated viscosity values using six aforementioned 

models for the Surmont bitumen / condensate mixtures. In the models, the viscosity of the 

condensate was calculated from the developed equation (equation 7-1) at the desired 

temperature and pressure and the measured viscosities of bitumen reported in Chapter 3. 

In this study, the fraction of solvent was considered as mole, weight, and volume 

fractions in Arrhenius’, power law, and Cragoe’smodels. Arrhenius’model results in

better predictions when the mole fraction is considered in the models. Cragoe’s and

power law models give the best results with the volume fraction. The adjustment of the 

parameters in the models was obtained by minimizing the AARD of the calculated and 

measured values. 
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Table 7–12: Calculated AARDs of different models for the correlation and prediction of the viscosity for 

Surmont bitumen / condensate mixtures. 

Model  
AARD (%) 

Mole fraction Weight fraction Volume fraction 

Arrhenius  46.5 4180 1320 

Power Law  37.2
a
 31.1

b
 12.5

c
 

Cragoe 82.4 169 22.4 

Lederer  ---- ---- 36.6 (θ = 0.2895) 

Shu ---- ---- 55.8 

Lobe ---- ---- 81.6 
a
 n = 0.0257; 

b
 n = – 0.3334; 

c
 n = – 0.2112 

 

Figure 7–19 shows a comparison between the Arrhenius’model and themeasured

viscosity data using three different solvent fractions (mole, weight, and volume). The best 

prediction is obtained using the mole fraction in the model. When the viscosities are 

calculated on the basis of the weight and volume fraction, the predicted values are greater 

than the experimental data. 

 
Figure 7–19: ThecomparisonbetweenthecalculatedviscositieswithArrhenius’modelandexperimental

data for Surmont bitumen / condensate mixtures. 
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Figure 7–20 illustrates the comparison between the power law model and the 

measured data using different fractions. In this model, the parameter (n) was adjusted for 

each fraction and the best fitted parameter is listed in Table 7–12. Although the 

predictions using weight and mole fractions are reasonable, the best predictions are 

obtained using the volume fraction in the model. A comparison shows that the AARD of 

the power law model with the volume fraction is 12.5% while the AARDs are 37.2% and 

31.1% for mole and weight fractions, respectively. 

 

 
Figure 7–20: The comparison between the calculated viscosities with power law model and experimental 

data for Surmont bitumen / condensate mixtures. 
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The comparison between the Cragoe’s model and the measured viscosity data is

shown in Figure 7–21. Similar to the power law model, the best predictions are obtained 

by considering the volume fraction in the model. The values calculated with the Cragoe’s

model using the mole fraction are generally smaller than the experimental viscosity data 

whereas the results calculated using the weight fraction are greater than the measured 

data. The errors for both cases are too large. A comparison shows that the AARD of 

Cragoe’s model with the volume fraction is 22.4% while the AARDs are 82.4% and 

169% for mole and weight fractions, respectively. The viscosities calculated by the 

Cragoe’smodelwiththevolumefractionshow higher deviations at the viscosities greater 

than 100 mPa.s. In the viscosity range of 0.1 to 100 mPa.s, the model adequately predicts 

the experimental viscosity data. 

 
Figure 7–21: The comparison between the calculated viscosities withCragoe’smodel and experimental

data for Surmont bitumen / condensate mixtures. 
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parameter forLederer’smodelwasobtainedby regressionofallof the data where α = 

0.2895 (coefficient in Lederer’smodel).Asdepictedinthefigures,theLederer’smodel 

could not accurately predict the results over a wide range of viscosity data. The model 

under-predicts the data for the viscosities that are lessthan100mPa.s.Shu’sandLobe’s

models provide good predictions for the viscosities less than 100 mPa.s but the results 

show large deviations for the viscosities greater than 100 mPa.s. 

 

 
Figure 7–22: The comparison between the calculated viscositieswith Lederer’smodel and experimental

data for Surmont bitumen / condensate mixtures. 
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Figure 7–23: Thecomparisonbetween thecalculatedviscositieswithShu’smodelandexperimentaldata

for Surmont bitumen / condensate mixtures. 

 

 

 
Figure 7–24: ThecomparisonbetweenthecalculatedviscositieswithLobe’smodelandexperimentaldata

for Surmont bitumen / condensate mixtures. 
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From the calculated AARDs in Table 7–12, we can conclude that the models predict 

the experimental viscosity data of Surmont bitumen / condensate mixtures over the entire 

range in the following order, from most accurate to least accurate, 

1. power law (volume) 

2. Cragoe (volume) 

3. power law (weight) 

4. Lederer  

5. power law (mole) 

6. Arrhenius (mole) 

7. Shu 

8. Lobe 

9. Cragoe (mole) 

The power law and Cragoe’s models using the volume fraction were selected for 

further comparison with the experimental data because they showed a better 

representation of measured data. The results obtained by the power law model are shown 

in the figures by solid lines and the dashed lines represent the results of the Cragoe’s 

model. The temperature values reported in each figure are the average values. 

Figures 7–25 and 7–26 illustrate the effect of increasing the condensate weight 

fraction on the mixture viscosity at different temperatures in a semi-log scale. Figure 7–

25 shows the results at the lowest pressure (2 MPa) and Figure 7–26 displays the data at 

the highest pressure (10 MPa). As presented in these figures, the viscosity of the mixture 

shows a non-linear trend with respect to the solvent weight fraction. The impact of 

change in temperature on the viscosity of the mixture is less pronounced at higher 

condensate concentrations. This could be a result of the temperature dependency of 

bitumen and condensate viscosities. At low condensate concentrations, the behaviour of 

the mixtures is more similar to that of the bitumen; therefore, the mixture shows higher 

temperature dependency. 
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Figure 7–25: Viscosity of Surmont bitumen / condensate mixtures as a function of the weight fraction of 

condensate at different temperatures and at a constant pressure of 2 MPa; ○, ×, ▲, ■, ♦, measured 

viscosities;calculatedvalues:─,powerlawmodel;- - -,Cragoe’smodel. 

 

 
Figure 7–26: Viscosity of Surmont bitumen / condensate mixtures as a function of the weight fraction of 

condensate at different temperatures and at a constant pressure of 10 MPa; ○, ×, ▲, ■, ♦, measured 

viscosities;calculatedvalues:─,powerlawmodel;- - -, Cragoe’smodel. 
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The viscosity data are well correlated using the power law model. Although there 

was no significant difference in the results of two models, the power law model predicted 

the experimental data slightly betterthanCragoe‘smodel.Cragoe‘smodel over-predicts 

the data at the lower temperatures (i.e. 28 and 52°C) and under-predicts at the higher 

temperatures (i.e. 190°C) while the power law model slightly under-predicts all of data. 

Increasing the temperature significantly reduced the viscosity of heavy oil and 

bitumen (Section 3.2.2). The diluted bitumen also showed significant viscosity variations 

with the temperature. Figures 7–27 and 7–28 illustrate the variation of mixture viscosities 

with temperature at two pressures (2 and 10 MPa). These figures illustrate that the 

viscosity data, when plotted in semi-log scale, obey linear trend at higher condensate 

weight fractions and a non-linear trend at lower condensate weight fractions. At higher 

condensate weight fractions, the mixtures behave similar to condensate and the viscosity 

of condensate shows a linear trend with temperature (in semi-log plot). However, at lower 

condensate concentrations, the mixture is enriched in bitumen and its viscosity, as stated 

in equation 3-7, does not change linearly with the temperature. 

To provide a better representation of the data and allow comparison with the models, 

the viscosity data at different condensate weight fractions were plotted versus pressure. 

Figure 7–29 shows the impact of pressure on the viscosity of Surmont bitumen / 

condensate mixtures at a constant temperature (28°C). Cragoe’smodelover-predicted the 

viscosity values for mixtures at different solvent weight fractions while the power law 

model under-predicted the data. When the temperature increased to the highest measured 

value (190°C), the same behaviour was observed for both models (Figure 7–30). That is, 

both Cragoe’sandthe power law models under-predicted the viscosity values of mixtures 

at different solvent fractions. ThebestmatchbetweentheexperimentaldataandCragoe’s

model was obtained at 103°C. However, at the temperature of 28°C, the viscosities 

calculated with Cragoe’s model show the largest deviation. The power law model 

represents the data more accurately at the temperature of 103°C but the model cannot 

correlate the data at the lowest temperature (i.e. 28°C) as well as other temperatures. 
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Figure 7–27: Viscosity of Surmont bitumen / condensate mixtures as a function of temperature at different 

weightfractionsofcondensateandataconstantpressureof2MPa;○,×,▲, ■, ♦, +, measured viscosities; 

calculatedvalues:─,powerlawmodel;- - -,Cragoe’smodel. 
 

 
Figure 7–28: Viscosity of Surmont bitumen / condensate mixtures as a function of temperature at different 

weightfractionsofcondensateandataconstantpressureof10MPa;○,×,▲, ■, ♦, +, measured viscosities; 

calculatedvalues:─,power law model; - - -,Cragoe’smodel. 
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Figure 7–29: Effect of condensate concentration ws and pressure P on the viscosity of Surmont bitumen / 

condensatemixtures at the lowest temperature (28°C);○, ×,▲, ■, ♦, +, measured viscosities; calculated 

values:─,powerlawmodel;- - -,Cragoe’smodel. 

 

 
Figure 7–30: Effect of condensate concentration ws and pressure P on the viscosity of Surmont bitumen / 

condensatemixturesatthehighesttemperature(190°C);○,×,▲, ■, ♦, +, measured viscosities; calculated 

values:─,powerlawmodel;- - -,Cragoe’smodel. 
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To determine the effects of pressure and dilution of the mixture with condensate on 

viscosity, the viscosity data were plotted as a function pressure at 0.05 and 0.5 weight 

fractions of condensate (Figures 7–31 and 7–32). The symbols with the same color 

indicate a constant temperature in these plots. Figures 7–31 and 7–32 show that the 

mixture viscosity has a linear relationship with the pressure at each isotherm, and this 

effect is greater at lower condensate weight fractions (0.05). Comparing the figures 

indicates that the slope of the viscosity-pressure plots is higher at lower solvent weight 

fractions. In fact, the impact of pressure on the viscosity of bitumen and condensate is 

different. The viscosity of condensate is not affected by moderate pressure increments; 

therefore, the viscosity of bitumen/condensate mixtures at high condensate concentrations 

follows the same trend. At low solvent weight fractions, the pressure has a more 

significant effect on the mixture viscosity due to the higher concentration of bitumen in 

the mixture. 

 
Figure 7–31: Effect of pressure P on the viscosity of Surmont bitumen / condensate mixtures at the lowest 

condensateweightfraction(0.05);○,×,▲, ■, ♦,+,measuredviscosities;calculatedvalues:─,powerlaw

model; - - -, Cragoe’smodel. 
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Figure 7–32: Effect of pressure P on the viscosity of Surmont bitumen / condensate mixtures at the highest 

condensateweight fraction(0.5);○,×,▲, ■, ♦, +, measured viscosities; calculated values:─,power law

model; - - -,Cragoe’smodel. 
 

Examination of the results reveals that the maximum deviation between the measured 

viscosity data and the calculated values was obtained at the lowest solvent weight fraction 

(0.05). As the weight fraction of the condensate in the mixture increases, the deviation of 

the models from the experimental results is reduced. 

7.6. Repeatability of Data 

Although it was not possible to repeat all of the measurements for the density and 

viscosity of the Surmont bitumen / condensate mixtures, the experiments at some 

temperatures, pressures, and solvent weight fractions were repeated. This was done to 

verify the repeatability of the data and results. The data for repeated experiments are 

presented in Table 7–13. As the table shows, the maximum deviation for saturated phase 

densities was 2.9 kg/m
3
 and the average deviation for the measured densities is 1.9 kg/m
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The maximum deviation for saturated liquid viscosities was 5.0 % with an average 

deviation of 2.7%. 

 

Table 7–13: Repeated experiments for density and viscosity of Surmont bitumen / condensate mixtures at 

temperature T; P, pressure; s, saturated liquid density; s, saturated liquid viscosity; ws, weight fraction of 

condensate in mixture. 

100 ws T (°C) P (MPa) s (kg/m
3
) s (mPa.s) Deviation (kg/m

3
) Deviation (%) 

10 49.9 2.00 ---- 253 
---- ±4.3 

 50.1 2.10 ---- 232 

 99.5 4.14 907.0 ---- 
±0.4 ---- 

 100.5 4.03 906.2 ---- 

20 21.8 2.00 924.3 170 
±2.0 ±0.3 

 21.7 2.18 920.2 169 

 100.2 2.02 871.9 8.00 
±2.8 ±4.4 

 99.6 2.10 866.3 7.32 

30 22.1 2.00 886.0 29.4 
±2.9 ±1.2 

 21.2 2.13 880.3 28.7 

 49.9 2.02 ---- 11.8 
---- ±0.4 

 50.1 2.12 ---- 11.7 

 101.0 2.02 829.1 3.34 
±2.1 ±4.9 

 100.5 2.10 825.0 3.03 

 150.6 2.00 791.4 1.46 
±2.9 ±5.0 

 149.4 2.21 785.6 1.32 

40 100.6 1.99 790.4 1.54 
±0.6 ±4.9 

 99.6 2.12 791.6 1.70 

50 50.3 1.99 ---- 2.04 
---- ±0.7 

 50.1 2.12 ---- 2.01 

 100.8 1.98 753.7 0.867 
±1.9 ±0.7 

 100.3 2.09 750.0 0.880 

 150.5 2.02 709.9 0.472 
±2.0 ±3.0 

 149.4 2.16 705.9 0.501 
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7.7. Asphaltene Precipitation 

The density and viscosity of Surmont bitumen diluted with condensate were 

measured at different temperatures, pressures, and solvent weight fractions in previous 

sections. The impact of variations in the above-mentioned parameters on the viscosity 

and density of the mixture was evaluated. Some liquid solvents such as benzene and 

toluene are known to be miscible with bitumens in all proportions without asphaltene 

precipitation. This is not the case for paraffinic solvents such as n-alkanes. At a specific 

solvent concentration, the asphaltenes become unstable in the solution. Wiehe et al. 

(2005) determined the onset of asphaltene precipitation for Athabasca bitumen / n-alkane 

mixtures at room temperature. 

 

 
Figure 7–33: Digital photographs of the precipitated asphaltene for the mixture of Surmont bitumen / 

condensate at different temperatures and at concentrations higher than 0.5 condensate weight fractions. 
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After the density and viscosity measurements for the Surmont bitumen / condensate 

mixtures at a constant solvent concentration, the equilibrium cell was opened to check for 

possible asphaltene precipitation from the mixture. The results showed that the asphaltene 

precipitation occurred at concentrations higher than 0.5 condensate weight fraction. 

Further measurements on the concentrations of 0.6 and 0.7 were conducted to ensure that 

the asphaltene had separated from the mixture. In the case of solid formations, such as 

asphaltenes, the solid particles precipitate around the rocking ball. When the cell is placed 

in an upward position, the precipitated particles settle to the bottom of the equilibrium 

cell. Figure 7–33 shows the asphaltene precipitation in the equilibrium cell at different 

temperatures. 
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Chapter 8:  Equation of State Modelling 

Chapter 8 presents the phase behaviour modelling study of bitumen/solvent systems 

using the equation of state. The modelling study starts with bitumen characterization 

using the compositional analysis, density and molecular weight of the bitumen presented 

in Chapter 3. The characterized bitumen was then introduced into Peng-Robinson 

equation of state model. Finally, the equation of state was tuned to match the generated 

vapour-liquid and liquid-liquid equilibrium data in Chapters 4 and 5. 

8.1. Introduction 

Phase behaviour modelling is a thermodynamic calculation which determines the 

formation and composition of different phases (vapour, liquid, and solid) as a function of 

the overall composition, pressure and temperature. It has a wide range of applications in 

the chemical and petroleum industries. Different methods, such as molecular simulation, 

activity coefficient, and equation of state, can be used to model the phase behaviour of 

crude oil systems.  

The equation of state approach is the most common and practical method among the 

above-mentioned techniques, and the cubic form is the most common type of equation of 

sate used in chemical and petroleum industries, due to their simplicity and accuracy. The 

first cubic equation of state was van der Waals equation of state. Several forms were then 

proposed; however, a significant improvement was obtained by Redlich and Kwong 

(1949). They introduced a temperature dependence attractive term to van der Waals 

equation of state.  

Soave (1972) proposed a more general temperature dependent term that results in a 

significant improvement for the Redlich-Kwong equation of state. Peng and Robinson 

(1976) improved equation of state prediction by considering Soave’s improvement and 

proposed a volume dependency term of the attractive term. 



 335 

Equation of state modelling is considered as a robust method for phase behaviour 

modelling of well-defined systems. However, the modelling of complex or ill-defined 

fluids and systems, such as bitumen/solvent mixtures, presents significant challenges. The 

component properties (critical properties, acentric factor and molecular weight) and 

interaction parameters of the components should be defined. Indeed, these properties are 

used to characterize the fluid. 

The phase behaviour and thermodynamic properties of heavy oil and bitumen are 

important for production, pipeline transportation, upgrading, and refining. From a 

reservoir/production engineering point of view, the equilibrium properties of bitumen-

containing mixtures at in-situ conditions are important for recovery of bitumen from oil 

sands, the development of numerical simulators, and the application of various flooding 

processes in enhanced oil recovery. However, only limited experimental data for these 

systems have been reported in the literature, because these experimental measurements 

are time-consuming and expensive. This problem is more pronounced in the case of 

heavier solvents, such as propane or when a liquid-liquid system forms at equilibrium 

condition. Modelling can, therefore, be considered as an alternative to study the 

interaction of a bitumen/solvent system. The phase behaviour of bitumen/solvent systems 

is limited compared to conventional oil and simple hydrocarbon systems. 

Mehrotra et al. (1985) conducted a phase behaviour modelling study using Peng-

Robinson equation of state to estimate bitumen density and the solubilities of carbon 

dioxide and ethane in Athabasca and Peace River bitumens. They used five pseudo-

component characterizations of Bishnoi et al. (1977) in their study for Athabasca 

bitumen. The critical properties obtained from Kesler-Lee (1976) correlation for pseudo 

components predicted the experimental solubility data well. They also extended the 

equation of state multiphase flash calculation of low temperature and high pressure 

conditions to capture the liquid-liquid and vapour-liquid-liquid equilibrium. 

Fu and Puttagunta (1986) developed a correlation for the binary interaction 

coefficients of the modified Soave-Redlich-Kwong equation of state for representing the 
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vapour-liquid data of bitumen/solvent systems. They considered a temperature dependent 

binary interaction coefficient to improve the prediction. 

Fu et al. (1988) measured the vapour-liquid equilibrium data for the mixtures of Cold 

Lake bitumen, methane, and ethane. They used Soave-Redlich-Kwong and Peng-

Robinson equations of state to model the experimental data and proposed that both 

models could model the experimental data if an appropriate bitumen characterization and 

interaction parameters were used. They considered temperature dependent binary 

interaction parameters in both models. 

Mehrotra and Svrcek (1988b, 1988c) and Mehrotra et al. (1989b) used Peng-

Robinson equation of state to predict the solubility of light gases (nitrogen, carbon 

dioxide, carbon monoxide, methane, and ethane) in Cold Lake, Athabasca, and Wabasca 

bitumens over the temperature range 20 to 110°C and at pressures up to 10 MPa. They 

characterized the bitumen as three pseudo-components, which were representative of 

distillable maltene, undistillable maltene, and asphaltene. They used Kesler-Lee (1976) 

correlation for calculating critical properties. The results showed that three pseudo-

components could adequately match the experimental data. 

Wu (1996) applied Peng-Robinson equation of state to model the vapour-liquid phase 

behaviour of the mixtures of methane, carbon dioxide, and heavy oil. The modelling 

study showed that Peng-Robinson equation of state could match most literature data with 

an accuracy of 5 % when properly tuned. Frauenfeld et al. (2002) modelled the solubility 

of methane, ethane, propane, and carbon dioxide in a blended Cold Lake/Lloydminster oil 

and in Lloydminster Aberfeldy oil using Peng-Robinson equation of state. The model was 

tuned through the adjustment of the interaction coefficients. The equation of state model 

was then used to generate K-values for the gas-oil systems. They claimed that the 

developed model could be used for generating K-value tables for other conditions. 

Badamchi-Zadeh et al. (2009a) experimentally measured the saturation pressure, 

solubility and corresponding liquid phase densities and viscosities of Athabasca bitumen / 

propane mixtures at temperatures from 10 to 50°C. They used van Laar activity 
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coefficient model to predict the saturation pressure for the Athabasca bitumen / propane 

system. In a subsequent study, Badamchi-Zadeh et al. (2009b) perfomed the same study 

for carbon dioxide and mixture of carbon dioxide and propane. 

Kariznovi et al. (2010) did a phase behaviour modelling study for four bitumens 

(Athabasca, Wabasca, Peace River, and Cold Lake) with four different solvents (nitrogen, 

methane, ethane, and carbon dioxide) using experimental data from Mehrotra and Svrcek 

(1985a, 1985b, 1985c, 1988a) and Svrcek and Mehrotra (1982 and 1989). They used 

Peng-Robinson equation of state considering different number of pseudo-components 

(Three, five and six). They proposed a set of pseudo-components that could be applied 

for phase behaviour modelling study of different Alberta bitumens. 

Kariznovi et al. (2011b) measured the solubility of propane in Athabasca bitumen 

and corresponding saturated phase densities and viscosities for the temperatures up to 

200°C and the pressures up to 8 MPa. The experimental data was then modelled using 

Peng-Robinson equation of state which closely matched the experimental results. The 

volume shift and interaction parameters were adjusted to fit density and solubility data. 

Diaz et al. (2011) evaluated the capabilities of different characterization methods for 

equation of state phase behaviour modelling study of mixtures of bitumen, propane, and 

carbon dioxide. They characterized Athabasca bitumen using SimDis data using six 

different approaches. Based on the experimental saturation pressure data of pseudo-

binary mixtures, they optimized the interaction parameters and then predicted the liquid-

liquid phase boundaries and saturation pressures of pseudo-ternary systems. 

Nourozieh et al. (2012d) predicted and estimated the solubility of propane in different 

bitumens using Peng-Robinson equation of state and two activity coefficient models. For 

equation of state modelling, the bitumen was characterized as four and six pseudo-

components and the uncertain parameters were correlated based on the available 

experimental data. To apply the activity coefficient model, the bitumen was treated as a 

single component, and the solubility was predicted by assuming sufficiently low pressure 
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conditions. They used van Laar and non-random two liquids (NRTL) models for activity 

coefficient approaches. 

Agrawal et al. (2012) measured the saturation pressure of live Peace River bitumen at 

different condensate concentrations at temperatures from 20 to 180°C. The data were 

modelled with Peng-Robinson equation of state through the adjustment of binary 

interaction parameters to fit the saturation pressure and asphaltene onset. A correlation 

was developed for binary interaction parameters as a function of temperature. 

Li and Yang (2013) did a phase behaviour experimental study for propane/n-

butane/heavy-oil systems at the pressures up to 5030.0 kPa and the temperatures up to 

123°C. They modelled the experimental data using a volume-translated Peng-Robinson 

equation of state with a modified alpha function. They tuned the binary-interaction-

parameter to match the experimental data. They claimed that the binary interaction 

correlations together with the volume-translated Peng-Robinson equation of state systems 

could accurately match the experimental data, while prediction accuracy was reduced at 

temperatures close to the critical temperature of a pure solvent. 

Badamchi-Zadeh et al. (2013) developed an oil characterization and equation of state 

model for the mixtures of carbon dioxide, propane, and Athabasca bitumen. They used 

the solubility data for carbon dioxide and Athabasca bitumen reported by Svrcek and 

Mehrotra (1982) and applied a volume-shift parameter to match the liquid density. In 

their study, the SimDist analysis of asphaltene free fraction of Athabasca bitumen was 

converted to a normal boiling point distribution of bitumen. The binary interaction 

parameters were adjusted to match the saturation pressure. 

Yang et al. (2013) did an experimental and modelling study for 

methane/propane/heavy-oil (Lloydminster) mixture under reservoir conditions 

(temperature range of 22 to 50°C and the pressures up to 10 MPa). They used the 

volume-translated Peng-Robinson equation of state along with a modified alpha function 

for the phase behaviour modelling study. They proposed a new binary interaction 

parameter correlation to fit the data of saturation pressures and swelling factors. 
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Ghasemi and Whitson (2013) proposed a systematic approach for the phase 

behaviour modelling study of the mixtures containing Athabasca bitumen and light 

solvents (nitrogen, carbon dioxide, carbon monoxide, methane, and ethane) using cubic 

equations of state. They used experimental data from Svrcek and Mehrotra (1982) and 

Mehrotra and Svrcek (1985a) which included the gas solubility, density, and viscosity of 

gas-saturated Athabasca bitumen for the temperature range of 25 to 118°C and at the 

pressures up to 10 MPa. A gamma molar distribution model was used to fit the bitumen 

data. Single-carbon-number (SCN) fractions were then defined and Twu correlation was 

used to estimate the SCN critical properties. They lumped SCN fractions into five 

pseudo-fractions. 

In this chapter, the phase behaviour of Athabasca bitumen / ethane and Athabasca 

bitumen / propane mixtures predicted with Peng-Robinson equation of state is discussed. 

The aim was to capture both vapour-liquid and liquid-liquid equilibrium compositions as 

well as the phase boundaries. The SimDis data along with bitumen properties, such as 

molecular weight and density, were used to define single carbon number fraction and the 

available correlations were used to calculate the critical properties of single carbon 

fractions. The defined factions were introduced into Peng-Robinson equation of state to 

model the phase behaviour of bitumen/solvent systems. To improve the equation of state 

predictions, the binary interaction parameters were tuned based on the measured data. 

8.2. Equilibrium Calculation 

The obtained experimental data were modelled with a conventional equation of state. 

The equilibrium condition of component i in phase I and phase II is shown as follows: 

II

i

I

i ff   8-1 

In terms of fugacity coefficients, 
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I
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where the partial fugacity coefficients are calculated from  
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The relation between the pressure and volume is expressed by the equation of state. 

For this study, Peng-Robinson (Robinson and Peng 1978) equation of state was employed 

to calculate the saturation pressure for the primary characterization of bitumen.  
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The van der Waals mixing rules were used in this work to obtain the equation of state 

parameters for the multicomponent mixtures: 
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where δij is the interaction coefficient for the binary pairs within the mixture. The 

interaction coefficients are adjusted to fit the experimental equilibrium data. The binary 

interaction parameters can be considered as constant values or defined based on the 

critical properties. These parameters can be related to critical volume of components 

through the following equation: 
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Oellrich et al. (1981) showed that a value of 1.2 for n provided a good match for 

paraffin-paraffin interaction coefficients. However, in this study, n was considered as a 

matching parameter to fit the equilibrium data. 

In order to apply the equation of state for heavy and bitumen phase behaviour study, 

the fluid should be characterized. Characterization of heavy oils for the estimation of the 

critical properties is generally done based on boiling point distribution from atmospheric 

and vacuum distillation. Crude oils and distillate fractions are complex mixtures of 

thousands of components that have a continuous boiling point distribution.  

Two approaches are commonly used for oil characterization. The first is the 

characterization of the crude oil or crude oil fractions in terms of pseudo-components 

defined by an average boiling point or hydrocarbon type (e.g. paraffinic, olefinic, 

naphthenic or aromatics). Correlations, such as those based on boiling point and specific 

gravity, can be used to calculate the critical properties.  

The second approach is the continuous mixture approach where the oil is described 

by a continuous distribution function with respect to molecular mass, boiling point, or 

some other measurable property. This approach is appropriate when the oil consists of 

one type of hydrocarbon, such as paraffins; however, bitumen is a complex mixture of 

different hydrocarbons types, such as saturates, aromatics, resins and asphaltenes; thus, 

the second approach cannot be applied to bitumen 

The pseudo-component approach should, therefore, be used for bitumen 

characterization. Once the pseudo-components are defined, their critical properties and 

compositions are applied into the Peng-Robinson equation of state. The multi-phase 

equilibrium is then determined by a flash calculation combined with a phase stability test. 

In this study, WinProp software from Computer Modelling Group (CMG) was used to 

model the phase behaviour of the bitumen/solvent mixtures. The tangent-plane criterion 
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of stability analysis of a phase based on the method developed by Nghiem and Li (1984) 

was used in WinProp software. The equilibrium equation is solved with Quasi-Newton 

Successive Substitution (QNSS) (Nghiem and Heidemann 1982). 

8.3. Characterization 

The SimDis data available for the bitumen samples were used for the phase 

behaviour study. Therefore, the characterization was based on the distillation data. The 

first step was the characterization of the crude oil or crude oil fractions in terms of 

pseudo-components defined by an average boiling point or hydrocarbon type (e.g. 

paraffinic, olefinic, naphthenic or aromatics). On the basis of the distillation data, ninety-

four hydrocarbon components were assigned to the distillable fraction (C100). The boiling 

point of each component is related to carbon number through the following equation, 

)11193.09955.6exp(1090 3/2

cb NT   8-13 

where Tb is the boiling point in Kelvin. This equation represents the Katz-Firoozabadi 

(1978) data with an AAD of 0.2% and it can be extended into C100 (Riazi 2005). The 

physical properties of C6 to C22 were used to obtain similar equations for the molecular 

weight and specific gravity (Riazi 2005). Thus, the molecular weight and specific gravity 

of each component can be obtained by, 
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8-15 

The boiling points of the defined components along with their compositions 

accurately represent the distillation curve of bitumen samples. An average molecular 

weight of 2000 g/mol was assigned to the heavy fraction of bitumen based on a study by 

Diaz et al. (2011). The specific gravity of this fraction was obtained from the correlation 

developed by Alboudwarej et al. (2003), 

0629.0MW670SG   8-16 
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Based on this characterization scheme, ninety-four pseudo-components (SCN 

fraction) were defined for the distillable fraction of bitumen and one pseudo-component 

was considered for the non-distillable fraction. The boiling points, molecular weights, 

and specific gravities of SCN groups were calculated from equations 8-14 to 8-16. The 

molecular weight and specific gravity of each SCN group are multiplied by a multiplier 

to match the molecular weight and density of raw bitumen obtained from equations 7-1 

and 7-4, respectively. Diaz et al. (2011) tested different correlations for critical properties 

and acentric factor to find which one could make acceptable predictions when they 

applied to non-distillable fractions. They found that the Lee-Kesler correlation provided a 

better fit of the phase boundaries. Thus, in this study, the critical properties and eccentric 

factor were obtained from the correlation proposed by Kesler and Lee (1976), 
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where T is temperature in K, P is pressure in atm, Tbr and Pcr are reduced boiling point 

temperature and reduced critical pressure, respectively. The critical volumes of 

components were calculatedfromTwu(1984)’scorrelation. 
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8.4. MacKay River Bitumen / Ethane Mixtures 

As previously mentioned, the SimDis data were used to characterize the bitumen. 

Thecomponents’boilingpointandcompositionaccuratelyrepresentthedistillationcurve

of MacKay River bitumen as presented in Figure 8–1. The properties and compositions of 

components were applied in Peng-Robinson equation of state. Two different cases were 

considered to fit the experimental data. In the first case, the measured K-values from 

vapour-liquid equilibrium experiments were used to obtain the exponent of equation 8-12 

for binary interaction parameters. Although this approach provided a lower value for 

calculated AARD, it failed to model the liquid-liquid regions and phase boundaries. In 

additions, the solubilities were over-predicted at lower temperatures (50 and 100°C). 

Thus, in the second case, the measured K-values for liquid-liquid equilibrium conditions 

were also used to obtain the binary interaction parameters. This method resulted in a 

higher value for the calculated AARD; however, the liquid-liquid phase compositions and 

boundaries were reasonably predicted with the equation of state. 

 
Figure 8–1: Boiling point curves (temperature versus weight percent distilled) for raw MacKay River 

bitumen(▲)anddeveloped characterization method (□). 
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Figure 8–2 illustrates the predicted and measured solubilities of ethane in MacKay 

River bitumen as a function of pressure at different temperatures. In this figure, the 

symbols represent the measured data, and the lines are predictions by equation of state 

using two approaches. As anticipated from the figure, the tuning of binary interaction 

parameters using vapour-liquid data provides a better fit for high temperature conditions, 

while using liquid-liquid and vapour-liquid data result in better predictions at lower 

temperatures. Further investigation of two approaches shows that the first approach could 

not model the phase boundaries and led to a single phase region for liquid-liquid 

equilibrium conditions, even at high overall ethane concentrations (e.g. 0.4 ethane weight 

fraction). Although limited K-values for liquid-liquid equilibrium condition were 

introduced into the equation of state model for tuning, it significantly improved the 

predictions for phase transition region. The best fitted coefficient for the calculation of 

binary interaction parameters along with calculated AARD of solubilities are summarized 

in Table 8–1. As the table shows the second approach provides a larger AARD value for 

vapour-liquid equilibrium data than the first approach. 

 
Figure 8–2: Comparison of measured (symbols) and predicted solubilities of ethane in MacKay River 

bitumen as a function of equilibrium pressure at different temperatures; ─, first approach;       , second 

approach. 
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Table 8–1: Coefficient of the correlation equation for the binary interaction parameters and calculated 

AARDs of ethane solubilities in MacKay River bitumen using two approaches. 

 First Approach Second Approach 

n (equation 8-12) -0.2968 0.4969 

AARD (%) 10.2 16.2 

 

Figure 8–3 shows a complete phase diagram for the second approach for MacKay 

River bitumen / ethane pseudo-binary mixtures at ambient temperature. The liquid-liquid 

separation occurs at concentrations higher than 0.19 ethane weight fraction. The vapour-

liquid and liquid-liquid regions are well predicted with the equation of state. The mixture 

forms single liquid phase at ethane concentrations lower than 0.2 weight fraction at 

pressures higher than 4 MPa. 

 
Figure 8–3: Comparison of experimental and modelling results for pressure-composition (P-x) diagram for 

the mixture of Mackay River bitumen / ethane at ambient temperature; , the experimental data of 

Athabascabitumen/ethanesystemsbyMehrotraandSvrcek(1985a);■, liquid-liquid experimental data; 

lines, predictions by Peng-Robinson equation of state using second approach. 

 

Figure 8–4 demonstrates the compositions of co-existing phases at equilibrium 
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fraction. As depicted in the figure, the compositions of liquid phases are reasonably 

predicted with the second approach. Although the predictions for the solvent-enriched 

phase (liquid 1) is not as good as the other phase, there is a good agreement between the 

measured data and predicted ones. 

 
Figure 8–4: Comparison of experimental and modelling results for coexisting phase compositions for the 

mixture of Mackay River bitumen / ethane at ambient temperature and at a constant overall ethane 

concentration of 0.4 weight fraction; , the experimental data of Athabasca bitumen / ethane systems by 

Mehrotra and Svrcek (1985a); ■, liquid-liquid experimental data; lines, predictions by Peng-Robinson 

equation of state using second approach. 

 

Figure 8–5 presents the Peng-Robinson equation of state predictions for the impact of 

changes in the overall ethane concentration on the composition of equilibrium liquid 

phases. The composition of ethane in the solvent-enriched phase is slightly under-

predicted while the respective value in asphaltene-enriched phase is reasonably well 

modelled. Figure 8–6 shows the distribution of components in two equilibrium liquid 

phases at the pressure of 9 MPa with a constant overall ethane concentration of 0.4 

weight fraction after evolving ethane. As indicated in the figure, the compositions of 

extract and residue are well represented by the equation of state. The predicted non-
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distilled fractions of extract and residue are 0.006 and 0.214, respectively, which are in 

close agreement with the experimental values of 0.005 and 0.207. 

 
Figure 8–5: A comparison of measured and predicted composition of equilibrium phases in liquid-liquid 

equilibrium study of MacKay River bitumen / ethane mixtures at ambient temperature and a constant 

pressureof9MPa;▲,solvent-enrichedphase;■, asphaltene-enriched phase; lines, predictions by Peng-

Robinson equation of state using second approach. 

 
Figure 8–6: A comparison of measured and predicted compositional analysis (component weight percent) 

for extract (blue and red) and residue (black and green) taken from liquid-liquid equilibrium of MacKay 

River / ethane mixtures at a constant temperature of 22°C, a constant pressure of 9 MPa, and an overall 

ethane concentration of 0.4 weight fraction; blue and black, experimental data; red and green, predictions 

by Peng-Robinson equation of state using second approach. 
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8.5. Surmont Bitumen / Ethane Mixtures 

Similar to MacKay River bitumen, the characterization of Surmont bitumen was done 

based on the SimDis data. Figure 8–7 illustrates the distillation curve of Surmont bitumen 

obtained from the components’ boiling points and compositions. The properties and 

compositions of components were applied in Peng-Robinson equation of state. For 

Surmont bitumen / ethane mixtures, no liquid-liquid equilibrium data were measured, and 

the measured K-values from vapour-liquid equilibrium experiments were used to obtain 

the coefficient of equation for binary interaction parameters. The best fitted exponent was 

0.0207 which gives an AARD value of 9.5 %. Figure 8–8 illustrates the predicted and 

measured solubilities of ethane in Surmont bitumen as a function of pressure at different 

temperatures. In this figure, the symbols represent the measured data, and the lines are 

predictions by equation of state. As depicted in the figure, the measured solubilities are 

adequately modelled with Peng-Robinson equation of state and developed 

characterization method. 

 
Figure 8–7: Boiling point curves (temperature versus weight percent distilled) for raw Surmont bitumen 

(▲)anddeveloped characterization method (□). 
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Figure 8–8: Comparison of measured (symbols) and predicted solubilities of ethane in Surmont bitumen as 

afunctionofequilibriumpressureatdifferenttemperatures;─,predictions by Peng-Robinson equation of 

state. 

 

8.6. Surmont Bitumen / Propane Mixtures 

In order to model the phase behaviour of Surmont bitumen / propane mixtures, the 

characterization method presented in Figure 8–7 was applied. Three different cases were 

defined to match the experimental data. In cases 1 and 2, the measured K-values from the 

vapour-liquid equilibrium experiments were used to obtain the coefficient of equation for 

binary interaction parameters. Case 1 considered equation 8-12 for the interactions 

between ethane/pseudo-component and pseudo-component/pseudo-component, whereas 

case 2 assumed a zero value for pseudo-component/pseudo-component interactions. In 

case 3 which was similar to Case 1, the measured K-values for liquid-liquid equilibrium 

conditions were also included to obtain the binary interaction parameters.  

The calculated AARDs for cases 1 and 2 demonstrate that there is no quantifiable 

difference in accuracy of solubility predictions when the interaction of pseudo-
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component/pseudo-component is assumed zero. This is because the prediction of 

solubilities is dominated with the interaction of propane/pseudo-component. 

Figure 8–9 illustrates the predicted and measured solubilities of propane in Surmont 

bitumen as a function of pressure at different temperatures for case 1. In this figure, the 

symbols represent the measured data, and the lines are predictions by equation of state. 

As depicted in the figure, the measured solubilities are well predicted with Peng-

Robinson equation of state. The sharp change in the solubility at a temperature of 100°C 

around a pressure of 4 MPa is due to the occurrence of liquid-liquid phase partitioning in 

the system. Both cases 1 and 2 give an AARD of 3.5 % for the measured solubilities; 

however, the plotting of the pressure-composition diagram indicates that case 2 could not 

predict the liquid-liquid region. This is expected; because, the liquid-liquid phase 

equilibrium is sensitive to pseudo-component and pseudo-component interactions rather 

than propane and pseudo-component interactions. The best fitted exponents (equation 

8-12) for cases 1 and 2 are 0.4033 and 0.3718, respectively. 

 
Figure 8–9: Comparison of measured (symbols) and predicted solubilities of propane in Surmont bitumen 

asafunctionofequilibriumpressureatdifferenttemperatures;─,predictions by Peng-Robinson equation 

of state (case 1). 
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Figure 8–10 shows a complete phase diagram for three cases of Surmont bitumen / 

propane pseudo-binary mixtures at a temperature of 50°C and Figure 8–11 illustrates the 

same results at a temperature of 100°C. As presented in Figure 8–10, case 2 does not 

show any liquid-liquid separation at a temperature of 50°C over the concentration range. 

A single phase region is predicted instead of a liquid-liquid region, inconsistent with the 

experimental data. However, at a temperature of 100°C, the liquid-liquid phase separation 

is observed in case 2. Indeed, cases 1 and 2 have similar pressure-composition diagram at 

this temperature. 

 
Figure 8–10: Comparison of experimental (symbols) and equation of state modelling results (lines) for 

pressure-composition (P-x) diagram for Surmont bitumen / propane systems at 50°C; , vapour-liquid 

experimental data; , vapour-liquid experimental data for propane / Athabasca bitumen systems taken from 

Badamchi-Zadeh et al. (2009a); ■, liquid-liquid experimental data; blue line, case 1; black line, case 2; red 

line, case 3. 

 

Although the liquid-liquid equilibrium was observed in case 1, the concentration 

range is narrow and the region is not in agreement with the experimental measurements. 

This indicates that the equation of state that was tuned with the vapour-liquid data could 

not adequately predict the liquid-liquid region. Thus, in case 3, K-values from liquid-
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liquid equilibrium data were considered in the equation of state tuning. Red lines in 

Figures 8-10 and 8-11 shows the results for this case. The incorporation of liquid-liquid 

K-values significantly improves the predictions for liquid-liquid regions. At a 

temperature of 50°C, the liquid-liquid region is entirely captured in case 3. Even if the 

liquid-liquid region is not well modelled at a temperature of 100°C and the results are not 

completely in agreement with the measurements, the improvements in the predictions are 

noticeable. The best-fitted exponent (equation 8-12) for case 3 is 0.4850. 

 
Figure 8–11: Comparison of experimental (symbols) and equation of state modelling results (lines) for 

pressure-composition (P-x) diagram for the mixture of Surmont bitumen / propane at 100°C; , vapour-

liquid experimental data; ■, liquid-liquid experimental data; blue line, case 1; black line, case 2; red line, 

case 3. 

 

Figure 8–12 demonstrates the compositions of co-existing equilibrium phases at the 

temperature of 50°C and overall propane concentration of 0.4 weight fraction and Figure 

8–13 shows the same results at a temperature of 100°C and overall propane concentration 

of 0.6 weight fraction. As depicted in the figures, the compositions of the liquid phases 

are reasonably predicted by case 3. Although the predictions for both phases are slightly 
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under-predicted at a temperature of 50°C, the phase transition boundaries are well 

represented. At a temperature of 100°C, the equation of state shows more considerable 

variation of propane composition in solvent-enriched phase with pressure than 

experimental measurements. 

 
Figure 8–12: Comparison of experimental and modelling results for coexisting phase compositions for 

Surmont bitumen /propane systems at 50°C and at a constant overall propane concentration of 0.4 weight 

fraction; , vapour-liquid experimental data; , vapour-liquid experimental data for propane / Athabasca 

bitumen systems taken from Badamchi-Zadeh et al. (2009a); ■, liquid-liquid experimental data; lines, 

predictions by Peng-Robinson equation of state (case 3). 

 

Further investigation of three cases and equation of state results indicates that the 

inclusion of liquid-liquid equilibrium data in equation of state tuning improves the 

predictions of phase boundaries and transition regions. The representation of phase 

compositions in a liquid-liquid region is challenging, because the phase boundaries and 

compositions in this region should be fitted to the experimental data. In other words, 

further adjustment of binary interaction parameters may result in better predictions for 

phase compositions; however, the transition boundaries are inadequately modelled. 
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Figure 8–13: Comparison of experimental and modelling results for coexisting phase compositions for 

Surmont bitumen / propane systems at 100°C and at a constant overall propane concentration of 0.6 weight 

fraction; , vapour-liquid experimental data; ■, liquid-liquid experimental data; lines, predictions by Peng-

Robinson equation of state (case 3). 

 

  

0.00 

2.00 

4.00 

6.00 

8.00 

10.00 

0 20 40 60 80 100 

E
q

u
il

ib
ri

u
m

 P
re

ss
u

re
 (

M
P

a)
 

Propane Concentration (wt%) 

L1 - L2  

V - L1  



 356 

Chapter 9:  Conclusions and Recommendations 

9.1. Conclusions 

A new experimental apparatus for the phase behaviour study of the mixtures bitumen 

and solvent has been designed and tested for the vapour-liquid and liquid-liquid 

equilibria. The apparatus has also the capability for detection of solid-liquid equilibria. 

The phase detection was developed based on the density measurement coupled with the 

viscosity measurement; it provides a reliable method for phase behaviour study. The 

feature of the designed apparatus in measuring the accurate volume of feeding fluids and 

equilibrium phases provided the capability to not only acquire the volumetric data for 

equilibrium phases, but also obtain the effect of the solvent-to-bitumen feeding ratio on 

the composition and volume of the phases and other properties. 

The density and viscosity of Athabasca bitumen samples taken from different 

locations were reported over a wide range of temperatures and pressures. A new 

procedure was developed to obtain the coefficients of the density correlation as a function 

of temperature and pressure in which the solution is unique and no convergence problem 

was observed. The viscosity data indicated that as the temperature increased, the pressure 

dependence of viscosity reduced. 

The vapour-liquid equilibrium data for bitumen/ethane mixtures indicated a 

negligible difference between the solubility of ethane in different bitumens. The saturated 

viscosity and density data for bitumen/ethane mixtures showed linear variations with 

pressure for the temperatures of 100, 150, and 190°C. The ethane-saturated bitumen 

density at 50°C crossover other temperatures and reached to a value even lower than the 

one at 190°C. It was found that at the temperature of 50°C, the solubility values flatten 

beyond a pressure of about 6 MPa. In other words, the density and viscosity of ethane-

saturated bitumen was not further decreased with the equilibrium pressure. The analysis 
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of the vapour phase at these conditions showed the formation of a second liquid phase at 

equilibrium condition. 

The liquid-liquid equilibrium for bitumen/ethane mixtures showed that, two phases 

(solvent-enriched and asphaltene-enriched) exist at equilibrium condition. The former is 

mostly composed of solvent and light components extracted from the bitumen phase. The 

latter mainly consists of heavy components of bitumen, such as asphaltenes and resins, 

which cannot be extracted by solvent. The extraction yields of the bitumen were found to 

increase with increasing solvent-to-bitumen ratio and pressure at a constant temperature. 

The solubility data, as well as the compositional analysis of phases, confirmed that 

asphaltene-enriched phase became heavier as the pressure and solvent-to-bitumen ratio 

increased. Thus, the lighter components mostly partition into the solvent-enriched phase 

and an infinity value for equilibrium K-value of light components are obtained. 

The liquid-liquid phase separation for the bitumen/propane mixtures was observed at 

the temperature of 100°C and the pressures greater than 4 MPa and at the temperature of 

50°C and the pressures greater than 1.5 MPa. The chemical analysis of the degassed 

saturated liquids showed the asphaltene-enriched phase has a much higher asphaltene 

content than raw bitumen, whereas the solvent-enriched phase mainly contains saturate 

and aromatic fractions of bitumen. Indeed, the partitioning of the bitumen/propane 

mixtures into two liquid phases could be considered as a asphaltene precipitation process 

in which the properties of the precipitated asphaltene is different from those of pentane or 

heptane. It was found that the yield of precipitation for propane is much higher than 

pentane and heptane, and generally, the precipitation yield reduces with the carbon 

number of normal alkanes. The extraction yield generally increased with pressure and 

reduced with temperature. The changes in extraction yield were due to the variation of 

solvent density.  

A comparison of the dissolution of different hydrocarbon gases in bitumen showed 

that the heavier hydrocarbon gas was more effective on the reduction of bitumen 

viscosity due to its higher solubility at a constant temperature and pressure. However, this 
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behaviour was completely different when a constant weight fraction of solvent was 

dissolved in bitumen. In other words, the lighter hydrocarbon solvent resulted in lower 

saturated phase viscosity at all temperatures. 

The density and viscosity measurements for Athabasca bitumen / hexane and 

Athabasca bitumen / condensate mixtures showed that the mixture density and viscosity 

were reproducible within ±3 kg/m
3
 and 5 % and the asphaltene precipitation occurred at a 

concentration of 0.6 weight fraction for two systems. The densities of mixtures revealed 

linear variations with respect to the pressure and the temperature at all concentrations. 

Further investigation of the mixture volumes showed that the volume change on mixing 

increases with increasing the temperature and solvent concentration and reduces with 

increasing the pressure. The viscosity of the mixtures showed a curvilinear trend with 

respect to the solvent weight fraction and temperature. The impact of pressure on the 

mixture viscosity is more pronounced at lower solvent weight fractions and lower 

temperatures. The evaluation of different models for mixture viscosity indicated that the 

powerlawandCragoe’smodelsrepresentthe data better than other models. 

The equation of state modelling indicated that if the measured K-values from vapour-

liquid equilibrium experiments are used to obtain the binary interaction parameters, a 

lower AARD is obtained. However, the tuned model fails to simulate the liquid-liquid 

regions and phase boundaries. By introducing the measured K-values for liquid-liquid 

equilibrium conditions, although a higher AARD was obtained, the liquid-liquid phase 

compositions and boundaries are reasonably predicted with the equation of state. 

9.2. Recommendations 

Although this study provided the experimental data for the mixtures containing 

Athabasca bitumen and different solvents over a wide range of pressures and 

temperatures, the prediction and optimization of solvent-heat assisted recovery processes 

also require the data on the phase behaviour of pseudo-ternary mixtures 
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(bitumen/solvent/water). Therefore, further experimental efforts would be required to 

determine the interactions of bitumen/water and solvent/water in the pseudo-ternary 

mixtures as the addition of the solvent into steam-based processes leads to complex phase 

behaviour system. 

In this study, the phase behaviour of Athabasca bitumen saturated with pure 

hydrocarbon gases was investigated. A comparison of dissolution of different 

hydrocarbon gases in bitumen showed that the viscosity reduction is dependent on the 

availability of solvent. Further experimental work would be required to determine how 

the properties of gas-saturated bitumen change when the pure gas in contact with bitumen 

is replaced with a gas mixture. 

The measured data indicated that the precipitated phase (or flashed-off asphaltene-

enriched phase) had different chemical properties for various solvents. An investigation 

of the chemical analysis of the precipitated phase using different precipitants would be 

valuable for the design of supercritical extraction processes. 
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