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ABSTRACT 

In this thesis, phase behaviours of three different solvents (i.e., CO2, CH4, and C3H8) 

in the Colony and McLaren heavy oils were experimentally studied. The diffusivities of 

CO2 in the Colony heavy oil without or with an unconsolidated porous medium at 

different initial pressures and a constant temperature were measured and compared. In 

addition, the temperature dependence of the CO2 diffusivity in the Colony heavy oil was 

noted. Three different theoretical diffusion models for determining the diffusivity of a 

solvent in a liquid phase were applied and analyzed. 

More specifically, first, two series of PVT tests of the Colony heavy oil–

CO2/CH4/C3H8 and the McLaren heavy oil–CO2/CH4/C3H8 systems were conducted to 

measure the solvent solubilities χ, oil-swelling factors SF, solvent-saturated live oil 

densities ρo and viscosities μo at different equilibrium pressures and the actual reservoir 

temperature of Tres1 = 21.0°C. Second, four diffusion tests of CO2 in the Colony heavy oil 

without a porous medium (Case A) were performed at four different initial pressures (Pi 

= 1.4, 2.7, 3.9, and 5.0 MPa) and a constant temperature of Tres1 = 21.0°C in a closed 

constant-volume diffusion cell by using the pressure decay method (PDM). The history 

matching (HM) method and two graphical methods (GMs), i.e., GM-I and GM-II, were 

used to analyze the declining pressure as a function of time and thus determine the CO2 

molecular diffusivity. Third, four diffusion tests of CO2 in the Colony heavy oil without a 

porous medium (Case B) and another four diffusion tests of CO2 in the Colony heavy oil 

with a porous medium (Case C) were performed in a similar initial pressure range to that 

in Case A but at another constant temperature of Tres2 = 27.0°C. The molecular diffusivity 

of CO2 in the Colony heavy oil without a porous medium (Case B) and the apparent 
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diffusivity of CO2 in the Colony heavy oil-saturated porous medium (Case C) at Tres2 = 

27.0°C were also determined, respectively. 

Theoretically, the HM method and the two GMs were applied and compared by 

using the measured pressure vs. time data from Case A. It was found that the assumption 

of a constant z-factor used in the two GMs can introduce a relatively large error in the 

determination of CO2 diffusivity. Moreover, representing the infinite terms in the 

analytical solution of the diffusion model by the first term in GM-I might also introduce a 

large truncation error, especially at the beginning of each diffusion test. With the same 

experimental pressure decay data, the determined molecular diffusivities by using the two 

GMs were two to three times lower or higher than those determined by using the HM 

method.  

It was found that for the Colony heavy oil‒CO2 system without a porous medium 

(Case B) in an initial pressure range of Pi = 1.4–4.7 MPa and at Tres2 = 27.0°C, the 

determined molecular diffusivities of CO2 were slightly higher than the apparent 

diffusivities of CO2 in the same heavy oil with a porous medium (Case C) in an initial 

pressure range of Pi = 1.5–4.7 MPa and at Tres2 = 27.0°C. Specifically, the measured 

molecular diffusivities ranged from 2.2 to 3.6×10
−10

 m
2
/s, whereas the obtained apparent 

diffusivities were in the range of 1.4 to 2.1×10
−10

 m
2
/s. In Case C, the measured diffusive 

tortuosities were in the range of τ = 1.50‒1.71 for the unconsolidated porous medium 

used in four diffusion tests. Finally, as the test temperature was increased from Tres1 = 

21.0°C (Case A) to Tres2 = 27.0°C (Case B), the measured molecular diffusivity at a 

similar initial pressure was slightly increased. 
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NOMENCLATURE 

Notations 

a Attraction parameter in the P‒R EOS, kPa·(m
3
/kmole)

2 

A Cross-sectional area of the diffusion cell, m
2 

b van der Waals volume, m
3
/kmole 

c Molar concentration of a solvent in a heavy oil, kmole/m
3 

ceq Molar concentration of a solvent in a heavy oil at the equilibrium pressure, 

kmole/m
3
 

cr Molar concentration of a solvent in the bulk volume of the porous medium, 

kmole/m
3 

creq Molar concentration of a solvent in the bulk volume of the porous medium 

at the equilibrium pressure, kmole/m
3 

d Slope of the linear line of ln[P(t)−Peq] vs. t in Eq. (4.13) 

D Molecular diffusivity of a solvent in the bulk heavy oil, m
2
/s 

Dapp Apparent diffusivity of a solvent based on its concentration in the heavy 

oil-saturated porous medium, m
2
/s 

appD  Apparent diffusivity of a solvent based on its concentration in the heavy oil, 

m
2
/s 

F Formation resistivity factor 
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CHAPTER 1 INTRODUCTION 

1.1 Heavy Oil Recovery Techniques 

As the conventional light oil reserves are being depleted, there is a growing need to 

focus on enhancing the heavy oil recovery in the petroleum industry. The heavy oil 

reserves are two times larger than the conventional light oil reserves in the world and 

have a potential to meet the current and future oil consumptions [Speight, 2009]. 

According to the Canadian Association of Petroleum Producers (CAPP), Canada has 

about 172 billion barrels of proven oil reserves, over 95% of which are heavy oil in the 

oil sand deposits. These oil sand deposits are located in three major regions in Western 

Canada (Alberta and Saskatchewan), including Athabasca-Wabasca, Peace River, and 

Cold Lake. In general, heavy oil is characterized by a considerably high viscosity ranging 

from 1000 to over 1 million cP and a high density with the API gravity of less than 

20°API. This extremely high viscosity becomes a great technical challenge to recover 

these heavy oils economically and effectively. 

At present, most heavy oil reserves can be produced through in-situ production 

methods, which consist of thermal and non-thermal recovery methods. By effective 

heating, the mobility of the oil can be considerably enhanced by reducing its viscosity. 

During the last five decades, the most popular thermal methods [Alvarado and Manrique, 

2010] include cyclic steam stimulation (CSS) [Owens and Suter, 1965], in-situ 

combustion (ISC) [Cheih, 1977; 1982], steam flooding [Farouq Ali, 1982], and steam-

assisted gravity drainage (SAGD) [Butler et al., 1981]. Because heavy oil viscosity is 

extremely sensitive to temperature, these thermal-based methods hold a great potential to 

recover the heavy oil reserves. However, these methods can become uneconomical or 
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ineffective, due to excessive heat losses to the overburden, underburden, or an adjacent 

aquifer when the heavy oil reservoirs are thin with a thickness of less than 10 m or even 

less than 5 m [Srivastava et al., 1999]. Besides, the thermal methods also contribute to 

tremendous greenhouse gas (GHG) emissions because large quantities of gas and water 

must be burned in order to produce a large amount of steam.  

Compared with the thermal methods, non-thermal methods are gradually attracting 

more attention because of their lower energy consumptions and better applicabilities for 

thin heavy oil reservoirs. Because of its low cost, cold heavy oil production with sands 

(CHOPS), a non-thermal recovery method, becomes a popular primary production 

process for the heavy oil reservoirs. In this technique, the co-production of oil and sand 

can dramatically increase the oil production rate [Rangriz-Shokri and Babadagli, 2012]. 

Nevertheless, CHOPS can recover only 5‒15% of the original oil-in-place (OOIP), with 

the average oil recovery factor (RF) being less than 10% [Coskuner et al., 2015]. 

Moreover, the thermal methods are not favourable due to the heterogeneity and instability 

of a post-CHOPS reservoir.  

As a post-CHOPS production option, solvent-based recovery methods provide some 

alternatives to the thermal methods. Instead of reducing the oil viscosity by heat transfer, 

mass transfer plays a major role when a solvent is injected into a heavy oil reservoir to 

reduce the heavy oil viscosity. More importantly, this technique consumes less energy 

and thus produces less GHG emissions. In addition, no water is required. The injected 

solvent can also be reused in the surface facilities. Furthermore, the GHG mitigation and 

high oil recovery can be achieved simultaneously by injecting CO2 into a heavy oil 

reservoir through the process of carbon sequestration. Indeed, the solvent-based enhanced 
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oil recovery (EOR) projects have recently exceeded the thermal EOR projects for the first 

time in the past three decades in the United States [Moritis, 2010]. 

In order to enhance the heavy oil recovery, many solvent-based processes were 

developed, including CO2 injection [Ala and Earlougher, 1981], light hydrocarbon (HC) 

flooding [Garacia and Meneven, 1983; Wu and Kantzas, 2008], vapour-extraction 

(VAPEX) process [Mokrys and Butler, 1993; Das and Butler, 1994], and cyclic solvent 

injection (CSI) [Dong et al., 2006; Ivory et al., 2010]. In practice, the solvents can be 

non-hydrocarbon gases, such as flue gas, carbon dioxide, air, and/or light HCs, such as 

natural gas, methane, ethane, propane, and butane [Qazvini-Firouz and Torabi, 2012]. In 

the light HC flooding process, the oil can be further recovered by the interfacial tension 

(IFT) reduction, immiscible or miscible displacement, oil viscosity reduction, light-HCs 

extraction, oil-swelling effect, and possible asphaltene precipitation [Green and Willhite, 

1998]. In VAPEX, two horizontal wells consisting of an injector and a producer are used. 

The gaseous solvent is introduced from the top well (injector), and as a result of solvent 

dissolution, the solvent-diluted oil gradually drains downwards to the bottom well 

(producer) by gravity. In the CSI process, only one well is used, which is similar to CSS 

for heavy oil recovery. It is conducted by injecting a solvent into a well (injection 

process). Then the well is shut in to allow the solvent dissolution into the oil (soaking 

process). Finally, the well is returned to production (production process).  

1.2 Molecular Diffusivity of a Solvent in Heavy Oil 

Molecular diffusivity is considered one of the essential parameters that can directly 

affect the field performance of many solvent-based enhanced oil recovery methods under 

reservoir conditions [Boustani and Maini, 2001]. Molecular diffusivity or diffusion 



4 

coefficient represents the rate of solvent diffusion into a formation oil. When the oil 

recovery is under solution-gas drive, the gas bubbles grow and displace the oil out of 

pores if the reservoir pressure is declined below the bubble-point pressure. Diffusion 

controls the bubble expansion [Sheng, 1996]. In the miscible gas flooding process, gases 

can be dissolved into the oil by molecular diffusion, which is beneficial to delay gas 

breakthrough, prevent viscous fingering, and increase the oil production rate. Molecular 

diffusion is the major mass-transfer process during the VAPEX and carbon sequestration 

techniques. The soaking duration in the CSI process is also mainly determined by 

molecular diffusion. Therefore, reliable and accurate gas apparent diffusivity in oil-

saturated porous media under reservoir conditions needs to be determined for project 

design, economic analysis, risk assessment, and performance prediction in both solvent-

based enhanced oil recovery and carbon sequestration processes [Li and Dong, 2009]. 

However, diffusivities of the heavy oil–solvent systems in porous media are scarce, 

whereas much more data for similar systems without porous media are available in the 

literature.  

1.3 Objective and Scope of the Thesis 

The objective of this thesis is to measure the diffusivity of CO2 in the Colony heavy 

oil without or with a porous medium at the actual reservoir conditions. A non-intrusive 

pressure decay method (PDM) is employed as the experimental method based on the fact 

that the pressure in the solvent phase declines with the molecular dissolution of solvent 

into the heavy oil in a closed constant-volume diffusion cell at a constant temperature. 

With the measured pressure vs. time data, different theoretical models are used to 
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determine the diffusivities of CO2 in the Colony heavy oil without or with a porous 

medium under reservoir conditions.  

The Peng‒Robinson equation of state (P‒R EOS) and the material balance equation 

(MBE) are used in the theoretical model to predict the pressure decay. More specifically, 

in the case of a heavy oil‒CO2 system without a porous medium, three theoretical models, 

including the history matching (HM) method and two graphical methods (GMs), are 

studied and compared in terms of the z-factor effect, the truncation error analysis, and the 

first time for the solvent to reach the bottom of the diffusion cell. A numerical procedure 

is provided to determine the molecular diffusivity of CO2 in the Colony heavy oil without 

a porous medium and the apparent diffusivity of CO2 in the same heavy oil with a porous 

medium at a pre-specified initial pressure and a constant temperature. Also, the diffusive 

tortuosities of the sand-packed model used in the diffusion tests with a porous medium 

are determined. 

1.4 Outline of the Thesis 

This thesis is composed of six chapters. Chapter 1 contains an introduction to the 

thesis topic together with the objective and scope of this study. Chapter 2 presents a 

literature review on the molecular diffusivity measurements in terms of experiment and 

theory in two cases: without or with a porous medium. A problem statement is provided 

at the end of this chapter. Chapter 3 describes the experimental setup and procedure for 

performing the PVT measurement of the Colony and McLaren heavy oil‒CO2/CH4/C3H8 

systems at different equilibrium pressures and a constant reservoir temperature and 

conducting the CO2 diffusion tests in the Colony heavy oil without or with a porous 

medium. Chapter 4 formulates three theoretical models including HM, GM-I, and GM-II 
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to determine the diffusivity by using the measured pressure vs. time data in the absence 

or presence of a porous medium. In Chapter 5, first, the PVT data and viscosities of the 

CO2/CH4/C3H8-saturated Colony and McLaren heavy oils are presented. Second, the CO2 

diffusivities in the bulk oil phase are determined and compared by using the HM under 

two different heavy oil–CO2 interfacial boundary conditions (BCs), i.e., the equilibrium 

and non-equilibrium BCs. Third, three methods, including the HM, GM-I, and GM-II, to 

determine the diffusivity are compared. Finally, the molecular diffusivity of CO2 in the 

bulk oil phase and the apparent diffusivity of CO2 in the oil-saturated sand-packed model 

are measured. Chapter 6 presents a summary of the major conclusions of this thesis study 

and makes some technical recommendations for future studies.   
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CHAPTER 2 LITERATURE REVIEW 

2.1 Molecular Diffusivity Measurement Techniques 

The fact that the viscosity of heavy oil can be reduced by the dissolution of gases, 

such as CO2, CH4, C2H6, and N2 [Svrcek and Mehrotra, 1982], to increase its mobility 

[Welker and Dunlop, 1963] is important in the effective recovery of highly viscous 

Canadian heavy oils. Molecular diffusion is considered to be the most important and 

primary solvent mass-transfer process in a heavy oil reservoir [Grogan and Pinczewski, 

1987]. Diffusion is the random movement of molecules or atoms of a specific species 

from a section of a high concentration to another of a low concentration. Diffusivity or 

the diffusion coefficient is a proportionality or constant between the molar flux due to 

solvent molecular diffusion and the gradient in the concentration of the species. It is 

technically challenging to measure the diffusivity accurately due to difficulties in 

measuring the solvent concentration at any point and some other technical issues, such as 

influence of convective process, a mixture instead of a pure fluid, and phase equilibrium, 

which can make the diffusion process much more complex [Etminan et al., 2010]. In 

addition, the magnitude of molecular diffusivity in the high-viscosity liquid is in the order 

of 10
−10

 m
2
/s [Hiss and Cussler, 1973], which means that the diffusion is usually 

extremely long compared to the other transport processes. Therefore, there is no 

consensus regarding how to determine the molecular diffusivity accurately [Civan and 

Rasmussen, 2006].  

The first experiment for studying the molecular diffusivity was conducted by 

Thomas Graham in 1829 [Etminan, 2014]. By measuring the time of diffusion, the 

diffusion processes of various gases, including hydrogen, methane, ammonia, ethylene, 
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carbon dioxide, sulfur dioxide, and chlorine into the atmospheric air, were studied. 

Afterwards, a large number of researchers studied and determined the diffusivities 

experimentally and theoretically. The various experimental methods for determining the 

diffusivities of gases in heavy oils can be categorized into two types of methods: direct 

and indirect methods [Upreti and Mehrotra, 2000]. In the direct methods, the 

concentration profile of the solvent diffusing into the heavy oil at any time is measured 

directly or by using other techniques. Then the diffusivity can be measured based on the 

change in solvent concentration with time. The direct methods include:  

 Sampling the fluid along the diffusion direction [Nguyen and Farouq Ali, 

1998; Islas–Juarez et al., 2004];  

 Applying the low-field nuclear magnetic resonance (NMR) scanning 

technique [Wen et al., 2005; Afsahi and Kantzas, 2007; Chen and Chen, 

2008]; 

 Applying the X-ray computer-assisted tomography (CAT) scanning 

technique [Salama and Kantzas, 2005; Luo and Kantzas, 2008; Song et al., 

2010]; and 

 Applying the optical technique [Oballa and Butler, 1989; Nasirahmadi et al., 

2011]. 

In comparison with the direct methods, indirect methods do not require to measure 

the solvent concentration profile. In fact, by measuring the change in one of the system 

parameters, which vary with the diffusion process, the diffusivity can also be determined. 

These parameters include: 

 Volume of the diffusing solvent [Renner, 1988; Etminan et al., 2010];  
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 Oil‒gas interface position [Grogan et al., 1988; Yang and Gu, 2005; 

Jamialahmadi et al., 2006]; and 

 Pressure [Riazi, 1996; Sachs, 1998; Zhang et al., 2000; Upreti and Mehrotra, 

2000; Civan and Rasmussen, 2001; Civan and Rasmussen, 2002; Upreti and 

Mehrotra, 2002; Tharanivasan et al., 2004; Sheikha et al., 2005; 

Tharanivasan et al., 2006; Sheikha et al., 2006; Rongy et al., 2011; 

Moghaddam et al., 2011]. 

2.1.1 Direct methods 

In the literature, an experimental setup was built (Figure 2.1a), in which there were 

four valves on the side surface of a cylindrical PVT cell [Islas–Juarez et al., 2004]. 

Samples of the hexane diluted with nitrogen in unconsolidated sands were taken through 

these four valves at different times. Then the concentration of the nitrogen in the hexane 

was measured by using gas chromatography. A straightforward theoretical model derived 

from the Fick’s second law could be used to obtain the apparent diffusivity. However, by 

taking the sample, this method interrupts the diffusion process and disturbs the solvent 

concentration profile.  

Some other techniques were developed to overcome the need to take samples 

directly from the system. Because the spectra of a pure solvent, a heavy oil sample, and a 

mixed sample of a heavy oil and a solvent are different [Afsahi and Kantzas, 2007], the 

solvent concentration in heavy oil with sands can be estimated by applying low-field 

NMR instrumentation. Similarly, another technique to measure the concentration profile 

of a solvent in a heavy oil is X-ray CAT [Song et al., 2010]. Based on the fact that the X-

rays can be attenuated once they pass through an object, the different intensities of X-rays 
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Figure 2.1 To measure the solvent concentration profile by using (a) direct sampling 

from various locations [Islas–Juarez et al., 2004]; (b) CAT technique [Song et al., 2010]; 

and (c) the optical technique [Nasirahmadi et al., 2011].  

(a) (b) 

(c) 



11 

can be detected before and after the attenuation process. This intensity difference can be 

related to the CT number, which can be further converted to represent the density change. 

Figure 2.1b shows a typical computed tomography (CT) scan image of CO2 dissolving 

into a heavy oil. Different colours are related to the CT number. For example, the orange 

colour represents a cylinder, the light yellow shows the gas solvent, and the deep yellow 

stands for heavy oil. Although the NMR and CAT can measure the solvent concentration 

in an oil sample, these techniques require expensive equipment, skilled operators, and 

advanced data processing software [Etminan, 2014].  

Another method to measure the solvent concentration profile is to process the images 

of an oil‒solvent system [Nasirahmadi et al., 2011] by converting them from red–blue–

green (RBG) format to a normalized grayscale format because the oil–solvent mixture 

colour will be changed during the diffusion process. The different grayscales can be 

finally related to the transient solvent concentration profiles. Figure 2.1c shows the 

diffusion process of an oil into a solvent at different times. The light gray and black 

represent the solvent and oil, respectively. This method is cost-effective and easy to 

conduct compared to the NMR and CAT techniques. Nevertheless, only the diffusivity of 

a heavy oil in a solvent is measured by using this method. 

2.1.2 Indirect methods 

Renner [1988] determined the molecular diffusivities of CO2 and C2H6 in Berea 

cores saturated with n-decane at high pressures. The effect of gravity-induced convection 

on the diffusion process was also estimated by placing the cores vertically and 

horizontally. Once the solvent was placed in contact with n-decane in a PVT cell, the 

pressure in the solvent phase tended to decline slowly as long as the dissolution of the 
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solvent into the cores saturated with oil continued. Meanwhile, the volume of the solvent 

which was injected automatically to maintain a constant pressure was recorded during the 

experiment. Finally, the diffusivities of the solvent in n-decane at pressures up to 5.86 

MPa and T = 311 K were obtained by using these volume vs. time data. This technique 

did not require visual observations and compositional analyses and assumed that the oil 

was saturated instantaneously with the solvent at the solvent‒n-decane interface in the 

theoretical model. 

By fitting a mathematical model to the movement of the Maljamar crude oil‒CO2 

interface, Grogan et al. [1988] determined the diffusivity of CO2 at 5.2 MPa and 25°C. 

As CO2 was gradually dissolved into the oil in a glass capillary tube, the motion of the 

interface, which was caused by oil swelling, was directly observed and recorded. 

Independent experiments were required to measure the equilibrium compositions in both 

phases. However, dramatic interfacial turbulence and asphaltene precipitation occurred 

and hindered the measurements at 6.9 MPa. 

Similarly, Yang and Gu [2005] developed a new experimental method, the dynamic 

pendant drop volume analysis (DPDVA), to measure the solvent diffusivities and oil-

swelling factors of CO2-saturated heavy oil at 2, 3, 4, 5, and 6 MPa and 23.9°C. First, the 

solvent was injected into a see-through windowed high-pressure cell to maintain a pre-

specified pressure at a constant temperature. Next, a heavy oil sample was introduced to 

form a pendant oil drop. As the solvent diffused into the oil, the volume of the pendant 

oil drop changed gradually. By recording and analyzing each digital drop image, the oil 

drop volume vs. time data could be computed. Thus, the solvent diffusivity and the oil-

swelling factor were chosen as two adjustable parameters and obtained when the best 



13 

match was found between the predicted volumes of the pendant oil drop and the 

measured data at different times was found.  

2.2 Pressure Decay Methods 

Riazi [1996] developed a model to determine gas diffusivities in liquids without 

measuring composition in a closed constant-volume PVT cell. In this model, by recording 

the pressure change in the gas phase and the liquid‒gas interface vs. time at a constant 

temperature, the mutual diffusivities in both the gas and liquid phases were determined 

from a semi-analytical solution to the diffusion equation. This non-intrusive experimental 

method is the so-called pressure decay method. Nevertheless, two correlations used in 

this method, which were the Sigmund [1976] correlation and the Riazi–Whitson 

correlation [1993] for binary dense fluids, might cause some errors for dense liquids. 

Based on the model of Riazi [1996], Zhang et al. [2000] provided a modification, 

which only used the measured pressure changes in a closed PVT cell. The diffusivities of 

CO2 and CH4 in a heavy oil at 2.84 and 3.42 MPa and 21°C were determined from an 

analytical solution to the diffusion equation coupled with the mass balance equation 

(MBE). It was assumed that the oil‒gas interface could be saturated with the solvent 

instantaneously (i.e., no resistance to the mass transfer at the interface) and that the z-

factor was constant throughout the entire experiment. Another four assumptions required 

in this model were no oil-swelling effect, no chemical reactions, constant diffusivity, and 

no light-hydrocarbons extraction. 

By using similar pressure decay methods, Upreti and Mehrotra [2000] considered the 

effect of change of solvent concentration in bitumen on the gas diffusivities in their mass-

transfer model. The concentration-dependent diffusivities of CO2, N2, CH4, and C2H6 in 
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bitumen were determined at pressures of 4 and 8 MPa and temperatures of 25 to 90°C, 

respectively. Different from the equilibrium BC used by Zhang et al. [2000], a time-

dependent or quasi-equilibrium interface BC was introduced in their mass-transfer model. 

It was found that the diffusivity of CO2 in bitumen was a unimodal function of its mass 

fraction in bitumen. The concentration-averaged diffusivities were also obtained. 

Later on, Civan and Rasmussen [2001] considered the resistance of the liquid‒gas 

interface to gas diffusion and included a mass-transfer coefficient in their mass-transfer 

model. By minimizing the discrepancy between the combined short- and long-time 

analytical solutions of this model and the experimental data from the literature [Riazi, 

1996; Zhang et al., 2000], the gas diffusivity and the interface-mass-transfer coefficient 

could be determined simultaneously.  

To examine the effects of the above-mentioned interface boundary conditions on 

diffusivity, Tharanivasan et al. [2004] studied the equilibrium, quasi-equilibrium, and 

non-equilibrium BCs respectively, and compared them for the heavy oil‒CO2/CH4 

systems from the experimental data [Zhang et al., 2000] by using the HM method. They 

concluded that the non-equilibrium BC was most applicable to a heavy oil‒CO2 system 

and that the equilibrium BC was most suitable for a heavy oil‒CH4 system. 

Sheikha et al. [2005] measured the diffusivities of N2, CO2, and CH4 in Athabasca 

bitumen in the temperature range of 75‒90°C by using two new graphical methods to 

interpret the pressure-decay data. More specifically, the Henry’s law was used to relate 

the concentration of the gas in the bitumen to the pressure in the gas phase. Besides, the 

portions of the data impacted by experimental interruptions could be identified by using 
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the two graphical methods. A constant z-factor was also assumed in these methods, which 

might lead to some error in the diffusivity determination. 

Density-driven natural convection is a phenomenon that usually accompanies the 

molecular diffusion process in the CO2‒EOR projects, based on the fact that the 

dissolution of CO2 into brine or light crude oil leads to an increase in the density of the 

mixture. Moghaddam et al. [2011] introduced and measured the pseudo-diffusivity, 

which included the rate of mass transfer attributed to both convection and diffusion 

mechanisms. By injecting CO2 into the water without or with a porous medium in a 

pressure range of 2.2‒5.9 MPa and 25°C, the pseudo-diffusivity was determined and used 

as a crucial parameter to quantitatively examine the effect of natural convection on the 

mass transfer of CO2. It was concluded that the density-driven natural convection 

accelerated the dissolution of CO2 into the water at the beginning of experiments, 

whereas the molecular diffusion was dominant at the later stage. 

2.3 Effect of Tortuosity on Diffusion 

Instead of diffusion in a straight direction when a solvent is dissolved into a bulk 

fluid phase, the solvent diffusion occurs along tortuous paths in the presence of solid 

particles or matrix (see Figure 2.2). The actual length Δl moved by a solvent is much 

longer than the distance Δx of the porous medium. Consequently, the apparent diffusivity 

Dapp in a porous medium is lower than the molecular diffusivity in the bulk fluid. 

It is of great interest to study the relation between the molecular diffusivity and 

apparent diffusivity based on the fact that the actual diffusion takes place in the oil-

saturated unconsolidated or consolidated porous media in the oilfield. Bear [1972] 
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Figure 2.2 Tortuous diffusion path in a porous medium [Boudreau, 1996].  
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developed the concept of diffusion in the liquid-saturated porous media in analogy to that 

in the bulk liquid by assuming that the porous medium was homogeneous. In the 

literature, there are two types of expressions of relating the apparent diffusivity to the 

molecular diffusivity [Krooss et al., 1992; Cussler 1997]: 

                                                       ,  app


D
D                                                            (2.1) 

                                                       ,  app


D
D                                                           (2.2) 

where D is the molecular diffusivity of a gas in the bulk liquid phase; τ is the diffusive 

tortuosity of a porous medium; ϕ is the porosity of the porous medium; Dapp is the 

apparent diffusivity based on the solvent concentration in the bulk rock including the 

matrix; and appD  is based on the solvent concentration in the liquid phase only. Both 

equations use the tortuosity for the tortuous diffusive path of the diffusing solvent in the 

porous media. Physically, the tortuosity is defined as [Maerki et al., 2004]: 

                                                          ,
x

l




                                                           (2.3) 

which is consistent with Eqs (2.1) and (2.2). Alternatively, Dullien [1979] defined the 

tortuosity as τ = .

2














x

l
  

Obviously, the apparent diffusivity of a solvent in an oil-saturated porous medium 

can be obtained from Eqs. (2.1) and (2.2) once the gas molecular diffusivity in the bulk 

oil phase and the diffusive tortuosity of the porous medium are known. Nevertheless, the 

diffusive tortuosity τ cannot be measured directly. It is believed that τ can be predicted 

through a diffusion measurement with a porous medium [Li et al., 2006]. Cussler [1997] 
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pointed out that convective tortuosity obtained from the method of flow cannot represent 

the diffusive tortuosity because the former may bear little relationship to the latter.  

Many theoretical and empirical relations are developed to evaluate τ. Petersen [1958] 

found τ = 2  through different treatments of a capillary model, which was a collection 

of randomly oriented capillaries cutting through a solid body. Similarly, Dykhuizen and 

Casey [1989] predicted τ = 3 . Some researchers correlated the tortuosity τ to the 

porosity ϕ based on different physical systems. For ordered packings, Akanni et al. [1987] 

provided a relation: 

                                                    .23                                                             (2.4) 

For partially saturated homogeneous isotropic monodisperse sphere packings, Millington 

[1959] obtained a relation: 

                                                            
31  .                                                               (2.5) 

For a heterogeneous catalyst, Beeckman [1990] found the relation between the tortuosity 

and porosity as: 

                                                       ].11/[  
31

                                                       (2.6) 

However, because these empirical correlations are derived from theoretical geometries of 

real sediments, Shen and Chen [2007] concluded that they could not accurately match the 

measured data.  

Experimentally, the tortuosity τ of a porous medium can be examined with the 

formation resistivity factor F from the electrical resistivity measurements [McDuff and 

Ellis, 1979] by using the resistivity probes and the porosity ϕ. They are related by: 

                                                         ,


 F                                                          (2.7) 
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where   is an adjustable empirical power. The formation resistivity factor F is a function 

of the porosity and is usually determined from the Archie’s [1942] law: 

                                                                ,
Ω

F



                                                           (2.8) 

where   is an empirical parameter; and Ω is the so-called cementation factor, whose 

values are different in various packings. The Ω is equal to 1.3 for unconsolidated sand 

packs [Pirson, 1958]. Although this relation can be easily used to estimate the tortuosity τ 

in a porous medium, the specialized equipment (resistivity probes) needs to be used. In 

addition, the tortuosity may range from 1 to 10 [Cussler, 1997], and any misuse of a 

tortuosity value in estimating the apparent diffusivity by Eqs. (2.1) and (2.2) may lead to 

a large error. Thus, the direct experimental measurement of the solvent apparent 

diffusivity in a porous medium saturated with a liquid is always the best choice [Li et al., 

2006]. 

2.4 Apparent Diffusivity Measurement with a Porous Medium 

In Renner’s [1988] experiments to determine the apparent diffusivity of CO2 in 

oil/brine-saturated Berea cores, a small volume of gas had to be used to make the 

pressure decay caused by diffusion measurable since the diffusion rate of CO2 through 

one end face of the core sample with a small cross-sectional pore area was considerably 

decreased. Li et al. [2006] improved Renner’s [1988] model by making the diffusion of 

solvent along the radial direction through the side surface of the core plug with the two 

end faces of the core sealed in the experiments. The apparent diffusivity was then 

estimated by matching the predicted pressure vs. time data with the measured data. 

Although it is easier to prepare and install the core plug and a larger gas volume can be 
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introduced in the experiment, this method cannot be used to measure the apparent 

diffusivity of a solvent in an unconsolidated porous medium. 

Afsahi and Kantzas [2007] predicted the diffusivities of solvents in bitumen in the 

presence (i.e., bitumen‒heptane/hexane systems) and absence of sand (i.e., 

bitumen‒heptane/pentane/hexane/toluene/naphtha/kerosene systems) with a theoretical 

model coupled with the NMR information. The estimated diffusivities of solvents in bulk 

bitumen varied in the range of 2×10
−10

 to 7×10
−12

 m
2
/s. The predicted apparent 

diffusivities for the bitumen‒solvent systems in the sand were between 5×10
−11

 to 

3×10
−12

 m
2
/s, which were relatively lower than those in the bulk bitumen at the same 

pressures and temperatures.  

Luo and Kantzas [2008] determined the apparent diffusivity of a solvent in the sand 

saturated with the heavy oil by using CAT. A modified theoretical model was formulated 

considering the porosity difference of porous media and the oil-swelling factor. The tests 

were performed in aluminum cylinders of 250 cm
3
 with homogeneous (i.e., the porosity 

variation of 0.483‒0.502) and heterogeneous (i.e., the porosity variation of 0.45‒0.55) 

sand packings, respectively. It was found that the heterogeneity of porous media could 

significantly affect the determined apparent diffusivity. The molecular and apparent 

diffusivities could be fairly correlated, which led to a good prediction of the solvent 

concentration profile when the cementation factor Ω was around 1. 

By using pressure decay methods, Unatrakarn et al. [2011] conducted a series of 

tests to determine the diffusivities of CO2 and CH4 in bulk oil phase and oil-saturated 

porous media, respectively. Experiments were conducted at six different temperatures 

from 30°C to 55°C with an interval of 5°C for the two heavy oil‒solvent systems without 
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and with the porous media. The diffusivities of the two solvents in the two cases were 

both determined from the pressure decay profiles. The molecular diffusivity was found to 

be 2‒4 times larger than the apparent diffusivity for the heavy oil‒CO2 systems at the 

same temperature. A comparison of the molecular diffusivities without porous media and 

the apparent diffusivities with porous media is given in Table 2.1.  

2.5 Problem Statement 

As described in the preceding sections, several methods to obtain the diffusivities of 

solvents in bulk liquid phase have been developed by a number of researchers. In 

particular, several theoretical models, e.g., the HM method [Tharanivasan et al., 2006], 

and the GMs [Zhang et al., 2000; Sheikha et al., 2006], have been proposed and derived 

based on the measured pressure vs. time data from the pressure decay method. 

Nevertheless, there is no consensus on which theoretical method should be employed to 

determine the diffusivities of different liquid‒solvent systems.  

In general, the accuracies of these methods are considerably compromised by some 

inherent oversimplified assumptions used to interpret the pressure vs. time data [Civan 

and Rasmussen, 2006]. Therefore, this thesis compares the HM method and two GMs, 

which are commonly used to determine the diffusivities of solvents in liquids by 

examining the effects of different assumptions used in these methods on the final 

determined diffusivities. First, the PVT data and viscosities of CO2/CH4/C3H8-saturated 

heavy oil were measured at different equilibrium pressures and the actual reservoir 

temperature. Second, four diffusion tests for the heavy oil‒CO2 system were conducted in 

a pressure range of 1.4‒4.9 MPa and Tres1 = 21.0°C. Third, these theoretical methods 

were compared by using the four diffusion test results.  
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Table 2.1 Comparison of the molecular diffusivities without porous media and the 

apparent diffusivities with porous media. 

Solvent Crude oil Conditions 
D or Dapp 

(10
−10

 m
2
/s) 

References 

CO2 

Bulk brine 
38°C, 

 1.5‒5.9 MPa 
30‒73 Renner [1998] 

Brine-saturated rocks 
59°C,       

2.4‒7.3 MPa 
3.14‒6.51 Li et al., [2006] 

Bulk heavy oil 
30‒55°C, 

2.6‒3.1 MPa 
340‒355 

Unatrakarn et al., [2011] 

Heavy oil-saturated   sand 
30‒55°C, 

2.8‒3.2 MPa 
180‒241 

Bulk brine 59°C, 

4.2‒7.3 MPa 

19.2‒27.2 

Li and Dong [2010] 

Brine-saturated Berea core 4.5‒6.3 

n-Hexadecane 
40°C, 

3.0‒5.6 MPa 

20.5‒23.6 

n-Hexadecane-saturated 

Berea core 
6.9‒8.0 

CH4 

n-Hexadecane 
40°C, 

3.9‒4.1 MPa 

25.6‒26.2 

n-Hexadecane-saturated 

Berea core 
9.4‒8.8 

C2H6 

Bulk water 
35°C, 

atmospheric 

14 
Unver and Himmelblau 

[1964] 

Water-saturated rocks 0.87 
Kroos and Leythaeuser 

[1988] 

C5H12 

Bulk heavy oil 

21°C,    

atmospheric 

4.0 

Salama and Kantzas [2005] 
Heavy oil-saturated sand 1.1 

C6H14 

Bulk heavy oil 2.7 

Heavy oil-saturated sand 0.8 

Cold Lake heavy oil 0.16 

Afsahi and Kantzas  [2007] 
Cold Lake heavy oil-

saturated sand 
0.22 

C7H16 

Bulk heavy oil 5.0 
Luo and Kantzas [2008] 

Heavy oil-saturated sand 2.5 

Cold lake heavy oil 0.07‒2.09
a
 

Afsahi and Kantzas  [2007]     Cold Lake heavy oil-

saturated sand 
0.03‒0.57

a 

C8H18 

Bulk heavy oil 
 

1.6 
Salama and Kantzas [2005] 

Heavy oil-saturated sand 0.7 

 

Notes:         D:   Molecular diffusivity 

                   Dapp:  Apparent diffusivity 

                             
a
:   Different solvent–oil ratios 
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It should also be noted that the diffusivities of solvents in a heavy oil with porous 

media are still scarce. Although some efforts have been made to obtain these kinds of 

data through the NMR and CAT techniques, they usually need special and expensive 

equipment. In this study, a reliable and cost-effective experimental method (i.e., the 

pressure decay method) was used to determine the diffusivities of gaseous solvents in 

bulk oil phase and unconsolidated porous media. Another four diffusion tests were 

conducted in a pressure range of 1.4‒4.7 MPa and Tres2 = 27.0°C. In each test, the 

pressure vs. time data of the heavy oil‒CO2 system without or with a porous medium 

were recorded by using two separate diffusion cells, respectively. The molecular and 

apparent diffusivities were determined from the measured pressure decay data. 
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CHAPTER 3 EXPERIMENTAL 

3.1 Materials 

In this study, two heavy oil samples were collected from the Colony and McLaren 

formations of the Moose Hills oilfield owned by the CNRL in the Cold Lake, Alberta. 

The compositional analysis results of the Colony heavy oil and the McLaren heavy oil in 

mole percentage are given in Tables 3.1 and 3.2. The molecular weights of the Colony 

heavy oil and the McLaren heavy oil are equal to MWo = 547.7 and 654.0 kg/kmole, 

respectively. The density and viscosity of the Colony heavy oil and the McLaren heavy 

oil at the atmospheric pressure and different temperatures are listed in Tables 3.3 and 3.4, 

Tables 3.5 and 3.6, respectively. The asphaltene content of the original Colony heavy oil 

and the original McLaren heavy oil are measured to be 18.3 and 20.2 wt.% (n-pentane 

insoluble) by using the standard ASTM D2007–03 method and filter papers (No. 5, 

Whatman, England) with a pore size of 2.5 μm. The purity of n-pentane (Fisher Scientific, 

USA) used as an asphaltene precipitant is equal to 99.76 mol.%. The physical and 

chemical properties of the Colony brine and the McLaren brine at 1 atm and Tres1 = 21C 

are given in Table 3.7.  

The purities of methane, nitrogen, propane and carbon dioxide are equal to 99.97 

mol.%, 99.76 mol.%, 99.5 wt.% and 99.998 mol.%, respectively. These gases were 

purchased from Praxair, USA. 
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Table 3.1 Compositional analysis result of the Colony heavy oil in mole percentage 

(Well No.: 16A-3-59-7). 

Carbon no. mol.% Carbon no. mol.% 

C1 0.00 C32 1.46 

C2 0.00 C33 1.32 

C3 0.00 C34 1.28 

C4 0.00 C35 1.15 

C5 0.00 C36 1.05 

C6 0.00 C37 1.16 

C7 0.00 C38 1.00 

C8 0.00 C39 0.99 

C9 0.79 C40 1.05 

C10 2.61 C41 0.93 

C11 2.21 C42 0.98 

C12 3.80 C43 1.06 

C13 4.20 C44 0.96 

C14 4.51 C45 0.89 

C15 4.49 C46 0.83 

C16 4.67 C47 0.77 

C17 4.43 C48 0.67 

C18 4.18 C49 0.55 

C19 3.87 C50 0.64 

C20 3.52 C51 0.63 

C21 3.16 C52 0.51 

C22 2.99 C53 0.40 

C23 2.54 C54 0.53 

C24 2.47 C55 0.47 

C25 2.21 C56 0.53 

C26 2.22 C57 0.40 

C27 2.24 C58 0.44 

C28 1.89 C59 0.39 

C29 1.97 C60 0.35 

C30 1.68 C61+ 8.52 

C31 1.43       Total 100.00 
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Table 3.2 Compositional analysis result of the McLaren heavy oil in mole percentage 

(Well No.: 6C-3-59-7). 

Carbon no. mol.% Carbon no. mol.% 

C1 0.00 C32 1.52 

C2 0.00 C33 1.34 

C3 0.00 C34 1.30 

C4 0.00 C35 1.23 

C5 0.00 C36 1.12 

C6 0.00 C37 1.01 

C7 0.00 C38 0.98 

C8 0.00 C39 0.97 

C9 0.00 C40 0.84 

C10 0.00 C41 0.73 

C11 2.26 C42 0.70 

C12 2.95 C43 0.70 

C13 3.04 C44 0.64 

C14 3.76 C45 0.59 

C15 3.65 C46 0.55 

C16 3.90 C47 0.53 

C17 4.03 C48 0.51 

C18 3.90 C49 0.48 

C19 3.73 C50 0.47 

C20 3.51 C51 0.45 

C21 3.29 C52 0.43 

C22 3.19 C53 0.39 

C23 2.96 C54 0.43 

C24 2.67 C55 0.47 

C25 2.49 C56 0.43 

C26 2.50 C57 0.40 

C27 2.49 C58 0.40 

C28 2.26 C59 0.40 

C29 1.97 C60 0.41 

C30 1.84 C61+   17.48 

C31 1.73       Total 100.00 
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Table 3.3 The density of the Colony heavy oil at 1 atm and different temperatures. 

Temperature (C) Density (kg/m
3
) 

21 992.0 

30 986.4 

40 980.4 

50 974.3 

60 968.1 

 

 

 

Table 3.4 The viscosity of the Colony heavy oil at 1 atm and different temperatures. 

Temperature (C) Viscosity (cP) 

21.0  33,876 

25.0  19,510 

30.3  10,539 

34.9    6,406 

40.0    3,980 

45.1    2,540 

50.0    1,679 

54.9    1,150 

60.0       796 

65.0       537 

70.2       391 

75.0       285 

79.8       220 
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Table 3.5 The density of the McLaren heavy oil at 1 atm and different temperatures. 

Temperature (C) Density (kg/m
3
) 

21              1,004.2 

30 997.6 

40 991.8 

50 985.7 

60 979.3 

 

 

 

 

 

Table 3.6 The viscosity of the McLaren heavy oil at 1 atm and different temperatures. 

Temperature (C) Viscosity (cP) 

21.0              177,000 

30.0 51,900 

39.9 18,281 

49.8   6,903 

59.8   2,912 

70.0   1,407 

79.9      747 
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Table 3.7 Physical and chemical properties of the Colony brine (Well No.: 16A-3-59-7) 

and McLaren brine (Well No.: 6C-3-59-7) at 1 atm. 

 
Colony brine McLaren brine 

Temperature (°C) 21.0 21.0 

Density (g/cm
3
) 1.03 1.04 

Viscosity (mPa∙s) 1.2 1.2 

pH @ 25.0°C 7 7.5 

Specific conductivity (mS·cm
−1

) 57,143 65,359 

Refractive index @ 28°C 1.339 - 

Refractive index @ 29°C - 1.3398 

Chloride (mg/L) 22,999 27,426 

Sulphate (mg/L) 2 2.5 

Total dissolved solids @ 180°C (mg/L) 37,619 47,252 

Potassium (mg/L) 50 65 

Sodium (mg/L) 13,410 15,670 

Calcium (mg/L) 766 1,050 

Magnesium (mg/L) 349 442 
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3.2 Preparation of the Solvent-Saturated Live Oils 

The equilibrium liquid properties of CO2/CH4/C3H8-saturated live heavy oils at the 

reservoir conditions are important for determining an appropriate strategy to be used in 

solvent-based EOR methods. In the preparation of the solvent-saturated heavy oil, the 

experimental apparatus consisted of two stainless steel cylinders (500-10-P-316-2, DBR, 

Canada), both of which were connected to a syringe pump (500DX, ISCO Inc., USA). A 

schematic diagram of the system for preparing the solvent-saturated live oil sample is 

shown in Figure 3.1. The heavy oil was saturated with a solvent at Tres1 = 21.0°C in four 

steps: 

 A sample of the dead heavy oil in the volume of Vo = 300 cm
3
 was introduced 

into Cylinder #1. It is noted that the volume of the oil sample should be large 

enough to complete the required number of PVT studies; 

 CO2 was injected into Cylinder #1 to make the initial pressure of the system 

up to 5 MPa; 

 The heavy oil–solvent fluids were then displaced by Pump #1 through a 

stainless steel tubing (Swagelok, USA) into Cylinder #2. Pump #1 was set in 

a constant pressure mode and its pressure was higher than 5 MPa, while 

Cylinder #2 was kept at 5 MPa. Care was taken that the pressure of Pump #1 

should be in an appropriate range to keep the volume flow rate of the mixture 

at a low range, which could be 0.5–1.0 cm
3
/min; and 

 Once all the mixture was pumped into Cylinder #2, the mixture in Cylinder 

#2 was pumped back to Cylinder #1 by following the similar procedure. The 

heavy oil–CO2 mixture was pumped back and forth between these two 
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Figure 3.1 Schematic diagram of the system used to prepare the solvent-saturated 

heavy oil sample. 

Pressure gauge 
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cylinders for approximately two weeks to ensure that the heavy oil–solvent 

system reached an equilibrium state at Peq = 5.0 MPa. A similar experimental 

procedure was used to prepare the CH4/C3H8-saturated heavy oils. 

3.3 PVT Studies and Viscosity Measurements of Solvent-Saturated Live Oils 

After the solvent-saturated live heavy oil was prepared, the equilibrium pressures 

(Peq), oil-swelling factors (SFs), densities (ρ), solvent solubilities ( χ ), and viscosities (µ) 

of the heavy oil‒solvent system can be measured. A schematic diagram of the 

experimental setup for measuring the PVT data and viscosity of the solvent-saturated 

heavy oil is shown in Figure 3.2. The following procedure was used: 

 Tap water was stored in Cylinder #3, which was used to pressurize the 

experimental setup for measuring the PVT data and the live heavy oil viscosity 

until the pressure of the entire setup was 5.0 MPa; 

 A programmable syringe Pump A (260DX, ISCO Inc., USA) was used to displace 

the solvent-saturated heavy oil from Cylinder #1 or #2 into a densitometer 

(DMA512P, Anton Paar, USA) to measure the density of the mixture. Then the 

mixture was displaced into a house-made capillary viscometer. This viscometer 

was constructed to accurately determine the viscosity of the solvent-saturated 

heavy oil. The capillary tube was a 3 m-long stainless-steel tubing (Swagelok, 

Canada) with an inner diameter (ID) of 0.069 in. and a wall thickness of 0.028 in.; 
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Figure 3.2 Schematic diagram of the experimental setup used to measure the PVT 

data and viscosity of the solvent-saturated heavy oil. 



34 

 Another programmable syringe Pump B (100DX, ISCO Inc., USA) was used to 

apply a high pressure at the outlet of a back pressure regulator (BPR) (BPR-50, 

Temco, USA) until its outlet pressure was about 0.2 MPa above the equilibrium 

pressure, Peq, to ensure that the mixture remained as a liquid phase (one phase) 

inside the capillary tubing; 

 Once the mixture was displaced through the BPR, a flash vaporization method 

was used to measure the solvent solubility in the heavy oil. A quick separation of 

the heavy oil–solvent mixture occurred after the mixture passed through the BPR. 

The separated heavy oil was collected inside a graduated glass tube, where its 

mass mo was recorded. The flashed gas was collected in an air bubbler, where its 

volume Vg was measured. The decreased volume of the hydraulic oil in the 

displacement pump Vpump was also recorded;  

 After all the PVT data and viscosity of the solvent-saturated heavy oil mixture at 

5.0 MPa were measured, the entire system was cleaned and dried. The pressure of 

the cylinder that contained the solvent-saturated heavy oil was decreased to 4.0 

MPa by using the positive displacement pump. Then the valve between the 

cylinder and the pump was closed. The mixture was considered to reach a new 

equilibrium state at Peq = 4.0 MPa if the pressure change of the system was less 

than 10 kPa, which is the accuracy of the pressure gauge (Ashcroft, USA). Then, 

the PVT data and viscosity measurements were conducted at Peq = 4.0 MPa by 

following the above-mentioned experimental procedure; and 

 In this way, the solvent-saturated heavy oil was characterized at an equilibrium 

pressure from Peq = 5.0 to 1.0 MPa.  
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Before the viscosity of the solvent-saturated heavy oil was measured, a standard-

viscosity fluid, i.e., S8000 (Cannon Instrument Company, USA) with µ = 33,583 cP at 

Tres1 = 21.0°C, was used as the standard-viscosity liquid and injected through the 

capillary tubing at different constant volume flow rates to calibrate the capillary 

viscometer. Then the Hagen‒Poiseuille equation was applied to determine the so-called 

“effective radius” of the capillary tubing. With the determined “effective radius”, this 

equation was finally applied to determine the viscosity of the solvent-saturated heavy oil: 

                                               ,
8
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                                           (3.1) 

where ),( reseq TP  is the viscosity of the solvent-saturated heavy oil at the equilibrium 

state; P  and qmix are the measured pressure drop and pre-set constant mixture volume 

flow rate; effr  and L are the “effective radius” and the actual length of the capillary 

tubing. The three major assumptions for the above equation to be valid are that the fluid 

is Newtonian, the fluid flow is laminar, and the fluid flow is steady through a long 

circular tubing. 

The solvent solubility in the heavy oil at the equilibrium state was measured by using 

the above method: 
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The swelling factor of the solvent-saturated heavy oil at the equilibrium pressure can be 

obtained by: 
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3.4 Diffusion Tests without a Porous Medium 

3.4.1 Apparatus 

Figure 3.3 shows the schematic diagram of the experimental setup used to measure 

the pressure in the gas cap as the solvent is gradually dissolved into the heavy oil inside a 

closed constant-volume diffusion cell at a constant temperature. The apparatus was 

comprised of a stainless steel cylindrical diffusion cell A (CYL-0250-10-NP-316-2, DBR, 

Canada) with an ID of 5.37 cm and 16.12 cm in height. The maximum operating pressure 

and temperature of the diffusion cell are 69 MPa and 200C, respectively. Carbon dioxide 

was introduced from a gas supply cell (500-10-P-316-2, DBR, Canada) to the diffusion 

cell by connecting the top ports of the two cells through a needle valve (SS-0VS2, 

Swagelok, USA). The heavy oil sample was injected into the diffusion cell by using a 

positive displacement pump (PMP-500-1-10-HB-316-MO-CO, DBR, Canada) from the 

bottom port of the diffusion cell. The 1/8″ stainless steel tubing (Swagelok, USA) was 

used as the connections in the entire experimental setup. 

Another major component of the experimental setup was a high-accuracy pressure 

transducer (PXM409-350BG10V, Omega Engineering, Canada). This pressure transducer 

was used to measure the pressure in the solvent phase inside the closed diffusion cell with 

an accuracy of 0.08% at its full scale of 34,474 kPa. The pressure transducer had been 

tested and accurately calibrated by the manufacturer before shipping. To maintain a 

constant temperature throughout the experiment, the gas supply cell, the heavy oil supply 

cell, and the diffusion cell were placed vertically inside an oven (Heratherm OMH400, 

Thermo Scientific, Germany).  
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Figure 3.3 Schematic diagram of the experimental setup used to measure the molecular 

diffusivity of the heavy oil–solvent system at Tres1 = 21.0°C. 
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3.4.2 Experimental procedure 

Prior to each diffusion test, the entire system was tested for leakage by using 

nitrogen at about P = 5.0 MPa. The leakage test was conducted by monitoring the 

pressure in the diffusion cell for at least 24 hours. The gas supply cell, which was pre-

pressurized with CO2, and the diffusion cell were placed inside the oven. The diffusion 

cell, all of the lines that connected the gas supply cylinder, and the pressure transducer 

were vacuumed. Then a small amount of the heavy oil sample, i.e., Vo = 83.95 cc, was 

introduced from the heavy oil supply cell into the diffusion cell by using the positive 

displacement pump. After the temperature reached an equilibrium value of Tres1 = 21.0°C, 

the test solvent was introduced into the diffusion cell to achieve a pre-specified pressure. 

As the solvent was gradually dissolved into the heavy oil, the pressure inside the 

diffusion cell was monitored and recorded over time by using a data acquisition software, 

Agilent IO Libraries Suite (Version 16.3, Agilent Technologies, USA). The pressure 

decay measurement was continued until the daily pressure decay was within the accuracy 

of the pressure transducer, i.e., 29 kPa/day. 

3.5 Diffusion Tests with a Porous Medium 

3.5.1 Apparatus 

Figure 3.4 shows the schematic diagram of the experimental setup used to measure 

the diffusivities of solvent in the heavy oil without and with a porous medium at the same 

time. In order to eliminate the temperature effect on the molecular diffusivity for two 

bulk phases and the apparent diffusivity for a heavy oil-saturated porous medium, another 

small diffusion cell B (Faculty of Engineering and Applied Science at University of 

Regina, Canada) with an ID of 2.70 cm and a height of 15.72 cm was added into the 
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Figure 3.4 Schematic diagram of the experimental setup used to simultaneously 

measure the molecular diffusivity of the heavy oil–solvent system without a porous 

medium (Diffusion cell A) and the apparent diffusivity of the heavy oil–solvent system 

with a porous medium (Diffusion cell B) at Tres2 = 27.0°C. 
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previous experimental setup to measure the apparent diffusivity. In this case, a high-

precision digiquartz pressure transducer (46KR-101, Paroscientific Inc., USA) with an 

accuracy of 0.01% at a full scale of 41,385 kPa was connected to the top port of the small 

diffusion cell B as shown in Figure 3.4. A pressure indicator (PPM-2, Heise, USA) with 

an accuracy of 0.025% at a full scale of 34,474 kPa was connected to the top port of the 

diffusion cell A. A big oven (AAH14036U, Cole–Parmer Instrument company, Canada) 

with an accuracy of ±1°C was used to keep the entire system at a constant temperature of 

Tres2 = 27.0°C. 

3.5.2 Experimental procedure 

The diffusion cell B with a small volume of Vsand = 23.58 cc was packed with the 

Ottawa silica sands of the mesh sizes of 60−80. Then a diffuser and a spacer were placed 

on the top of the sand to occupy the void volume in the diffusion cell B. The porosity of 

the sand-packed model was measured by recording the volume of the injected tap water 

after the model was vacuumed. The absolute permeability was determined by measuring 

the volume flow rates of injected tap water under different hydrostatic pressures. Then 

the diffusion cell B was dried in an oven at 110°C for 24 hours. The two diffusion cells, 

the gas supply cell, and the heavy oil supply cell were all placed in the big oven. Then the 

heavy oil sample was introduced from the heavy oil supply cell into the two respective 

diffusion cells A and B by using the positive displacement pump until the oil volume of 

the diffusion cell A was equal to Vo = 83.95 cc and the sand was completely saturated 

with oil in the small diffusion cell B. The diffuser and the spacer were taken out from the 

diffusion cell B, and then the diffusion cell B was sealed again. The two diffusion cells 

and all the lines connected the gas supply cylinder were vacuumed.  
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After the temperature reached an equilibrium value at Tres2 = 27.0°C, the test solvent 

was introduced into diffusion cells A and B respectively to achieve similar targeted initial 

pressures. As the solvent was gradually dissolved into the heavy oil, the pressure inside 

the diffusion cell A was recorded by using the Agilent IO Libraries Suite (Version 16.3, 

Agilent Technologies, USA). The pressure inside the diffusion cell B was monitored and 

recorded over time by using the Digiquartz Interactive DQI3 (Version 1.0.0.0, 

Paroscientific Inc., USA). The pressure decay measurements were continued until the 

daily pressure reductions in diffusion cells A and B were within the accuracies of 9 

kPa/day for the pressure indicator and 4 kPa/day for the pressure transducer, respectively. 

After the pressure decay measurement, the pressures in the diffusion cells A and B were 

released. Then the two diffusion cells were opened, cleaned, and prepared for the next 

diffusion tests. 
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CHAPTER 4 THEORY 

In this chapter, three theoretical methods are described, including the history 

matching (HM) method [Tharanivasan et al., 2006], the first graphical method (GM-I) 

[Zhang et al., 2000], and the second graphical method (GM-II) [Sheikha et al., 2006]. 

Their specific assumptions are described and compared in Table 4.1. Finally, the methods 

used to determine the molecular and apparent diffusivities in this thesis are introduced.  

4.1 History Matching Method 

4.1.1 Diffusion model 

A schematic diagram of the heavy oilCO2 system is shown in Figure 4.1. The 

bottom of the oil column is located at x = 0. The interface between the heavy oil and CO2 

is located at x = l. Based on similar assumptions made in the literature [Tharanivasan et 

al., 2006], the diffusion equation for the solvent dissolution into a liquid phase can be 

expressed as a one-dimensional (1-D) unsteady diffusion process by using the Fick’s 

second law: 

                                                            ,
2

2

x

c
D

t

c









                                                 (4.1) 

where c is the solvent molar concentration in the heavy oil; x is the vertical upward 

distance from the bottom of the diffusion cell; t is time; and D is the molecular diffusivity 

of a solvent in the heavy oil. 

The analytical solution of Eq. (4.1) relies on a specific initial condition (IC) and two 

BCs. At the beginning of the diffusion test, no solvent is dissolved in the heavy oil. The 

IC is: 

                                             .0    ,0     0),(  tlxtxc                                     (4.2) 
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Table 4.1 Comparisons of the HM method, the two GMs, and the base models. 

 
HM method GM-I GM-II 

Reference 
Tharanivasan et al. 

[2006] 

Zhang et al.   

[2000] 

Sheikha et al. 

[2006] 

Assumptions 

Constant diffusivity + + + 

No natural convection + + + 

No oil swelling + + + 

Nonvolatile oil + + + 

Isothermal diffusion + + + 

Constant z-factor – + + 

No chemical reaction + + + 

Base model 

Fick’s second law + + + 

Initial condition                         

(c = 0  x ≥ 0, t = 0) 
+ + + 

Equilibrium interface 

BC 
+ + + 

Impermeable bottom  

BC 
+ + – 

Solubility   +
* 

  +
* 

    +
** 

 

Notes:        *: The solubility were used to estimate the equilibrium pressure Peq. 

                  **:  The solubility were used to estimate Henry’s constant Kh. 
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Figure 4.1 Schematic diagram of the heavy oil–solvent system without a porous medium 

inside a closed constant-volume diffusion cell. 
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The bottom rigid impermeable BC, which means the mass-transfer flux at any time is 

zero [Crank, 1975], is applied, i.e., 

                                                   .0     ,0     0 



tx

x

c
                                        (4.3) 

Regarding the heavy oil‒solvent interface BC, either the equilibrium BC or the non-

equilibrium BC is considered in this study. For the equilibrium BC, the interface is 

assumed to be saturated with the solvent at all times [Renner, 1988]. The corresponding 

Dirichlet BC is written as: 

                                          ,0      ,    )(),( eqeq  tlxcPctxc                               (4.4) 

where Peq is the equilibrium pressure of the solvent phase when the heavy oil is 

completely saturated with the solvent; and ceq is the solvent molar concentration in the 

heavy oil at the equilibrium pressure. For the non-equilibrium BC, the mass transfer at 

the heavy oil‒solvent interface is assumed to be proportional to the difference between 

the solvent molar concentration at the equilibrium pressure and that at the existing 

pressure at the interface at any time [Civan and Rasmussen, 2001; 2002]. The 

corresponding Robin BC is applied: 

                                             0,    ,   )],([ eq 



tlxtxcck

x

c
D                                (4.5) 

where k is the mass-transfer coefficient at the heavy oil‒solvent interface, and 1/k 

represents the interfacial resistance to the mass transfer across the interface. The mass-

transfer Biot number, kD = Dkl , is introduced [Tharanivasan, et al., 2006] to represent 

the ratio of the bulk resistance to the molecular diffusion, l/D, to the interfacial resistance 

to the mass transfer, 1/k. In conjunction with the equilibrium BC or non-equilibrium BC, 

the analytical solution of Eq. (4.1) is derived as: 
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For the equilibrium BC [Crank, 1975]: 

                        
 

 

 

 
 

,
4

12
exp

2

12

2

12
cos

121
,

1
2

22

eq













 











 


n

n
t

l

Dn

n

x
l

n

c

txc 





              (4.6) 

For the non-equilibrium BC [Walas, 1991]: 
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                 (4.7) 

where λn represents the positive eigen values of the characteristic equation, tanλn = kD /λn. 

The bisection method can be used to obtain the eigen values of this equation.  

4.1.2 Equilibrium pressure 

As can be seen from Eqs. (4.6) and (4.7), the equilibrium pressure, Peq, is needed to 

determine the solvent molar concentration, ceq, of a gaseous solvent in the heavy oil. The 

most accurate method is to measure the equilibrium pressure of the solvent phase when 

the heavy oil‒solvent system is in an equilibrium state. Usually, however, it takes an 

extremely long time to reach the equilibrium state due to the slow diffusion process. 

Therefore, to obtain a reliable equilibrium pressure and avoid a long experimental time, 

Peq is determined based on the measured solubility vs. pressure data for the same heavy 

oil‒solvent system [Tharanivasan et al., 2006]. At an equilibrium state, Peq can be 

calculated by applying the P‒R EOS [Peng and Robinson, 1976]: 
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where Mv is the mole-based specific volume of the solvent in the gas phase; R is the 

universal gas constant; T is the absolute temperature;  TP ,eq  denotes the solubility of 

the solvent in the heavy oil in weight percentage at Peq and T; iN is the initial number of 

moles of the solvent in the gas phase at an initial pressure iP  and T; Vg is the volume of 

the gas phase; mo is the mass of oil; and MWs is the molecular weight of the solvent. By 

conducting the solubility measurement for the same heavy oil–solvent system, the 

solubility of the solvent,  TP ,eq , can be obtained and expressed as a function of Peq 

from the measured solubility vs. equilibrium pressure data. By substituting the solubility 

of the solvent,  ,,eq TP  as a function of Peq into Eq. (4.8a), the value of the equilibrium 

pressure becomes the only unknown parameter and can be obtained by using the iteration 

method.  
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4.1.3 Numerical optimization 

After the equilibrium pressure, Peq, is obtained, the existing pressure Pcal(t) in the 

solvent phase as a function of time is calculated by applying the variable compressibility 

EOS: 

               ,)(] ),([)](][ ),([)( gcaloicalgcal RTtNTtPzRTtNNTtPzVtP                   (4.9) 

where Pcal(t) is the calculated pressure; z[Pcal(t), T] represents the z-factor at Pcal(t) and T, 

which is determined from the P‒R EOS; Ng(t) is the number of moles of the remaining 

solvent in the gas phase; and No(t) is the number of moles of the solvent dissolved into 

the heavy oil, which can be determined by integrating the solvent molar concentration 

profile in Eq. (4.6) or (4.7) with respect to the oil volume. The oil volume here is 

assumed to be constant.  

Once the pressure vs. time data, i.e., Pcal(t), are computed from Eq. (4.9) for the 

equilibrium BC or the non-equilibrium BC, the diffusivity can be obtained by finding a 

best fit between the predicted and measured pressure vs. time data, which corresponds to 

the minimum of the following objective function: 
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                                    (4.10) 

where Pexp(t) is the experimental pressure at the time of tn, n =1, 2, 3, …, m. Eq. (4.10) 

stands for an average pressure difference between the calculated and measured pressures 

at different times [Tharanivasan et al., 2006]. 
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4.2 Graphical Methods 

4.2.1 Graphical method I 

In this section, the graphical method [Zhang et al., 2000] is also used to determine 

the diffusivity of the solvent in the heavy oil. Based on the MBE, the number of moles of 

solvent leaving from the gas phase should be equal to the number of moles of solvent 

moving across the interface into the liquid phase. Eq. (4.11) can be obtained by applying 

the EOS and the Fick’s first law: 
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where the compressibility z-factor is assumed to be constant in this method. Eq. (4.12) is 

derived by substituting Eq. (4.6) into Eq. (4.11) and integrating Eq. (4.11): 
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At a large time, the solution in the infinite series in Eq. (4.12) converges quickly. In fact, 

the first approximation is obtained by keeping the first term only: 
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                                     (4.13) 

The pressure vs. time data are plotted in terms of ln[P(t)−Peq] vs. t and then a straight line 

can be obtained. The diffusivity is determined from the slope of this straight line if the oil 

column height l is known. It should be noted that GM-I is obtained when the equilibrium 

BC is invoked. 



50 

4.2.2 Graphical method II 

After the solvent passes through the interface and diffuses into the heavy oil, its 

penetration depth will increase in an extremely slow manner. Before the solvent reaches 

the bottom of the diffusion cell, it will diffuse downwards in the diffusion cell as though 

the cell were at infinity. Based on this assumption, Sheikha et al. [2006] derived another 

graphical method. In this method, the same diffusion equation and initial condition, i.e., 

Eqs. (4.1) and (4.2), are used as those in the previous two methods. For the interface BC, 

Henry’s law [Felder and Rousseau, 1986] is used to relate the solvent molar 

concentration in the heavy oil at the interface with the pressure of the gas phase: 

                                                              ,hcKP                                                     (4.14) 

where Kh is the Henry’s constant. Similar to the previous graphical method, GM-II used 

the equilibrium BC and the MBE together to obtain the interface BC as: 
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                                              (4.15) 

Before the dissolution of the solvent into the heavy oil is affected by the impermeable 

boundary at the bottom of the diffusion cell, an infinite-acting bottom BC is applied: 

                                                           0.   ,      0  txc                                        (4.16) 

The analytical solution to Eq. (4.1) subject to Eqs. (4.2), (4.15) and (4.16) was given by 

Sheikha et al. [2006]: 
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Because the exponential term in Eq. (4.17) is close to unity compared with the magnitude 

of the complementary error function, the former is neglected and Eq. (4.17) can be 

rearranged as [Sheikha et al., 2006]: 
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A straight line can be obtained on the graph of   i
1erfc PtP

 vs. ,t  whose slope, 

 hKlMWzRTD s , can be used to determine the solvent diffusivity. It can be seen from 

the slope that the Henry’s constant Kh should be determined independently before the 

diffusivity is determined. In this study, the mass-based gas solubility was converted to an 

average value of Henry’s constant by using Eq. (4.19): 

                                                   ,
),( oeq

h
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P
K                                                (4.19) 

where P  is the average pressure between the initial pressure and the final pressure. Then, 

the diffusivity can be obtained uniquely from the slope of the straight line. 

4.3 Apparent Diffusivity 

If the heavy oil column is replaced with a heavy oil-saturated porous medium with 

the side surface and one end face sealed so that the diffusion is in the same direction as 

that in the bulk heavy oil, the diffusion equation can be derived in a similar way to that 

without a porous medium [Krooss et al., 1992; Li et al., 2006]: 
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where cr is the solvent molar concentration in the bulk porous medium. Because the 

presence of the porous medium does not change the PVT property and viscosity of the 
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heavy oil‒solvent system, the same IC, interface equilibrium BC, and bottom 

impermeable BC as Eqs. (4.2), (4.4), and (4.3), can be applied in this diffusion model. 

Therefore, a similar analytical solution to Eq. (4.20) can be derived as: 
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where creq represents the solvent molar concentration in the bulk porous medium at Peq. 

With the measured pressure vs. time data in the diffusion tests for the heavy oil–solvent 

system with a porous medium, the HM method can be employed to minimize the 

objective function Eq. (4.10), where the solvent apparent diffusivity is obtained. The 

corresponding tortuosity of the sand-packed physical model is determined from Eq. (2.1).  
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CHAPTER 5 RESULTS AND DISCUSSION 

5.1 Characterization of the CO2/CH4/C3H8-Saturated Live Heavy Oils 

5.1.1 CO2/CH4/C3H8-saturated Colony heavy oil 

The equilibrium pressures (Peq), CO2 solubilities (
2CO ), oil-swelling factors (SFs), 

densities (ρ), and viscosities (µ) of the Colony heavy oil‒CO2 system with five different 

oil and CO2 compositions as well as the density and viscosity of the dead Colony heavy 

oil at Tres1 = 21.0°C are given in Table 5.1a. The PVT data and viscosities of the Colony 

heavy oil‒CH4/C3H8 systems are listed in Tables 5.1b and 5.1c, respectively.  

The measured solubilities of CO2/CH4/C3H8 in the Colony heavy oil as a function of 

the dimensionless pressure at Tres1 = 21.0°C are shown in Figure 5.1a. A good linear 

relation can be found for the CO2/CH4-saturated Colony heavy oil, but not for the C3H8-

saturated Colony heavy oil. The solubilities of C3H8 in the Colony heavy oil are always 

larger and increase more quickly than those of CO2 and CH4 at similarly reduced 

pressures. The measured swelling factors of CO2/CH4/C3H8-saturated Colony heavy oil 

as a function of the dimensionless pressure at Tres1 = 21.0°C are plotted in Figure 5.1b. 

Similarly, the oil-swelling factors of the three solvents in the Colony heavy oil have the 

same trends as those for the solubilities of the solvents in the Colony heavy oil. The 

overall swelling factors of CO2- or CH4-saturated Colony oil are less than 1.1. However, 

the oil-swelling factor of C3H8-saturated Colony oil can be as large as around 1.5. The 

measured densities of CO2/CH4/C3H8-saturated Colony heavy oil as a function of the 

dimensionless pressure at Tres1 = 21.0°C are plotted in Figure 5.1c. It can be seen from 

this figure that the density of the CO2/CH4-saturated Colony heavy oil is slightly 

decreased with the pressure. On the other hand, dissolution of C3H8 can significantly 
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Table 5.1a Measured equilibrium pressures (Peq), CO2 solubilities ),(
2COχ oil-swelling 

factors (SFs), densities (ρ), and viscosities (µ) of the Colony heavy oil‒CO2 system with 

five different oil and CO2 compositions as well as the density and viscosity of the dead 

Colony heavy oil at Tres1 = 21.0°C. 

Test 

No. 

Peq 

(kPa) 
2CO  

(g CO2/100 g oil) 
SF 

ρ 

(g/cm
3
) 

µ 

(cP) 

Colony heavy oil‒CO2 system 

ox  

(mol.%) 
2COx  

(mol.%) 

1 - - - 0.9920 33,876 100.00   0.00 

2 1,056 1.8 1.022 0.9901 14,663   81.29 18.71 

3 2,100 4.5 1.041 0.9918 4,765   64.10 35.90 

4 3,045 7.0 1.073 0.9920 1,000   53.57 46.43 

5 3,956 8.9 1.102 0.9853 536   47.44 52.56 

6 4,947           11.0 1.123 0.9861 260   42.21 57.79 

 

 

Table 5.1b Measured equilibrium pressures (Peq), CH4 solubilities ),(
4CH  oil-swelling 

factors (SFs), densities (ρ), and viscosities (µ) of the Colony heavy oil‒CH4 system with 

five different oil and CH4 compositions as well as the density and viscosity of the dead 

Colony heavy oil at Tres1 = 21.0°C. 

Test 

No. 

Peq 

(kPa) 
4CH  

(g CH4/100 g oil) 
SF 

ρ 

(g/cm
3
) 

µ 

(cP) 

Colony heavy oil‒CH4 system 

ox  

(mol.%) 
4CHx  

(mol.%) 

1 - - - 0.9920 33,876 100.00   0.00 

2 1,011 0.30 1.007 0.9881 23,515   90.68   9.32 

3 2,025 0.46 1.009 0.9868 17,935   86.47 13.53 

4 3,026 0.64 1.013 0.9853 11,419   81.97 18.03 

5 4,012 0.81 1.016 0.9843   9,355   78.26 21.74 

6 4,993 0.96 1.019 0.9836   8,258   75.22 24.78 
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Table 5.1c Measured equilibrium pressures (Peq), C3H8 solubilities ),(
83HC  oil-swelling 

factors (SFs), densities (ρ), and viscosities (µ) of the Colony heavy oil‒C3H8 system with 

five different oil and C3H8 compositions as well as the density and viscosity of the dead 

Colony heavy oil at Tres1 = 21.0°C. 

Test 

No. 

Peq 

(kPa) 
83HC  

(g C3H8/100 g oil) 
SF 

ρ 

(g/cm
3
) 

µ 

(cP) 

Colony heavy oil‒ C3H8 system 

ox  

(mol.%) 
83HCx  

(mol.%) 

1 - - - 0.9920 33,876       100.00   0.00 

2 225   3.3 1.042 0.9867   4,129 71.20 28.80 

3 430   7.8 1.121 0.9610      600 50.02 49.98 

4 620 15.0 1.263 0.9140       99 34.60 65.40 

5 721 20.5 1.382 0.8737       41 28.06 71.94 

6 802 25.8 1.494 0.8299       22 23.61 76.39 
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Figure 5.1a Measured solubilities of C3H8, CO2, and CH4 in the Colony heavy oil as a 

function of the dimensionless pressure at Tres1 = 21.0°C.  
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Figure 5.1b Measured oil-swelling factors of C3H8/CO2/CH4-saturated Colony heavy 

oil as a function of the dimensionless pressure at Tres1 = 21.0°C. 
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Figure 5.1c  Measured densities of CO2/CH4/C3H8-saturated Colony heavy oil as a 

function of the dimensionless pressure at Tres1 = 21.0°C. 
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Figure 5.1d Measured viscosities of CH4/CO2/C3H8-saturated Colony heavy oil as a 

function of the dimensionless pressure at Tres1 = 21.0°C.  
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decrease the density of the Colony heavy oil. The measured viscosities of 

CO2/CH4/C3H8-saturated Colony heavy oil as a function of dimensionless pressure at Tres1 

= 21.0°C are shown in Figure 5.1d. As the equilibrium pressure increases, the solubilities 

of CO2 and C3H8 are also increased, and the viscosity of CO2/C3H8-saturated Colony 

heavy oil is decreased considerably, whereas the viscosity of CH4-saturated Colony 

heavy oil does not change much. It should be noted in Figures 5.1a–d that the saturation 

pressures, Psat, of CO2 and C3H8 at Tres1 = 21.0°C, which are equal to 5.9 and 0.9 MPa, 

respectively, are used as the reference pressures to determine the dimensionless pressures. 

The critical pressure, Pc, of CH4, which is equal to 4.6 MPa, is used to calculate the 

dimensionless pressure. Overall, C3H8 is proven to have a superior solvent in the solvent-

based EOR methods in terms of its highest solubility, oil-swelling factor, and its strongest 

ability to reduce the heavy oil density and viscosity. Nevertheless, CO2 is usually the first 

choice in the solvent-based EOR methods because of its considerably low cost and 

acceptable ability to reduce the heavy oil viscosity in practice. 

The viscosities of the CO2/CH4/C3H8-saturated Colony heavy oil are predicted by 

using the following four mathematical models. Here, CO2 was chosen as an example to 

predict the viscosity of CO2-saturagted Colony heavy oil. The classical Arrhenius 

equation is often used [Irving, 1977]: 

                                                  ,2CO

2

o

COomix

xx                                                       (5.1) 

where 
mixμ is the predicted mixture viscosity; ox  and 

2COx are the mole fractions of the oil 

and CO2 in the oil–CO2 mixture, respectively; o and 
2CO are the calculated respective 

viscosities of the oil and CO2 at the equilibrium conditions (Peq, Tres) by using the CMG 

WinProp module (Version 2014.10, Computer Modelling Group Limited, Canada) with 
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the Jossi–Stiel–Thodos correlation. Shu [1984] provided the following empirical 

correlation: 

                                                             ,os
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where o and s are the viscosities of the dead heavy oil and a liquid solvent, 

respectively; of  and sf  are the weighted volume percentages of the oil and solvent phase; 

s  is the volume fraction of the solvent in the oil–solvent mixture;  is the weighting 

factor; o  and s  are specific gravities of the dead heavy oil and the liquid solvent, 

respectively. Chung et al. [1988] obtained a modified λ correlation for determining CO2-

saturated heavy oil viscosity: 
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where SG is the specific gravity of the heavy oil at a specific pressure and a temperature; 

P and T are the test pressure and temperature. Lobe [1973] proposed the mixing rule to 

calculate the viscosity of the solvent-diluted crude oil: 
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where νmix, νo, and νs are the kinematic viscosities of the oil‒solvent mixture, oil, and 

solvent; and ψo is the volume fraction of the oil in the oil‒solvent mixture. 

The measured and predicted viscosities of CO2/CH4/C3H8-saturated Colony heavy oil 

as a function of the solvent concentration at Tres1 = 21.0°C are plotted in Figures 5.2a–c, 

respectively. It should be noted that the liquid properties of CO2 and C3H8 are used in the 

mixing rules, which are required for predicting the liquid‒liquid mixture viscosity. The 

density and viscosity of CH4 used in the mixing rules are at its critical point (−82.6°C and 

4.6 MPa). For the CO2/C3H8-saturated Colony heavy oil, the Shu model [1984] gives the 

best predictions compared with the other three models. The Lobe model [1973] is the best 

for predicting the mixture viscosity of CH4-saturated Colony heavy oil. The Chung model 

[1988] always underestimates the viscosities of both live heavy oils, whereas the 

Arrhenius equation [Irving, 1977] either overestimates or underestimates the viscosity of 

the heavy oil–solvent mixture. 

5.1.2 CO2/CH4/C3H8-saturated McLaren heavy oil 

The equilibrium pressures (Peq), CO2 solubilities ),(
2CO  oil-swelling factors (SFs), 

densities (ρ), and viscosities (µ) of the McLaren heavy oil‒CO2 system with five different 

oil and CO2 compositions as well as the density and viscosity of the dead McLaren heavy 

oil at Tres1 = 21.0°C are given in Table 5.2a. The PVT data and viscosities of the McLaren 

heavy oil‒CH4/C3H8 systems are listed in Tables 5.2b and 5.2c, respectively. 

The solvents solubilities (χ), oil-swelling factors (SFs), densities (ρ), and viscosities 

(µ) as a function of the dimensionless pressure for the McLaren heavy oil‒solvent 

systems at Tres1 = 21.0°C are plotted in Figures 5.3a–d, respectively. It is found from 
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Figure 5.2a Measured and predicted viscosities of CO2-saturated Colony heavy oil as a 

function of CO2 concentration at Tres1 = 21.0°C. 
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Figure 5.2b Measured and predicted viscosities of CH4-saturated Colony heavy oil as a 

function of CH4 concentration at Tres1 = 21.0°C. 
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Figure 5.2c  Measured and predicted viscosities of C3H8-saturated Colony heavy oil as 

a function of C3H8 concentration at Tres1 = 21.0°C. 
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Table 5.2a Measured equilibrium pressures (Peq), CO2 solubilities ),(
2CO  oil-swelling 

factors (SFs), densities (ρ), and viscosities (µ) of the McLaren heavy oil‒CO2 system 

with five different oil and CO2 compositions as well as the density and viscosity of the 

dead McLaren heavy oil at Tres1 = 21.0°C. 

Test 

No. 

Peq 

(kPa) 
2CO  

(g CO2/100 g oil) 
SF 

ρ 

(g/cm
3
) 

µ 

(cP) 

McLaren Heavy oil‒CO2 system 

ox  

(mol.%) 
2COx  

(mol.%) 

1 - - - 1.0040 177,000 100.00   0.00 

2 1,035   2.55 1.032 1.0020   15,890   72.52 27.48 

3 2,100   5.18 1.051 1.0039     4,129   56.51 43.49 

4 3,040   7.50 1.082 0.9952     2,645   47.29 52.71 

5 4,040   9.97 1.103 1.0035     1,077   40.93 59.07 

6 5,065 12.50 1.143 0.9949       832   34.99 65.01 

 

 

Table 5.2b Measured equilibrium pressures (Peq), CH4 solubilities ),(
4CH  oil-swelling 

factors (SFs), densities (ρ), and viscosities (µ) of the McLaren heavy oil‒CH4 system 

with five different oil and CH4 compositions as well as the density and viscosity of the 

dead McLaren heavy oil at Tres1 = 21.0°C. 

Test 

No. 

Peq 

(kPa) 
4CH  

(g CH4/100 g oil) 
SF 

ρ 

(g/cm
3
) 

µ 

(cP) 

McLaren heavy oil‒CH4 system 

ox  

(mol.%) 
4CHx  

(mol.%) 

1 - - - 1.0040 177,000 100.00   0.00 

2 1,021 0.18 1.005 0.9987 132,567   93.06   6.94 

3 2,052 0.33 1.007 0.9956 103,538   88.16 11.84 

4 3,140 0.48 1.010 0.9935   74,357   83.53 16.47 

5 4,136 0.65 1.012 0.9917   54,821   78.90 21.10 

6 4,978 0.79 1.014 0.9842   48,234   75.51 24.49 
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Table 5.2c Measured equilibrium pressures (Peq), C3H8 solubilities ),(
83HC  oil-swelling 

factors (SFs), densities (ρ), and viscosities (µ) of the McLaren heavy oil‒C3H8 system 

with five different oil and C3H8 compositions as well as the density and the viscosity of 

the dead McLaren heavy oil at Tres1 = 21.0°C. 

Test 

No. 

Peq 

(kPa) 
83HC  

(g C3H8/100 g oil) 
SF 

ρ 

(g/cm
3
) 

µ 

(cP) 

McLaren heavy oil‒ C3H8 system 

ox  

(mol.%) 
83HCx  

(mol.%) 

1 - - - 1.0040 177,000         100.00   0.00 

2 210   4.0 1.052 0.9892     8,425 62.82 37.18 

3 405   8.2 1.121 0.9714     1,243 45.15 54.85 

4 620 12.7 1.223 0.9215        253 34.69 65.31 

5 712 15.9 1.342 0.8798          72 29.79 70.21 

6 802 22.1 1.451 0.8321          34 23.34 76.66 
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Figure 5.3a Measured solubilities of C3H8, CO2, and CH4 in the McLaren heavy oil as 

a function of the dimensionless pressure at Tres1 = 21.0°C. 
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Figure 5.3b Measured oil-swelling factors of C3H8/CO2/CH4-saturated McLaren heavy 

oil as a function of the dimensionless pressure at Tres1 = 21.0°C. 
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Figure 5.3c  Measured densities of CO2/CH4/C3H8-saturated McLaren heavy oil as a 

function of the dimensionless pressure at Tres1 = 21.0°C. 
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Figure 5.3d Measured viscosities of CH4/CO2/C3H8-saturated McLaren heavy oil as a 

function of the dimensionless pressure at Tres1 = 21.0°C. 
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those figures that C3H8 and CO2 always demonstrate better potentials than CH4 in terms 

of solvent solubility, oil-swelling factor, oil density, and viscosity reductions. It should be 

noted that the viscosity of the CO2-saturated McLaren heavy oil at 5.0 MPa and Tres1 = 

21.0°C is 832 cP, which is close to the viscosity of 747 cP of the dead McLaren heavy oil 

at 1 atm and 79.9°C. These data show that the solvent-based EOR methods can be a good 

alternative to the thermal EOR methods. The former methods can also significantly 

reduce the viscosity of the oil to almost the same level as the latter methods. 

The measured and predicted viscosities of CO2/CH4/C3H8-saturated McLaren heavy 

oil as a function of the solvent concentration at Tres1 = 21.0°C are plotted in Figures 5.4a–

c, respectively. In this case, the Shu model [1984] gives the best predictions for the 

CO2/C3H8-saturated McLaren heavy oil compared with the other three models. The Lobe 

model [1973] is the best for predicting the mixture viscosity of CH4-saturated McLaren 

heavy oil. The Chung model [1988] and the Arrhenius equation [Ivring, 1977] also 

predict the mixture viscosities in the same trends for the Colony heavy oil–

CO2/CH4/C3H8 systems as those for the McLaren heavy oil–CO2/CH4/C3H8 systems. 

The viscosities of the McLaren/Colony heavy oil‒solvent system as functions of 

solvent (i.e., CO2, CH4, and C3H8) molar concentration and equilibrium pressure are 

plotted in Figures 5.5–7, respectively. Overall, the viscosity of the McLaren heavy 

oil‒solvent system is always higher than that of the Colony heavy oil‒solvent system at a 

similar solvent concentration or equilibrium pressure. The CO2 equilibrium molar 

concentration in the Colony heavy oil can reach almost 70 mol.% with the viscosity 

falling to 260 cP from the initial 33,876 cP for the Colony heavy oil. However, CH4 does 

not show a comparable solubility or an ability to reduce the heavy oil viscosity  
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Figure 5.4a Measured and predicted viscosities of CO2-saturated McLaren heavy oil as 

a function of CO2 concentration at Tres1 = 21.0°C. 
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Figure 5.4b Measured and predicted viscosities of CH4-saturated McLaren heavy oil as 

a function of CH4 concentration at Tres1 = 21.0°C. 
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Figure 5.4c  Measured and predicted viscosities of C3H8-saturated McLaren heavy oil 

as a function of C3H8 concentration at Tres1 = 21.0°C.  
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Figure 5.5a Measured viscosities of CO2-saturated McLaren/Colony heavy oil as a 

function of the equilibrium pressure at Tres1 = 21.0°C. 
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Figure 5.5b Measured viscosities of CO2-saturated McLaren/Colony heavy oil as a 

function of CO2 concentration at Tres1 = 21.0°C. 
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Figure 5.6a Measured viscosities of CH4-saturated McLaren/Colony heavy oil as a 

function of the equilibrium pressure at Tres1 = 21.0°C. 
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Figure 5.6b Measured viscosities of CH4-saturated McLaren/Colony heavy oil as a 

function of CH4 concentration at Tres1 = 21.0°C 
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Figure 5.7a Measured viscosities of C3H8-saturated McLaren/Colony heavy oil as a 

function of the equilibrium pressure at Tres1 = 21.0°C. 
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Figure 5.7b Measured viscosities of C3H8-saturated McLaren/Colony heavy oil as a 

function of C3H8 concentration at Tres1 = 21.0°C. 
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as CO2 in both the McLaren and Colony heavy oils. In fact, the molar concentrations of 

CH4 in these two oils are both less than 25 mol.% at Peq = 5,000 kPa. 

5.2 Interfacial Mass-Transfer without a Porous Medium 

5.2.1 Pressure decay data 

In this study, four CO2 diffusion tests in the Colony heavy oil in the closed constant-

volume diffusion cell (Case A) were conducted by using the pressure decay method at 

four different initial pressures: Pi = 1,380.9 kPa (Test #1), Pi = 2,722.0 kPa (Test #2), Pi 

= 3,941.2 kPa (Test #3), Pi = 4,966.2 kPa (Test #4) and the actual reservoir temperature 

of Tres1 = 21.0°C. The measured pressure vs. time data in each test are shown in Figures 

5.8a–d, respectively. The pressure decay data for each test are plotted by using the 

measured pressure vs. time data every 4 h till the end of each test. It can be seen from 

these four figures that the pressure is reduced in a slow and gradual manner during each 

test at a different initial pressure. On the other hand, when a higher Pi is used in a test, the 

pressure drops more quickly than that at a lower Pi. 

5.2.2 Equilibrium pressure 

To determine the diffusivity of a solvent in a heavy oil, the equilibrium pressure for 

each test can be calculated from the measured solubility for the same heavy oil‒solvent 

system at Tres1 = 21.0°C. The measured solubilities of the CO2, CH4, and C3H8 in the 

Colony and McLaren heavy oil can be found in Sections 5.1.1 and 5.1.2. For the Colony 

heavy oil‒CO2 system, the solubility, χ(Peq, T), can be expressed as a linear function of 

the equilibrium pressure, Peq, at Tres1 = 21.0°C, as shown in Figure 5.9. An excellent 

linearity between χ(Peq, T) and Peq is indicated by a large linear correlation coefficient (R
2
 

= 0.9967). Quail et al. [1988] also reported a similar linear relation for another heavy
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Figure 5.8 (a) Measured pressure decay data in the Colony heavy oil‒CO2 system (Test 

#1) at Pi = 1,380.9 kPa and Tres1 = 21.0°C; (b) Measured pressure decay data in the 

Colony heavy oil‒CO2 system (Test #2) at Pi = 2,722.0 kPa and Tres1 = 21.0°C; (c) 

Measured pressure decay data in the Colony heavy oil‒CO2 system (Test #3) at Pi = 

3,941.2 kPa and Tres1 = 21.0°C; and (d) Measured pressure decay data in the Colony 

heavy oil‒CO2 system (Test #4) at Pi = 4,966.2 kPa and Tres1 = 21.0°C.  
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Figure 5.9 Measured CO2 solubility in the Colony heavy oil at different equilibrium 

pressures and Tres1 = 21.0°C.  

: χ = –0.511 + 0.0024Peq (R
2
 = 0.9967) 
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oil‒CO2 system. The detailed process for calculating Peq from the measured solubility for 

each test is given in Section 4.1.2. The initial test pressures, the final test pressures, and 

the calculated equilibrium pressures for the four diffusion tests are tabulated in Table 5.3. 

By means of GM-I, the calculated equilibrium pressure is used to plot the experimental 

data in terms of ln[P(t)–Peq] vs. t, from which the solvent diffusivity is found from the 

slope of the best-fit straight line. By means of GM-II, the Henry’s constant Kh can be 

calculated from Eq. (4.19) with the measured solubilities of CO2 in the Colony heavy oil. 

In the HM method, however, the solvent molar concentration in the heavy oil at the 

equilibrium pressure needs to be determined from   ,oeqieq VNNc  in which the number 

of moles of solvent remaining in the gas phase, Neq, at the equilibrium pressure is equal to 

 
s

i
MW

mTP
N oeq

100

,
  by using the determined equilibrium pressure Peq from Eq. (4.8a).  

5.2.3 Heavy oil–CO2 system 

Four diffusion tests for the same Colony heavy oil–CO2 system (Case A) at different 

initial pressures and a constant temperature of Tres1 = 21.0°C are analyzed by using the 

HM method described in Section 4.1 to determine the diffusivity of CO2 in the Colony 

heavy oil. The diffusivities, which are obtained by using the equilibrium BC and the non-

equilibrium BC, respectively, are compared and tabulated in Table 5.3. It is seen from 

this table that the diffusivities obtained for these two interface BCs are both increased 

with Pi [Upreti and Mehrotra, 2002; Yang and Gu, 2005; Li et al., 2006] and in the same 

order. One possible reason for the increase of CO2 diffusivity with pressure is that the 

diffusivity of CO2 in the heavy oil is increased as the viscosity of the CO2-saturated 

heavy oil is decreased with the increase of the saturation pressure at a constant  
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Table 5.3 The predicted equilibrium pressures, determined diffusivities by using the HM method under the equilibrium and 

nonequilibrium BCs, respectively, and GM-I and GM-II, in Tests #1–4 for the Colony heavy oil–CO2 system at Tres1 = 21.0°C. 

Test   

no. 
Pi                 

(kPa) 
Pf      

(kPa) 
Peq 

(kPa) 

HM method GM 

Equilibrium BC Nonequilibrium BC I II 

D×1010 

 (m2/s) 
ΔPave  
(kPa) 

D×1010 

 (m2/s) 
k×106 

(m/s) 

ΔPave  

 (kPa) 
D×1010 

(m2/s) 
ΔPave 
(kPa) 

Kh 

(Pa·m
3
/kg) 

D×1010 

(m2/s) 
ΔPave 

(kPa) 

1 1,380.9 1,276.8 1,092.5 1.2 5.2 1.4 >0.64 6.6 2.5 14.1 50,016.67 0.7 17.6 

2 2,722.0 2,485.5 2,190.2 1.5 5.1 1.8   0.18 3.0 2.9 21.4 45,749.13 0.9 6.5 

3 3,941.2 3,598.6 3,313.3 3.4 7.2 3.4 >1.08 7.2 4.8 16.8 44,516.92 1.5 7.9 

4 4,966.2 4,631.3 4,379.2 2.7 9.7 2.8 >1.18 10.4 3.4 15.2 43,952.84 0.8 7.1 

Notes: 

                          Pi:    recorded initial pressure 

                          Pf:    measured final test pressure 

                         Peq:    predicted equilibrium pressure 

                          D:    molecular diffusivity 

                          ΔPave:   calculated average pressure difference 

                          k:    mass-transfer coefficient 

                         Kh:    the Henry’s constant  
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temperature [Jha, 1986]. Another reason is that the solvent-concentration gradient is also 

increased with Pi. More specifically, the diffusivities for these two BCs are almost the 

same, which are in the ranges of 1.2–3.4 and 1.4–3.4×10
−10

 m
2
/s as Pi is in the range of 

1,380.9–4,966.2 kPa. In addition, the minimum ΔPave values obtained with the two BCs 

are also rather close. These two facts indicate that the determined diffusivity is almost 

independent of the two different BCs imposed at the heavy oil–CO2 interface. This may 

be true because the lowest mass-transfer coefficient, which is k = 1.8×10
−7

 m/s, means 

that there is almost no interfacial resistance [Etminan, et al., 2014] so that the interface 

can be saturated with CO2 immediately after they contact each other. The detailed results 

of the history matching of the predicted pressures with the measured pressures for these 

two BCs are shown in Figures 5.10a–d, respectively. It can be seen from these four 

figures that the differences between the calculated and measured pressures are relatively 

small in each diffusion test. This further implies that either of the two BCs can be applied 

to determine the diffusivity of CO2 in the Colony heavy oil from the HM method. 

5.3 Comparison of the HM Method and Two GMs 

5.3.1 Diffusivity predictions 

Using different methods for determining the diffusivity can cause some 

discrepancies, even though the same experimental data are used [Sheikha et al., 2006]. In 

this section, the diffusivity of CO2 in the Colony heavy oil is also obtained by using GM-

I or GM-II. The detailed calculation processes for these two methods are described in 

Section 4.2. The determined CO2 diffusivities at different initial pressures and the 

constant temperature of Tres1 = 21.0°C from GM-I and GM-II and the average pressure 
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Figure 5.10a Calculated pressure vs. time curves by using the HM method with the 

equilibrium and nonequilibrium BCs, GM-I, and GM-II, in comparison with the 

measured pressure decay data of Test #1 for the Colony heavy oil–CO2 system. 



80 

Time (day)

0 2 4 6 8 10 12 14

P
re

ss
u
re

 (
k

P
a
)

2300

2400

2500

2600

2700

2800

Measured data

HM with equilibrium BC

HM with nonequilibrium BC

GM-II

GM-I

 

 

 

 

 

 

 

 

 

Figure 5.10b Calculated pressure vs. time curves by using the HM method with the 

equilibrium and nonequilibrium BCs, GM-I, and GM-II, in comparison with the 

measured pressure decay data of Test #2 for the Colony heavy oil–CO2 system. 
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Figure 5.10c Calculated pressure vs. time curves by using the HM method with the 

equilibrium and nonequilibrium BCs, GM-I, and GM-II, in comparison with the 

measured pressure decay data of Test #3 for the Colony heavy oil–CO2 system. 
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Figure 5.10d Calculated pressure vs. time curves by using the HM method with the 

equilibrium and nonequilibrium BCs, GM-I, and GM-II, in comparison with the 

measured pressure decay data of Test #4 for the Colony heavy oil–CO2 system.  
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difference ΔPave are also tabulated in Table 5.3. It can be seen from this table that the 

determined diffusivity by using GM-I is generally larger (D = 2.5–4.8×10
−10

 m
2
/s) than 

that from the HM method. In contrast, the obtained diffusivity from GM-II is relatively 

smaller (D = 0.7–1.5×10
−10

 m
2
/s) than that by using the HM method. Therefore, it is of 

great interest to study which method is the most accurate and what causes the differences 

in the determined diffusivity. 

The average pressure differences between the calculated and measured pressures by 

using the following three methods, i.e., the HM method with the equilibrium BC, GM-I, 

and GM-II, are also calculated for each test. It is obvious that the HM gives the best 

predictions of the pressure decay data with the lowest ΔPave, except that GM-II provides a 

better estimation than the other two methods for Test #4. Overall, in terms of the average 

pressure difference, the methods in the order from high to low accuracy are the HM with 

the equilibrium BC, GM-II, and GM-I, respectively. The calculated pressure vs. time 

curves by using the two GMs for the four diffusion tests are also plotted in Figures 

5.10a–d, respectively. In general, the HM method and GM-II provide acceptable and 

accurate results. However, the pressure decay predictions of GM-I are more likely higher 

than the experimental pressure decay data especially for Tests #1 and #2, whose initial 

pressures were relatively lower than those of Tests #3 and #4. It should also be noted that 

the pressure decay data obtained from GM-II do not agree well with the experimental 

data in Test #1 at the lowest initial pressure of Pi = 1,380.9 kPa.  

Various assumptions and approximations are made in order to derive the 

mathematical models for determining the diffusivity from the experimental data, which 

may introduce some errors in the reported values of the diffusivities [Riazi, 2005]. As 
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shown in Table 3.1, three methods use the Fick’s second law as the base diffusion 

equation and employ some common assumptions, which include a constant diffusivity, 

no natural convection, no oil swelling, non-volatile oil, and no chemical reactions, to 

simplify the mathematical derivations. The three differences among these three methods 

studied here are: 

 A constant z-factor is assumed in the two GMs, whereas the z-factor is 

considered to be a function of the existing pressure at the reservoir 

temperature, i.e., z = z[P(t), Tres] in the HM method;  

 Only the first term of the infinite series in Eq. (4.12) is kept in GM-I; and 

 An infinite-acting BC at the bottom of the diffusion cell is assumed in GM-II, 

which indicates that the solvent does not reach the bottom at the time of 

interest. 

5.3.2 z-factor effect 

As CO2 is gradually dissolved into the oil phase and the test pressure is decreased 

with time in a diffusion test, the z-factor of CO2 should be increased at the reservoir 

temperature of Tres1 = 21.0°C. Table 5.4a lists the changes of the z-factor with the test 

pressure calculated by using the P–R EOS for each test. As can be seen from this table, 

both the relative and absolute errors of the z-factor are higher when the initial test 

pressure is higher. Thus the constant z-factor assumption used in GM-I and GM-II under 

a higher initial pressure will cause a larger error in determining the solvent diffusivity. 

Thus a sensitivity analysis is undertaken to study the effect of the constant z-factor 

assumption in the two GMs on the obtained diffusivity for Tests #1–4. Three scenarios 

{z= f[P(t)], f(Pave), and f(Pi)} in the HM method and two scenarios [z = f(Pave), and f(Pi)]  
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Table 5.4a Variations of the z-factor with pressure calculated by using the P–R EOS. 

Test No. Pi (kPa) Pf (kPa) zi zf Relative error (%) Absolute error 

1 1,380.9 1,276.8 0.9114 0.9180 0.72 0.0066 

2 2,722.0 2,485.5 0.8217 0.8384 1.99 0.0167 

3 3,941.2 3,598.6 0.7269 0.7553 3.76 0.0284 

4 4,966.2 4,631.3 0.6275 0.6631 5.37 0.0356 

Table 5.4b Measured diffusivities by using the HM method and GM-II. 

Test 

No. 

Pi 

(kPa) 

HM method GM-II 

z = f[P(t), Tres] z = f(Pave, Tres) z = f(Pi, Tres) z = f(Pave, Tres) z = f(Pi, Tres) 

D×1010 

(m2/s) 

ΔPave 

(kPa) 

D×1010 

(m2/s) 

ΔPave 

(kPa) 

D×1010 

(m2/s) 

ΔPave 

(kPa) 

D×1010 

(m2/s) 

ΔPave 

(kPa) 

D×1010 

(m2/s) 

ΔPave 

(kPa) 

1 1,380.9 1.2 5.2 1.2 7.6 1.1 6.1 0.8    14.6 0.8    15.2 

2 2,722.0 1.5 5.1 1.5 8.6 1.0 5.5 0.9 6.5 0.9 6.6 

3 3,941.2 3.4 7.2 2.8    26.8 1.7 6.7 1.5 7.9 1.6 7.8 

4 4,966.2 2.7 9.7 2.0    51.0 0.9 9.0 0.8 7.1 0.9 7.4 

Notes: 

                  Pi:    initial pressure 

                  Pf:    final pressure 

                  Pave:   average pressure 

                  D:    molecular diffusivity 

                  z:    z-factor 

                  Tres:   reservoir temperature 

                  ΔPave:   calculated average pressure difference 
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in GM-II are considered to determine the diffusivity D and the average pressure 

difference ΔPave. The detailed results are given in Table 5.4b. Here, it should be 

mentioned that the determination of diffusivity in GM-I is mathematically independent of 

the z-factor since the slope of the curve of ln[P(t)−Peq] vs. t is equal to 
2

2

4l

D
d


 in Eq. 

(4.13), which does not involve the z-factor. It is seen from Table 5.4b that, surprisingly, 

the obtained diffusivities, which are in the range of 0.9–1.7×10
−10

 m
2
/s, in the scenario of 

z = f(Pi) by using the HM method, are close to that from GM-II with D = 0.8–1.6×10
−10

 

m
2
/s in the scenarios of z = f(Pave) and f(Pi), respectively. Besides, the calculated ΔPave 

values for these three scenarios are low and close to that in the scenario of z = f[P(t)] in 

the HM method with D = 1.2–3.4×10
−10

 m
2
/s. The diffusivities with the ranges of D = 

0.8–1.6 and 1.2–3.4×10
−10

 m
2
/s by using GM-II and the HM method are both acceptable.  

In fact, the z-factor should be increased as aforementioned. Therefore, only the 

diffusivity obtained from variable z-factor is acceptable and accurate. More specifically, 

due to a smaller and constant z = f(Pave) or f(Pi) in the GM-II than an increasing z = f[P(t)] 

used in the HM, the number of moles of the solvent diffusing into the oil phase, No, will 

be lower to keep the predicted pressure close to the experimental data in terms of Eq. 

(4.9). Therefore, the diffusivity, which is chosen as an adjustable parameter, should 

become lower to satisfy this requirement. That is why the determined diffusivity from 

GM-II is relatively lower than that from the HM method by using the same pressure 

decay data. Similar trends are also found by Sheikha et al. [2006], who concluded that the 

determined diffusivities from GM-II are somewhat smaller than those from the method 

provided by Upreti and Mehrotra [2000] with z = f[P(t), T] for the same pressure decay 
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data. Nevertheless, for GM-I, the obtained diffusivities are much larger than those from 

the HM method.  

5.3.3 Truncation error analysis 

As GM-I uses the only first term of the pressure vs. time solution in the infinite 

series in Eq. (4.12), a large truncation error may be introduced in comparison with the 

HM method. A sensitivity analysis is undertaken to study the effect of the number of the 

terms of the infinite series in Eq. (4.6) on the predicted transient pressure in the solvent 

phase. Here, the first 60 terms (n = 60) is considered to be equivalent to the infinite series. 

This accurate solution (n = 60) is compared with the first approximation, which considers 

the first term only (n = 1) in Eq. (4.6), and GM-I, which considers the first term only in 

Eq. (4.12). It should be mentioned that in GM-II the exponential term in Eq. (4.17) is 

neglected. The measured pressure vs. time data and the predicted pressure vs. time curves 

for these three scenarios (n = 60 and 1, GM-I) are plotted in Figures 5.11a–d for Tests 

#1–4.  

Figures 5.11a-d reveal that the estimated pressure vs. time curves (n =60) agree well 

with the measured pressure vs. time data for Tests #1–4, whereas the second scenario (n 

= 1) and GM-I underestimate the pressures at the beginning of 1‒2 days in the four tests. 

These results clearly indicate that the truncation error from n = 60 to n = 1 does affect the 

predicted pressures, especially at the beginning. The possible reason for this 

underestimation is that the other terms (1 < n ≤ 60) are all important in the beginning and 

that only the first term (n = 1) is large at a later time.   
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Figure 5.11a Measured pressure decay data and the best-fit curves with different terms 

(n = 60 and 1) taken from the solution of an infinite series and the predicted pressure 

decay curve from GM-I for Test #1. 
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Figure 5.11b Measured pressure decay data and the best-fit curves with different terms 

(n = 60 and 1) taken from the solution of an infinite series and the predicted pressure 

decay curve from GM-I for Test #2. 
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Figure 5.11c Measured pressure decay data and the best-fit curves with different terms 

(n = 60 and 1) taken from the solution of an infinite series and the predicted pressure 

decay curve from GM-I for Test #3. 
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Figure 5.11d Measured pressure decay data and the best-fit curves with different terms 

(n = 60 and 1) taken from the solution of an infinite series and the predicted pressure 

decay curve from GM-I for Test #4. 
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5.3.4 The time for CO2 to reach the bottom of the diffusion cell 

GM-II is derived based on the infinite-acting bottom BC, which assumes that the 

solvent does not reach the bottom at any time in a diffusion test. Nevertheless, the solvent 

will reach the bottom in the diffusion cell. Therefore, it is necessary to estimate how long 

the solvent takes to reach the bottom for the first time, which is also called the infinite-

acting time. Once the molecular diffusivity D is determined from GM-II, the infinite-

acting time is obtained by plotting the predicted pressure difference between the finite-

acting P(t)finite and infinite-acting P(t)infinite vs. the time curve. Figure 5.12a shows the 

predicted pressure difference between these pressures vs. time curves from these two BCs 

for Test #4. Alternatively, in the HM method, the infinite-acting time can also be 

obtained by finding the first time that the solvent concentration at the bottom of the 

diffusion cell is no longer equal to zero from the solvent concentration profile. Figure 

5.12b shows the solvent concentration profile obtained by using the HM method under 

the equilibrium BC at various times: t = 14, 57, 140, 280, 420 and 700 h for Test #4. The 

detailed infinite-acting times predicted by using GM-II and HM method under the 

equilibrium BC for Tests #1–4 are listed in Table 5.5. 

In Figure 5.12a, the infinite-acting time (t = 125 h) for Test #4 is obtained when the 

predicted pressure difference between the infinite-acting and finite-acting model is higher 

than 1×10
−4

 kPa. In Figure 5.12b, when the solvent concentration at the bottom is higher 

than 1×10
−4

 mole/cm
3
, the corresponding time is also considered as the infinite-acting 

time, which is equal to t = 57 h for Test #4. As can be seen from Table 5.5, for each test, 

the infinite-acting time obtained from GM-II is always approximately two times larger 

than that from HM method under the equilibrium BC. As the initial pressure is increased,  
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Table 5.5 The first times for CO2 to reach the bottom of the diffusion cell in Tests #1–4. 

Test No. 
Pi  

(kPa) 

The first time for CO2 to reach the bottom (h) 

GM-II HM method 

1 1,380.9 281 127.4 

2 2,722.0 223 102.0 

3 3,941.2   98   45.0 

4 4,966.2 125   56.5 

Note:          Pi   initial pressure 
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Figure 5.12a Determining the end of the infinite-acting behaviour from the difference 

between the predicted pressure-decay profile from the finite-acting BC and that from the 

infinite-acting BC for Test #4. 

Dimensionless solvent concentration, c(x,t)/c
eq

0.0 0.2 0.4 0.6 0.8 1.0

D
im

e
n
si

o
n
le

ss
 d

is
ta

n
ce

, 
x
/l

0.0

0.2

0.4

0.6

0.8

1.0

 

Figure 5.12b Solvent concentration profiles from the HM method at different times for 

Test #4.  
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the time taken by the solvent to reach the bottom in the diffusion cell is considerably 

decreased. This can be true since the CO2 diffusivity in the heavy oil is increased with 

pressure, which is already proven in Section 5.2.3. In addition, the initial molar 

concentration of CO2 in the gas phase is also increased when Pi is increased because the 

gas volume in the diffusion cell remains the same all the time in each test. 

5.4 CO2 Apparent Diffusivity in an Unconsolidated Porous Medium 

5.4.1 Pressure decay data 

In this study, four CO2 diffusion tests in the Colony heavy oil without (Case B) or 

with (Case C) a porous medium were conducted by using the pressure decay method. For 

the same heavy oil–CO2 system without a porous medium, four diffusion tests were 

performed at the initial pressures of Pi = 1,366.1 kPa (Test #1), Pi = 2,612.3 kPa (Test 

#2), Pi = 3,492.2 kPa (Test #3), Pi = 4,723.0 kPa (Test #4) and the temperature of Tres2 = 

27.0°C. Meanwhile, for the heavy oil–CO2 system with a porous medium, four diffusion 

tests were conducted at the initial test pressures of Pi = 1,494.1 kPa (Test #1), Pi = 

2,646.8 kPa (Test #2), Pi = 3,458.3 kPa (Test #3), Pi = 4,660.2 kPa (Test #4) and the 

temperature of Tres2 = 27.0°C. The measured pressure vs. time data in each test for Cases 

B and C are plotted in Figures 5.13a–d, respectively. As can be seen from these figures, 

when the initial test pressures for the two cases are close to each other, the gas phase 

pressure in Case B (without the porous medium) is always decreased in a quicker manner 

than that in Case C (with the porous medium). 

It should be noted that the experimental temperature was increased from Tres1 = 

21.0°C (Case A) in the previous diffusion tests without a porous medium to Tres2 = 

27.0°C (Case B) for two reasons. First, it is more accurate to use an oven to provide a
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Figure 5.13a Measured pressure decay data for the heavy oil–CO2 system without or 

with a porous medium (Test #1) at Tres2 = 27.0°C. 
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Figure 5.13b Measured pressure decay data for the heavy oil–CO2 system without or 

with a porous medium (Test #2) at Tres2 = 27.0°C. 
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Figure 5.13c Measured pressure decay data for the heavy oil–CO2 system without or 

with a porous medium (Test #3) at Tres2 = 27.0°C. 
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Figure 5.13d Measured pressure decay data for the heavy oil–CO2 system without or 

with a porous medium (Test #4) at Tres2 = 27.0°C.  
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constant-temperature environment if a higher experimental temperature is chosen. Second, 

the temperature dependence of CO2 diffusivity can also be studied by increasing the 

experimental temperature. Therefore, the new solubility of CO2 in the Colony heavy oil 

at Tres2 = 27.0°C was computed by using the CMG WinProp module (Version 2014.10, 

Computer Modelling Group Limited, Canada) with the P–R EOS. The measured CO2 

solubility at different equilibrium pressures and Tres1 = 21.0°C were used as the input data 

for the WinProp module. The measured CO2 solubility at Tres1 = 21.0°C and the predicted 

CO2 solubility at Tres2 = 27.0°C are plotted and compared in Figure 5.14. The CO2 

solubility is well correlated to the equilibrium pressure at each different temperature by 

applying the respective linear regression, which is also included in Figure 5.14. As the 

temperature is increased, the solubility of CO2 in the heavy oil is slightly decreased under 

different equilibrium pressures. The equilibrium pressure Peq for the Colony heavy oil–

CO2 system in each diffusion test at Tres2 = 27.0°C can be calculated by using the same 

method as described in Section 5.2.2. The determined values of Peq for the four diffusion 

tests including Case B and Case C are tabulated in Table 5.6. 

5.4.2 Apparent diffusivity  

These four diffusion tests for the same Colony heavy oil–CO2 system without (Case 

B) or with a porous medium (Case C) at different initial pressures and a constant 

temperature of Tres2 = 27.0°C were interpreted by also using the HM method under the 

equilibrium BC to determine the molecular and apparent diffusivities of CO2. The 

determined molecular diffusivities for Case B, the measured permeability and porosity of 

the sand-packed model, and the determined apparent diffusivities for Case C are listed in 

Table 5.6.  
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Figure 5.14 Measured CO2 solubilities in the Colony heavy oil at Tres1 = 21.0°C and 

different equilibrium pressures and predicted CO2 solubilities in the Colony heavy oil at 

Tres2 = 27.0°C and the same equilibrium pressures.  
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Table 5.6 The permeabilities and porosities of sand-packed models, the experimental conditions, the predicted equilibrium pressures, 

the determined molecular and apparent diffusivities from the HM method under the equilibrium BC, and the average pressure 

differences for the Colony heavy oil–CO2 system without or with a porous medium in Tests #1–4 at Tres2 = 27.0°C. 

Test   

no. 

Heavy oil–CO2 system without a porous medium 
(Case B) 

Heavy oil–CO2 system with a porous medium 
(Case C) 

Pi                 

(kPa) 
Pf       

(kPa) 
Peq  

(kPa) 
D×10

10 
(m

2
/s)     

ΔPave 
(kPa) 

k 
(D)  

ϕ 
(%) 

Pi 
(kPa) 

Pf 
(kPa) 

Peq 
(kPa) 

Dapp×10
10 

(m
2
/s) 

ΔPave 
(kPa) 

τ
 

1 1,366.1 1,248.5 1,098.2 2.2 1.8 3.78 44.23 1,494.1 1,452.9 1,370.6 1.4 1.0 1.57 

2 2,612.3 2,402.4 2,119.4 2.6 3.1 3.45 43.56 2,646.8 2,573.3 2,445.3 1.6 2.2 1.63 

3 3,492.2 3,181.1 2,892.4 2.7 3.3 3.56 43.72 3,458.3 3,374.6 3,228.6 1.8 2.7 1.50 

4 4,723.0 4,399.0 4,069.6 3.6 6.3 3.48 43.21 4,660.2 4,575.6 4,430.3 2.1 5.4 1.71 

Notes: 

                          Pi:    recorded initial pressure 

                          Pf:    measured final test pressure 

                         Peq:    predicted equilibrium pressure 

                          D:    molecular diffusivity 

                          ΔPave:   calculated average pressure difference 

                          k:    permeability 

                                 ϕ:    porosity 

                          Dapp:   apparent diffusivity 

                                  τ:    tortuosity 
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It can be seen from Table 5.6 that the measured molecular diffusivities for Case B 

are in the range of 2.2–3.6×10
−10

 m
2
/s and the measured apparent diffusivities for Case C 

are in the range of 1.4–2.1×10
−10

 m
2
/s. For each test, the apparent diffusivity is always 

slightly lower than the molecular diffusivity under almost the same conditions. Similar 

differences between the molecular and the apparent diffusivities are also reported by 

other researchers [Salama and Kantzas, 2005; Luo and Kantzas, 2008; Li et al., 2009]. 

This is because the presence of the porous medium makes the straight solvent diffusion 

path without a porous medium become a longer tortuous path with a porous medium.  

The predicted pressures from the HM method are compared with the measured 

pressures for Cases B and C in each test in Figures 5.15a–d, respectively. As can be seen 

from these four figures, the predicted pressure data agree well with the measured pressure 

vs. time data. This fact implies that the diffusion process of a solvent in the heavy oil-

saturated porous media can also be described by using the Fick’s second law and that the 

molecular diffusivity D can be replaced by the apparent diffusivity Dapp in this case. 
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Figure 5.15a Calculated pressure vs. time curve by using the HM method under the 

equilibrium BC with the measured pressure decay data for the heavy oil–CO2 system 

without or with a porous medium (Test #1) at Tres2 = 27.0°C. 
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Figure 5.15b Calculated pressure vs. time curve by using the HM method under the 

equilibrium BC with the measured pressure decay data for the heavy oil–CO2 system 

without or with a porous medium (Test #2) at Tres2 = 27.0°C. 
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Figure 5.15c Calculated pressure vs. time curve by using the HM method under the 

equilibrium BC with the measured pressure decay data for the heavy oil–CO2 system 

without or with a porous medium (Test #3) at Tres2 = 27.0°C. 
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Figure 5.15d Calculated pressure vs. time curve by using the HM method under the 

equilibrium BC with the measured pressure decay data for the heavy oil–CO2 system 

without or with a porous medium (Test #4) at Tres2 = 27.0°C. 
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5.4.3 Diffusive tortuosity  

As listed in Table 5.6, the obtained diffusive tortuosity for each sand-packed model 

used in Tests #1–4 is in the range of 1.50–1.71. Using a similar method, Li and Dong 

[2010] measured the diffusive tortuosity of consolidated Berea and Benthiemer sandstone 

plugs in the range of 2–5. However, large tortuosity values in the range of 1–10 were 

reported by Cussler [1997]. The differences among the measured diffusive tortuosities 

can be attributed to the different microscopic structures of the porous media used in the 

studies. Compared with the rock plugs chosen in the study of Li and Dong [2010], the 

sand-packed model used in this study has different sand grain size and arrangements. A 

larger sand grain size and more unconsolidated arrangement lead to a less sinuous 

diffusive path of the solvent. Since tortuosity is proportional to the sinuous level of the 

diffusive path, the tortuosity of the sand-packed model used in this study is expected to 

be smaller than that of the consolidated rock plugs to a large extent.  

Another reason to explain the low tortuosity obtained in this study is based on the 

measured molecular diffusivity of CO2 in the Colony heavy oil in this study. Due to the 

considerably low diffusivity, the effect of the porous media on the measured CO2 

apparent diffusivity in the heavy oil-saturated porous media is minimal. Since the 

measured permeability and porosity for each diffusion test with a porous medium are 

quite close, the effects of these two properties on the diffusive tortuosity need to be 

studied further. 
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5.4.4 Temperature dependence 

The determined molecular diffusivities of CO2 in the Colony heavy oil at two 

constant temperatures of Tres1 = 21.0°C (Case A) and Tres2 = 27.0°C (Case B) are plotted 

and compared in Figure 5.16. It is seen from this figure that both measured molecular 

diffusivities at two test temperatures are increased with the initial test pressure. At a 

similar initial pressure, the diffusivity at Tres2 = 27.0°C is always higher than that at Tres1 

= 21.0°C. A similar trend has been reported by many researchers [Sachs, 1988; Upreti 

and Mehrotra, 2000; 2002; Civan and Rasmussen, 2006], which may be due to two 

reasons. First, the molecular motion of the solvent is faster at a higher temperature, which 

can directly accelerate the diffusion process of the solvent in the heavy oil. Second, the 

viscosity of the heavy oil–CO2 mixture is inversely proportional to the temperature. The 

diffusivity of a solvent in a heavy oil with a lower viscosity at a higher temperature is 

usually larger than that in a heavy oil with a higher viscosity at a lower temperature.  
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Figure 5.16 Comparison of measured CO2 molecular diffusivities in the Colony heavy 

oil without a porous medium at different initial pressures and at two different 

temperatures of Tres1 = 21.0°C (Case A) and Tres2 = 27.0°C (Case B), respectively.  
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

In this thesis, the phase behaviours of the Colony heavy oil–CO2/CH4/C3H8 systems 

and the McLaren heavy oil–CO2/CH4/C3H8 systems are experimentally studied at 

different equilibrium pressures and the actual reservoir temperature of Tres1 = 21.0°C. 

Four diffusion tests in the initial pressure range of Pi = 1.4–5.0 MPa and at Tres1 = 21.0°C 

are conducted to investigate CO2 dissolution into the Colony heavy oil. Another four 

diffusion tests in the initial pressure range of Pi = 1.4–4.7 MPa and at Tres2 = 27.0°C are 

conducted to study and compare CO2 dissolution into the Colony heavy oil without or 

with a porous medium. Eight major conclusions can be drawn from this work: 

 Based on the measured solubility vs. pressure data for the Colony heavy oil–

CO2/CH4/C3H8 systems and the McLaren heavy oil–CO2/CH4/C3H8 systems, an 

excellent linear relation can be found between the measured solubility and the 

equilibrium pressure for the heavy oil–CO2/CH4 system. However, the solubilities 

of C3H8 in the two heavy oils do not follow a linear relation with the equilibrium 

pressure; 

 CO2 has a good potential to reduce the heavy oil viscosity. The viscosity of the 

CO2-saturated Colony heavy oil at 5.0 MPa and Tres1 = 21°C is equal to 260 cP, 

which is close to 220 cP of the dead Colony heavy oil at 1 atm and 79.8°C. The 

viscosity of the CO2-saturated McLaren heavy oil at 5 MPa and Tres1 = 21°C is 

equal to 832 cP, which is close to 747 cP of the dead McLaren heavy oil at 1 atm 

and 79.9°C; 
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 For the CO2/C3H8-saturated Colony and McLaren heavy oils, the mixing rule of 

Shu [1984] gives the best predicted mixture viscosities. The mixing rule of Lobe 

[1973] can fairly predict the viscosities of CH4-saturated Colony or McLaren 

heavy oil;  

 The determined solvent diffusivity is increased with the initial test pressure at a 

constant temperature; 

 In comparison with the history matching method, two graphical methods assume a 

constant z-factor, which can introduce a relatively large error for determining the 

diffusivity. The simplification of the infinite terms in the analytical solution of the 

diffusion model to the first term may also introduce the truncation error, especially 

at the beginning of each diffusion test;  

 The measured apparent diffusivities of CO2 in the Colony heavy oil-saturated 

sand-packed model in a pressure range of 1.4–4.7 MPa and Tres2 = 27.0°C are 

always slightly smaller than the molecular diffusivities of CO2 in the same heavy 

oil without a porous medium in a similar pressure range and at the same 

temperature. More specifically, the measured apparent diffusivities are in the range 

of 1.4–2.1×10
−10

 m
2
/s and the measured molecular diffusivities range from 2.2–

3.6×10
−10

 
 
m

2
/s;  

 The measured diffusive tortuosities for the unconsolidated porous media tested in 

this study with similar permeabilities and porosities are close to τ = 1.60; and 

 The measured molecular diffusivity is slightly increased with the test temperature. 
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6.2 Recommendations 

Four recommendations are made for future studies based on this thesis: 

 Compared with CO2, C3H8 has a stronger ability to reduce the viscosity of the same 

heavy oil at the same conditions. However, due to the high cost of C3H8, the 

dissolution process of the mixed CO2 and C3H8 solvent needs to be studied further; 

 As the solvent is gradually dissolved into heavy oil, the viscosity of the heavy oil–

solvent mixture is decreased. Besides, the concentration of the solvent in the heavy 

oil changes during the dissolution process. Therefore, the assumption of a constant 

diffusivity cannot represent the true diffusivity of the solvent. a model that can 

obtain the solvent concentration-dependent diffusivity needs to be used; 

 In the diffusion tests with a porous medium, due to oil swelling of the heavy oil as 

the solvent is injected into it, a comprehensive theoretical model should be 

developed to incorporate the oil-swelling effect; and 

 The effects of different porous media on the determined apparent diffusivity can be 

studied. The diffusion tests can be conducted in many different porous media, such 

as the Ottawa sands with different mesh sizes or consolidated rock plugs. 
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