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ABSTRACT 

The tremendous heavy oil reserves have recently attracted considerable attention 

for sustaining the increasing global oil consumption. Heavy oil reservoirs are 

characterized by high oil viscosity and drastic drop of reservoir pressure in a short period 

during production, imposing great challenges to recover such heavy oil resources. In 

practice, conventional steam-based thermal recovery techniques are generally ineffective 

or uneconomical in thin heavy oil reservoirs due to operational and environmental 

constraints. Since CO2 is a highly soluble, low cost, and environment-friendly injectant, 

hot CO2 injection is alternatively considered to be a promising technique for enhancing 

heavy oil recovery from these thin reservoirs. Not only does it take advantages of both 

thermal energy and dissolution of solvents to recover heavy oil resources, but also it 

contributes to the alleviation of carbon footprint. Compared with the CO2-alone 

processes, addition of alkane solvents to the CO2 stream leads to enhanced viscosity 

reduction and swelling effect of heavy oil. Thus, it is of fundamental and practical 

importance to study the underlying mechanisms of hot alkane solvent(s)-CO2 processes 

for enhancing heavy oil recovery at high pressures and elevated temperatures. 

In order to more accurately determine the equilibrium phase properties for alkane 

solvent(s)-CO2-heavy oil systems with the Peng-Robinson equation of state (PR EOS), 

heavy oil is characterized as multiple pseudocomponents, while a volume translation 

strategy is employed to improve its prediction performance. The binary interaction 

parameter (BIP) correlations are tuned with the experimentally measured saturation 

pressures for the same heavy oil. Such volume-translated PR EOS with a modified alpha 
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function incorporating the tuned BIP correlations is capable of accurately predicting the 

saturation pressures and swelling factors of the aforementioned systems. 

The alkane solvent-CO2-heavy oil pressure decay systems under a constant 

temperature have been theoretically modelled to not only examine the effect of adding 

alkane solvents into CO2 stream, but also determine both apparent diffusion coefficient 

of a gas mixture and individual diffusion coefficient of each component in heavy oil. It is 

found that alkane solvents (i.e., C3H8 and n-C4H10) diffuse much faster than CO2 in 

heavy oil at reservoir temperature. Compared to pure CO2, addition of C3H8 into the CO2 

stream tends to accelerate the swelling of heavy oil under similar conditions.  

Experimental and theoretical techniques have also been developed to couple heat 

and mass transfer for hot CO2-heavy oil systems with and without addition of alkane 

solvents. Both molecular diffusion coefficient of each component and apparent diffusion 

coefficients of alkane solvent(s)-CO2 mixtures are determined once the discrepancy 

between the measured and calculated dynamic swelling factors has been minimized. The 

thermal equilibrium is found to achieve in a much shorter time than mass equilibrium. 

CO2 diffusion coefficient in heavy oil increases with temperature at a given pressure. 

Compared with hot CO2 injection, addition of C3H8 into hot CO2 stream contributes to an 

enhanced swelling effect of heavy oil. A higher concentration of C3H8 in the CO2-C3H8 

mixture tends to accelerate gas diffusion and thus induce a stronger oil swelling. Among 

the n-C4H10-heavy oil system, n-C4H10-CO2-heavy oil system, and C3H8-n-C4H10-CO2-

heavy oil system, smaller dynamic swelling factors are obtained for the n-C4H10-heavy 

oil system, while the largest dynamic swelling factor of 1.118 at the end of diffusion test 

is achieved for the C3H8-n-C4H10-CO2-heavy oil system. 
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CHAPTER 1 INTRODUCTION 

1.1 Heavy Oil Resources and Recovery Techniques 

With the continuous decline of conventional oil resources, more attention has been 

shifting to exploit the extensive heavy oil and bitumen reserves for sustaining the 

increasing global demand for oil. Canada’s heavy oil reserves are mainly found in 

western Canada (i.e., Alberta and Saskatchewan). The heavy oils are generally buried in 

shallower formations and characterized by high viscosity and high density (i.e., low API 

gravity) together with low reservoir pressure and low reservoir temperature. It is a great 

challenge to economically and effectively develop such resources where enhanced oil 

recovery (EOR) techniques have to be introduced because the primary recovery is very 

low (about 5–10%) due to the high crude viscosity (Guerrero-Aconcha et al., 2008; 

Kaczmarczyk et al., 2013). 

As for the tremendous heavy oil and bitumen resources discovered in western 

Canada, Alberta holds an estimated original-oil-in-place (OOIP) of 5.7 billion m3 

(AEUB, 2007) and Saskatchewan possesses 3.4 billion m3 (Saskatchewan Energy and 

Resources, 2008). In Saskatchewan, heavy oil is found in the sands of Bakken formation 

(Mississippian) and the Mannville group (Lower Cretaceous). In geography, these 

deposits are situated in west-central Saskatchewan (Wilson and Bennett, 1985). As for 

these resources in Saskatchewan, more than 90% of the proved reserves are contained in 

thin formations with payzones of less than 10 m, while approximately 55% of which 

have payzones of less than 5 m (Huang et al., 1987).  

Most of heavy oils have to be produced mainly by means of in situ recovery 

techniques which are generally classified into two categories: thermal recovery 
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techniques and non-thermal recovery techniques. A technically sound recovery method 

should be able to not only lower the viscosity of heavy oil/bitumen by several orders of 

magnitude, but also displace the mobilized heavy oil/bitumen to a production well (Gates, 

2010). As such, the key to successful development of heavy oil/bitumen resources is to 

efficiently and effectively reduce oil viscosity while maintaining reservoir pressure. 

Since the viscosity of heavy oil is sensitive to temperature, conventional thermal 

recovery techniques, e.g., steam flooding, steam-assisted gravity drainage (SAGD), and 

cyclic steam stimulation (CSS), have been widely employed to enhance heavy 

oil/bitumen recovery in the oilfields under certain conditions. Such thermal methods, 

however, suffer from excessive heat losses, large surface footprints, high water 

consumption, and large CO2 emissions (Kovscek, 2012), resulting in inefficient and 

uneconomical development in many reservoirs, particularly those with thin payzones, 

low porosity, high water saturation, low rock thermal conductivity, and aquifers (Jiang 

and Butler, 1996). Alternatively, solvent-based non-thermal recovery processes have 

been found to be more energy-efficient but suffer from discouraging production rates 

(Das, 1998; James et al., 2008). This is ascribed to the fact that the molecular diffusion 

between solvent(s) and heavy oil is much slower than heat transfer (Gupta et al., 2004). 

In addition, the economical viability of injecting solvents is still questionable due to the 

high cost of solvents and low oil prices.  

CO2 has been found to be an efficient injectant for recovering heavy oil resources 

worldwide through an immiscible manner (Saner and Patton, 1986; Sahin et al., 2008; 

Babadagli et al., 2009; Zheng and Yang, 2013; Zheng et al., 2013). Immiscible CO2 

injection can contribute to increasing oil recovery by initiating viscosity reduction, oil 
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swelling, interfacial tension reduction, and blowdown recovery (Holm and O'Brien, 1971; 

Jha, 1986; Rojas and Farouq Ali, 1988). Accordingly, hot CO2 injection is considered to 

be a promising technique for heavy oil recovery because it can take advantages of both 

thermal energy and gas dissolution to efficiently and economically recover heavy oil 

from thin heavy oil reservoirs where other EOR techniques are not applicable. Compared 

with the CO2-alone injection processes, addition of alkane solvents to the CO2 stream 

leads to enhanced viscosity reduction and swelling effect of heavy oil (Li et al., 2013a). 

Thus, it is of fundamental and practical importance to study the coupled heat and mass 

transfer processes of hot alkane solvents-CO2-heavy oil systems at high pressures and 

elevated temperatures. Consequently, the underlying mechanisms and the potential of hot 

alkane solvents-CO2 injection for enhancing heavy oil recovery can be better understood 

and accurately quantified for field-scale project design and performance prediction. 

 

1.2 Objectives of This Study 

The major objective of this thesis study is to develop a pragmatic methodology to 

couple heat and mass transfer of hot alkane solvent(s)-CO2-heavy oil systems, while 

determining individual diffusion coefficient of each component in the gas mixture for 

enhancing heavy oil recovery. The detailed objectives are briefly listed as follows: 

1) To perform diffusion tests to measure phase behaviour properties of CO2-

heavy oil systems with and without addition of alkane solvents (i.e., propane 

and butane) at high pressures and elevated temperatures; 
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2) To accurately predict the phase behaviour properties of alkane solvent(s)-CO2-

heavy oil systems with the Peng-Robinson equation of state (PR EOS) by 

characterizing heavy oil as multiple pseudocomponents; and 

3) To develop a generalized methodology to couple heat and mass transfer of an 

alkane solvent(s)-CO2-heavy oil system for not only examining the effects of 

adding solvents into hot CO2 stream, but also quantifying both the apparent 

diffusion coefficient and individual diffusion coefficient of each component of 

the alkane solvent(s)-CO2 mixtures in heavy oil.  

 

1.3 Outline of the Dissertation 

There are seven chapters in this dissertation. Chapter 1 introduces the research 

topic together with its major research objectives and scope. Chapter 2 provides an 

updated literature review on the EOR techniques with solvents and CO2 as well as the 

fundamentals on heat and mass transfer of alkane solvents-CO2-heavy oil systems. 

Chapter 3 characterizes heavy oil as multiple pseudocomponents and determines 

diffusion coefficients of CO2 and alkane solvent-CO2 mixtures in heavy oil with pressure 

decay data at a constant temperature. Chapter 4 includes the experimental diffusion tests 

and theoretical determination of diffusion coefficient of hot CO2 in heavy oil at different 

temperatures. Chapter 5 presents the diffusion tests of hot CO2-heavy oil systems with 

different C3H8 concentrations under a constant pressure and examines effects of solvent 

concentration. Three diffusion tests for C3H8-n-C4H10-CO2-heavy oil systems are 

performed in Chapter 6, while theoretical models are developed to determine both 

apparent diffusion coefficients and individual diffusion coefficient of alkane solvent(s)-
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CO2 mixtures in heavy oil at high pressures and elevated temperatures. Finally, 

conclusions of the present research and recommendations are drawn in Chapter 7. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 CO2 Injection in Heavy Oil Reservoirs 

As for the vast amount of heavy oil discovered in western Canada, the current 

thermal-based recovery techniques are constrained by huge water consumption and 

greenhouse gases (mainly CO2) emissions (Kovscek, 2012). On the other hand, as a more 

soluble gas than natural gas and air, CO2 dissolves readily in heavy oil and bitumen 

which is beneficial for oil recovery (Beecher and Parkhurst, 1926; Rojas and Farouq Ali, 

1988). Compared with CO2, alkane solvents (i.e., ethane: C2H6, propane: C3H8, and 

butane: C4H10) can be used as solvents to reduce oil viscosity; however, their respective 

vapour pressures are relatively low. In addition, such hydrocarbon solvents are expensive 

commodities, though their solubilities are high in heavy oil. Therefore, CO2 injection is 

considered to be a more promising technique for enhancing heavy oil recovery in 

hydrocarbon reservoirs while reducing greenhouse gas emission and thus reducing the 

carbon footprint. 

In general, CO2 can be injected into a heavy oil reservoir via continuous CO2 

injection, cyclic CO2 injection (i.e., CO2 huff-n-puff), and water-alternating-CO2 

injection (i.e., CO2 WAG). With respect to miscibility, CO2 injection can be classified 

into three categories: miscible, near miscible, and immiscible (Blunt et al., 1993). It is 

desirable to achieve miscibility between crude oil and CO2, which can yield maximum 

oil recovery because of oil swelling, oil viscosity reduction, interfacial tension 

elimination, and vaporization and extraction of light- and intermediate-components from 

the crude oil (Orr and Taber, 1984). As for heavy oils, however, due to high viscosity 

and low API gravity, the minimum miscibility pressure (MMP) would be too high to 
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achieve under reservoir conditions. Consequently, CO2 injection is distinguished as 

immiscible state in heavy oil reservoirs. Although it is difficult to achieve favourable 

miscibility between the injected CO2 and heavy oil under reservoir conditions, CO2 is 

still an effective agent for recovering heavy oil resources through an immiscible manner 

with encouraging results achieved in heavy oil reservoirs (Tuzunoglu and Bagci, 2000; 

Sahin et al., 2008; Babadagli et al., 2009; Jia et al., 2013). The immiscible CO2 injection 

is able to contribute to oil recovery through several mechanisms, such as viscosity 

reduction, swelling effect, interfacial tension reduction, and blowdown recovery (Jha, 

1986; Rojas and Farouq Ali, 1988). 

 

Viscosity reduction: CO2 will gradually dissolve into crude oil when it is injected 

into a reservoir. Due to the dissolution of CO2, the viscosity of crude oil can be reduced, 

depending on pressure, temperature, and properties of the crude oil. It is found that the 

oil viscosity is linearly decreased with CO2 concentration (Srivastava et al., 2000; 

Enayati et al., 2008). As for a given CO2 concentration, viscosity of crude oil is 

decreased with an increase in pressure at the first stage, and then increased slightly (Hao 

et al., 2004). Although viscosity reduction due to CO2 dissolution is generally less 

important for light oils, it plays a crucial role in immiscible CO2 injection processes for 

heavy oil recovery. Heavy oil viscosity can be reduced significantly because of CO2 

dissolution (Spivak and Chima, 1984), contributing largely to improve flow properties 

and oil recovery. 
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Swelling effect: The dissolution of CO2 into heavy oil causes an increase in oil 

volume, which is the so-called swelling effect. The degree of oil swelling is a function of 

pressure, temperature, crude oil composition, and the mole fraction of CO2 present in the 

crude oil (Li, 2013). The oil swelling is important to oil recovery for several reasons. 

Firstly, the residual oil left in a reservoir is inversely proportional to the swelling factor; 

that is, the greater the swelling is, the less the residual oil left in the reservoir will be. 

Secondly, the swollen oil droplets will force water out of the pore spaces, inducing a 

drainage rather than an imbibition process for water-wet systems (Mangalsingh and Jagai, 

1996). In addition, relative permeability to oil will increase to some extent due to the 

swelling of reservoir oils (Campbell, 1983). Swelling effect can be described with 

swelling factor (SF). Welker and Dunlop (1963) defined swelling factor as the volume of 

crude oil saturated with CO2 at reservoir pressure and temperature divided by the volume 

of crude oil at atmospheric pressure (0.1 MPa) and reservoir temperature. This definition 

has become a norm in the petroleum industry since its introduction. The degree of heavy 

oil swelling is highly related to the amount of CO2 dissolved into oil. Therefore, a strong 

dependence of the swelling factor on solubility is expected. 

 

Interfacial tension reduction: Interfacial tension (IFT) is one of the most 

important phase behaviour properties that affect CO2 flooding efficiency (Yang and Gu, 

2005). Reduction of interfacial tension leads to an increased capillary number and 

subsequently enhances oil recovery. Although the miscibility between CO2 and heavy oil 

can scarcely be achieved, the dissolution of CO2 is still able to cause certain IFT 

reduction. For heavy oil at moderate pressures (4.0–6.0 MPa) and temperatures (20–25ºC) 
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with dissolved CO2 of 50–100 Sm3/m3, a 30% reduction of IFT can be observed 

(Mangalsingh and Jagai, 1996). The IFT reduction due to the dissolution of CO2 

contributes to heavy oil recovery because more residual oil can be displaced if the 

viscous forces acting on the trapped residual oil blobs to exceed the capillary retained 

forces (Chatzis and Morrow, 1984). 

 

Blowdown recovery: Blowdown recovery following an immiscible CO2 flooding is 

very effective in recovering additional oil. Up to 30% of the original oil-in-place (OOIP) 

may be recovered via solution-gas drive mechanism during blowdown process (Jha, 

1986). CO2 is a gas that has a good ability to dissolve into oil, while energy stored by 

CO2 when it goes into solution with an increase in pressure is released after its flooding 

and continues to drive the oil to the producers (Mangalsingh and Jagai, 1996). 

Blowdown recovery is a function of oil viscosity, gas saturation, pressure gradient, and 

pressure decline rate in heavy oil (Rojas and Farouq Ali, 1988). Furthermore, gravity 

segregation will occur in reservoirs during the blowdown processes, while expansion of 

gas phase on the top of reservoir can provide the energy for displacing oil (Zheng and 

Yang, 2013). 

A strong dependency of the degree of viscosity reduction, swelling effect, 

interfacial tension reduction, and blowdown recovery on CO2 solubility in heavy oil is 

expected during immiscible CO2 injection processes. However, the solubility of CO2 in 

heavy oils is low, leading to limited swelling effect and viscosity reduction of CO2-

diluted heavy oil. Adding alkane solvents (i.e., propane and butane) into CO2 stream is 

able to improve the performance of CO2 dissolution into heavy oil, resulting in enhanced 
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viscosity reduction and swelling effect (Li et al., 2013a). Consequently, co-injection of 

alkane solvents with CO2 is a promising technique for enhancing heavy oil recovery in 

hydrocarbon reservoirs, particularly those with thin payzones and aquifers, where other 

EOR techniques are inapplicable.   

 

2.2 Solvents-Associated Thermal Recovery Techniques 

Heavy oil reservoirs are characterized by high oil viscosity and drastic drop of 

reservoir pressure in a short period during production, imposing great challenges to 

recover such oil resources. Cold production of heavy oil is possible, but production rates 

are low, water cuts are generally high and recovery factors are typically low (James et al., 

2008). Thermal recovery techniques seem to be effective because heavy oil viscosity is 

very sensitive to temperature, thus reducing heavy oil viscosity in situ by heat (Farouq 

Ali, 2003). The conventional steam-based thermal recovery techniques, such as CSS, 

steam flooding, and SAGD, have been applied as the most common methods for 

enhancing heavy oil recovery. Such thermal methods, however, suffer from excessive 

heat losses, large surface footprints, high water consumption, and large CO2 emissions 

(Kovscek, 2012). Furthermore, they are also found to be inefficient or uneconomical in 

many reservoirs especially those with thin payzones and aquifers (Gul and Trivedi, 

2010). It is conceivable that in-situ combustion may be applied in heavy oil reservoirs; 

however, few field trials yielded encouraging results and the reaction kinetics models for 

petroleum oxidization have not been well developed (Hutchence and Huang, 1999; 

Kovscek et al., 2013; Yang et al., 2016). Alternatively, solvent-based processes, e.g., 

vapour extraction (VAPEX) and cyclic solvent injection (CSI), have been proposed and 



11 
 

found to be more energy-efficient for heavy oil recovery. Hydrocarbon solvents can be 

used in such processes to reduce oil viscosity. It is preferable to use solvents in gaseous 

state than liquid phase because it reduces the amount of solvents needed, leads to a 

higher rate of diffusion, and thus provides a high density contrast for gravity drainage 

(Friedrich, 2005). However, such conventional solvent-based processes suffer from 

discouraging production rates (Das, 1998; James et al., 2008). Accordingly, solvent-

assisted steam recovery techniques and hot solvent techniques, which take the benefits of 

both heat energy and solvent dissolution, have gained much more attention for heavy oil 

recovery (Zhao, 2005; Al-Bahlani and Babadagli, 2008).  

 

2.2.1 Solvent-assisted steam recovery techniques 

Extensive efforts have been made to examine the effect of solvent addition to 

steam on recovery improvement and energy efficiency in steam-based recovery 

processes, including co-injection of solvents with steam, steam-alternating-solvent (SAS) 

processes, and steam-over-solvent injection. 

Redford and McKay (1980) and Redford (1982) experimentally tested co-injection 

of a variety of solvents, including methane, ethane, propane, butane, pentane, naphtha, 

natural gasoline, synthetic great Canadian oil sands crude, CO2, and combinations of 

some of the solvents, with steam in a three-dimensional (3D) physical model under 

displacement and drawdown conditions. Addition of hydrocarbon additives is found to 

be effective in both displacement processes and pressure depletion processes. 

Hydrocarbon solvents with a higher molecular weight lead to a higher recovery but 

increased their losses to formation. Hornbrook et al. (1991) examined the effects of CO2 
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addition to steam on oil recovery. Their displacement experiments indicate that addition 

of CO2 to steam improves recovery rate and the optimum CO2/steam molar ratio for 

maximizing recovery is about 1:3. 

Gupta et al. (2005) described a solvent-aided process (SAP) with the purpose of 

combining the benefits of SAGD and VAPEX. As for SAP, a small amount of 

hydrocarbon solvent is introduced as an additive to the injected steam during SAGD 

processes. Steam is intended to be the main heat-carrying agent, while the solvent will 

dilute the oil to achieve the enhanced viscosity reduction beyond what is accomplished 

by heating alone. It is found that co-injection of butane with steam results in very 

promising results. 

Liquid addition to steam for enhancing recovery (LASER) technique, in which a 

liquid hydrocarbon (C5+) is injected as a steam additive in a CSS mode of operations, has 

been investigated through both laboratory experiments and field pilots (Leaute, 2002; 

Leaute and Carey, 2007). Addition of liquid hydrocarbon to steam contributes to a 

decrease in steam-oil ratio (SOR), while 80% of the injected solvent is recovered from 

the first LASER cycle of operations.  

Nasr et al. (2003) developed a so-called expanding solvent SAGD (ES-SAGD) 

process, which is one of variants of the SAGD processes combining the benefits of steam 

and solvents for enhancing heavy oil/bitumen recovery. The solvent is injected with 

steam in a vapour phase, and then the condensed solvent around the interface of the 

steam chamber dilutes the oil in conjunction with heat to reduce oil viscosity. Compared 

to conventional SAGD, this process can not only improve oil production rate, but also 

decrease SOR, energy, and water requirements. In their study, a hydrocarbon solvent 
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with a vaporization temperature within 50°C of injected steam temperature is considered 

to be an adequate steam additive.    

Li et al. (2011) conducted experiments to evaluate the performance of adding C7 

and a mixture of C7 and xylene to steam with Athabasca fluid samples under low 

pressure (about 162 kPa). Compared to pure-steam injection runs, co-injection of C7 with 

steam increases the ultimate recovery factor from 25% to 29%, while co-injection of the 

mixture of C7 and xylene with steam improves the ultimate recovery factor from 25% to 

34%. It is considered that light hydrocarbon can be vaporized by steam and delivered to 

the entire vapour/bitumen interface to reduce the bitumen viscosity, but may build a 

thick gas blanket that inhibits the heat transfer, while co-injection a suitable multi-

component solvent mixture may enhance the production performance by altering the 

condensation dynamics of the light hydrocarbon. 

Co-injections of n-hexane and n-heptane with steam and pure heated n-hexane 

injection under pressure of 550 kPa were carried out by Ardali et al. (2012). Two 

solvents were co-injected with steam at the volumetric ratio of 15%. Addition of solvents 

is found to increase the oil recovery factor significantly at earlier times, though, at later 

time, the effect of solvent co-injection is not as substantial. Due to low latent heat of the 

solvents, a large amount of solvent is required for injecting the heated solvent alone, 

while the vapourized solvent chamber is not sustainable. 

The stability of the interface at the edge of a depletion chamber was studied to 

examine the effects of solvents on vapour/bitumen interface of solvent-steam co-

injection processes (Sharma and Gates, 2011). It is found that addition of solvents 

increases the growth rate of interfacial instability, implying that there will be more 
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mixing and potentially more heat transfer at the interface. As for the screening of 

solvents, it is found that, at constant pressure and solvent concentration in the vapour 

phase, the larger its carbon number is, the higher its solubility in the oil phase and the 

more viscous the solvent phase will be. As such, the capability of solvents with larger 

carbon number to dilute bitumen and reduce its viscosity is retarded. It is also found that 

the higher the pressure is, the more unstable the interface will be. The intermediate 

solvents, such as hexane and heptane, have superiority of inducing instability of the 

interface, which is consistent with the experimental measurements obtained by Nasr et al. 

(2003).  

Gupta and Gittins (2012) proposed a semi-analytical model to investigate optimal 

solvent and the nature of vapour/liquid interface in solvent-aided SAGD processes. It is 

observed that higher oil rates are achieved with addition of butane and pentane solvents 

compared with the addition of propane and hexane. Propane tends to function as a 

thermally insulating buffer between steam and the interface, while hexane dilution 

properties are slightly less effective than that of either pentane or butane.   

Numerous simulation efforts have also been made to not only examine solvent type 

and concentration, steam and solvent injection strategy, but also perform sensitivity 

analysis and mechanistic studies for solvent-steam co-injection processes. Deng (2005) 

modelled a typical Athabasca SAGD pattern under pure-steam injection and steam-

propane injection. It is found that propane can reduce the viscosity of bitumen by 

dissolving into the bitumen along the boundary of the gas chamber; however, steam is 

still the major factor to reduce the viscosity of bitumen during steam-propane co-

injection processes. Too much propane injection would do harm to the hybrid processes 
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because it inhibits the heat transfer between the steam and the oil zone. In addition, low 

pressure SAGD and its hybrid processes with propane injection are found to be more 

cost-effective than their high pressure counterparts. Govind et al. (2008) evaluated 

performance of the co-injection of C4, C5, a mixture of C6 and C8, and C7 with steam at 

the operating pressure of 4000 kPa in a field-scale 3D heterogeneous model. The ES-

SAGD process exhibits a higher recovery regardless of the solvent used during the 

process. Butane is considered as the optimal solvent in their study due to its higher 

vapour pressure and a lower SOR. After comparing the simulation results of addition of 

potential solvents to steam in two different types of reservoirs (i.e., Cold Lake and 

Athabasca), Ardali et al. (2010) found that solvents heavier than butane are suitable 

candidates for Athabasca reservoirs, while butane yields better results in Cold Lake type 

reservoirs.  

Yazdani et al. (2012) examined the effects of solvent type, solvent concentration, 

initial solution gas-oil ratio, relative permeability, and pay thickness during solvent co-

injection processes. Their results reveal that the optimal solvent should be chosen not 

only on the basis of mobility-improvement capacity, but also under consideration of 

other operational, phase and flow behavioural, and/or geological conditions. Higher 

concentrations of solvents show more energy-saving upsides than rate-acceleration 

benefits.  

Zhao et al. (2005; 2007) proposed a heavy oil recovery process named steam-

alternating-solvent (SAS). In addition to injecting steam and solvent alternately for the 

SAS process, the basic well configurations are the same as those in the SAGD process 

(i.e., a horizontal producer and a parallel horizontal injector above it on the same vertical 
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plane). The SAS process intends to combine the advantages of the SAGD and VAPEX to 

minimize the energy input per unit volume of oil recovered. Once the solvent mixture of 

propane and methane was heated to 218°C, it would be injected into the heavy oil 

reservoirs, during which methane was used to keep the solvent in the vapour phase at a 

lower temperature. Compared to a SAGD process, the SAS process was found to save 47% 

energy. However, the average oil production rate in the SAS process is lower than that of 

the SAGD process, while a portion of solvents is retained in formations during such SAS 

processes. 

A recovery approach named steam-over-solvent injection in fractured reservoirs 

(SOS-FR) was introduced for enhancing heavy oil recovery from fractured reservoirs 

(Al-Bahlani and Babadagli, 2008; 2011). There are three main phases of such SOS-FR 

process in sequence: 1) steam (or hot water) injection mainly for heating and thermal 

expansion; 2) solvent injection for diluting the matrix oil by diffusion; and 3) steam (or 

hot water) injection for retrieving the solvent penetrated into the matrix with some 

additional oil recovery. The SOS-FR process is mainly controlled by the solvent type, 

matrix wettability, matrix size, boundary conditions, initial water saturation, and solvent 

injection rate. It requires a smaller amount and low temperature of steam than continuous 

steam injection, while solvent retrieval with a temperature close to the boiling point of 

the injected solvent for the given pressure is the most critical part of this technique. 

 

2.2.2 Hot solvent techniques 

Recently, hot solvent recovery techniques have been proposed as an alternative 

approach for enhancing heavy oil recovery, which combines the benefits of heating 
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effect with the dilution effect of solvents. Extensive efforts have been made to evaluate 

performance of hot hydrocarbon solvents injection in heavy oil reservoirs for substituting 

steam injection with the purpose of not only reducing water and energy consumption, but 

also mitigating CO2 emissions (Karmaker and Maini, 2003; Frauenfeld et al., 2006; 

Rezaei and Chatzis, 2007; James et al., 2008; Ivory et al., 2010; Pathak et al., 2012; 

2013; Marciales and Babadagli, 2016a). The major advantages of hot solvent techniques 

include less energy and water consumptions, smaller solvent recycle plant on surface and 

smaller injection facility needed, minimal water disposal and greenhouse gas emissions, 

and enhanced mass transfer over cold solvent injection (Ivory et al., 2010). 

Allen et al. (1984) patented the application of superheated pentane injection and 

showed its effectiveness in tar sand recovery. After evaluating the applicability of 

injecting high temperature naphtha vapour instead of steam compared to the SAGD 

processes, Palmgren and Edmunds (1995) found that oil recovery can be improved 

significantly by using naphtha and it will be economical with naphtha recycling and by 

minimizing the retention of naphtha in formations. Frauenfeld et al. (2007) and Ivory et 

al. (2010) conducted numerical and experimental studies for the addition of heat in 

different forms to various solvents with different well configurations and different ways 

of heating the system. They defined these processes as thermal solvent reflux or thermal 

solvent recovery processes. The amount of solvent needed in a thermal VAPEX process 

is found to be much less than that is needed in a normal VAPEX process for the same 

amount of oil recovered. In addition, heat is at first used to establish communication 

between the injection and production wells, but later used to vapourize solvent or to 

reflux solvent from the production wells. Refluxing reduces not only the volume of a 
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solvent that must be pumped to the surface with the oil, but also the volume of the 

solvent to be treatment from the surface. 

With superheated pentane and butane used in warm VAPEX processes, Rezaei and 

Chatzis (2007) and James et al. (2008) found that the experimental results are promising 

in terms of oil recovery, while their sweep rates are about four times greater than that of 

a normal VAPEX process. The asphaltene precipitation may occur during such warm 

VAPEX processes; however, the underlying mechanism and the corresponding effects 

have not fully been studied and identified. 

In addition to evaluating the performance of hot CO2 flooding in the Bati Raman 

heavy oil field and proposing the associated screening criteria, Picha (2007) found that 

the enhanced viscosity reduction can be achieved through the hot CO2 flooding, thus 

resulting in a 3% increment of recovery factor over the conventional CO2 flooding. 

Hot alkane solvent injection has been experimentally and numerically studied for 

heavy oil/bitumen recovery (Pathak et al., 2012; 2013; Leyva-Gomez and Babadagli, 

2013; Marciales and Babadagli, 2016a). The effects of solvent type, temperature, 

pressure, gravity, permeability, pore size, and asphaltene precipitation on heavy oil 

recovery have been examined. Diffusion, heat transfer, gravity, and capillary forces are 

found to be the dominant mechanisms for heavy oil recovery during such hot solvent 

injection processes. Temperature and pressure are two critical parameters, while the peak 

recovery can be achieved when the pressure and temperature are maintained near the 

saturation line. The selection of solvent type is highly related to the operational 

conditions (i.e., temperature and pressure). With optical and high-resolution X-ray 

computerized axial tomography (CAT) methods respectively in determining solvent 
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diffusion coefficient in transparent and opaque oil samples at room conditions, Marciales 

and Babadagli (2016b) developed solvent selection criteria for applying solvents in 

heavy oil and bitumen recovery based on both diffusion rate and mixing quality. It is 

found that the lighter the solvent is, the faster the diffusion rate and the higher the 

amount of the precipitated material will be. As for three examined solvents (i.e., C7, C10, 

and distillate), the distillate and C7 are found to be the best option to be applied as 

solvents when both diffusion rate and mixing quality were considered. They also 

suggested that lighter solvents be first injected to take advantage of their high diffusion 

rate and the distillate-type solvent be then injected due to its availability and low cost.    

Bayestehparvin et al. (2016) modeled heat and mass transfer in a droplet of 

bitumen and used three different feeds to evaluate the performance of heat, cold solvent, 

and hot solvent for reducing viscosity at the pore-scale using typical field data: 1) a cold 

solvent is injected where mass transfer is the only mechanism involved; 2) heat is 

transferred by conduction and convection, while no mass transfer is involved; and 3) the 

heated solvent is injected. It is found that viscosity reduction is much higher for heat 

conduction/convection and the heated solvent compared to the cold solvent injection. 

The heated solvent is not comparable to steam-based recovery processes in term of time 

needed for viscosity reduction. The performance of a hot solvent is found to be better 

than that of a cold solvent; however, addition of solvents to a heat-based recovery 

process is questionable due to a small increase in oil production. 

Zhu et al. (2016) developed numerical simulation model to evaluate the phased 

heating and solvent injection process for enhancing bitumen and heavy oil recovery. The 

injection process consists of a first phase in which a small amount of hydrocarbon 
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solvent and non-condensable gases are co-injected with steam into the reservoir and a 

second phase in which the injected fluids are transitioned to a high concentration of 

solvent and non-condensable gas with a reduced amount of steam (Gates and Bunio, 

2013). The well configuration of such an injection process is the same as that of SAGD 

where two parallel horizontal wells are used, i.e., the upper one is the injector and the 

lower one on the same vertical plane is the producer. Their simulation results 

demonstrated that the phased injection process yielded significantly greater oil volume 

from the reservoir than that of the ES-SAGD and conventional SAGD processes. 

Compared with the ES-SAGD process, a greater solvent recovery had been achieved 

from the phased heating and solvent injection process.   

Compared to the conventional steam or solvent recovery techniques, co-injection 

of solvent with steam and hot solvent injection are found to be beneficial for enhancing 

heavy oil viscosity reduction, thus leading to a better production performance with less 

energy consumption. Although a wide range of hydrocarbon solvents that are from light 

to medium have been examined during such solvent-associated thermal recovery 

processes, there is no consensus on the optimal type of solvent. Temperature and 

pressure are found to be critical parameters, while permeability, gravity, and 

precipitation can affect the oil recovery to a good degree (Pathak et al., 2013; James et 

al., 2008). In addition, economic viability of using hydrocarbon solvents is still 

unfavourable due to the high cost of solvent(s), particularly under the circumstance of 

the declined oil-price (Bayestehparvin et al., 2016). Accordingly, CO2 is a promising 

alternate to alkane solvents incorporating heat for enhancing heavy oil recovery with the 

synergistic effect of thermal energy and gas dissolution, while reducing fuel and water 
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consumptions and mitigating greenhouse gas emissions. However, the underlying 

mechanism of hot CO2 injection with addition of alkane solvents during such a coupled 

heat and mass transfer process has still not been well understood.  

 

2.3 Heat and Mass Transfer of Alkane Solvents-CO2-Heavy Oil Systems 

Heat is carried forward by the heated gases when hot alkane solvents (or CO2) are 

injected into heavy oil reservoirs. In terms of heat transfer, convection is a more rapid 

form of heating formation in comparison to heat conduction; however, heat conduction is 

effective to distribute heat into reservoir zones that were not contacted directly by a hot 

fluid (Kovscek, 2012). Although extensive efforts have been made to model the heat 

transfer during steam-based thermal recovery processes, few attempts have been made to 

study the heat transfer during hot alkane solvents (or CO2) injection processes. 

Frauenfeld et al. (2007) experimentally recover the heated solvents for live heavy oil; 

however, the heat transfer during such a process has not been theoretically quantified. 

Ardali et al. (2012) experimentally evaluated and compared the performance of heated 

solvent injection and co-injection of solvent with steam. It is found that, due to heat 

losses and low latent heat of solvents, the pre-heated solvent chamber cannot be 

sustained for a quite long time, while most of the injected solvent condenses. 

Consequently, the condensed solvent is directly produced. By examining the effect of 

temperature during hot solvents injection processes with a commercial reservoir 

simulator, Pathak et al. (2012) observed that oil recovery increases when the temperature 

is near the saturation temperature of the solvent. Although the effect of temperature 

during hot solvent injection processes has been experimentally and numerically studied 
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in the literature, heat transfer during such EOR processes has not been well understood 

and application of the existing models for steam recovery processes to hot solvent 

recovery processes is questionable (Sun et al., 2014). 

As aforementioned, solvents/CO2 injection plays a more and more important role 

in exploiting heavy oil within thin payzones. During such EOR processes, the primary 

mode of gas dissolution in heavy oil/bitumen, which contributes to oil viscosity 

reduction and swelling effect, is molecular diffusion (Grogan and Pinczewski, 1987). 

Thus, accurate determination of the diffusion coefficient of solvent(s) in heavy oil is 

crucial for project design, performance prediction, and risk management (Tharanivasan 

et al., 2004; Li and Dong, 2009). Generally, the accurate diffusion coefficients are 

necessary to determine: 1) the amount and flow rate of gas required for its injection into 

a reservoir; 2) the extent of heavy oil and bitumen reserves that would experience 

viscosity reduction; 3) the time required by the reserves to become less viscous and more 

mobile as desired; and 4) the rate of live oil production from the reservoir (Upreti et al., 

2007). 

Although extensive efforts have been made to quantify the diffusion of either a gas 

or a gas mixture into a bulk liquid, there is no standard and universally applicable 

technique for measuring the molecular diffusion coefficient (Etminan et al., 2010). The 

techniques available for measuring diffusion coefficient can be generally divided into 

two categories: direct methods and indirect methods.  

As for the former, concentrations of the diffused gas in a solution at different times 

and locations are extracted and analyzed with gas chromatography (GC) or other 

analytical apparatus (Sigmund, 1976; Ghaderi et al., 2011). In such direct methods, the 
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need of taking samples from the diffusion system of dissolved gas and heavy oil for 

compositional analysis are expensive, time-consuming, and intrusive to the system, 

compromising the accuracy of the determined diffusion coefficients. As for the latter, 

any change in a property due to the diffusion of gas in heavy oil is monitored and 

recorded. Such properties could be the rate of change of solution volume or movement of 

the gas-liquid interface (Do and Pinczewski, 1991; Jamialahmadi et al., 2006), rate of 

pressure drop in a confined cell which is known as pressure decay method (Riazi, 1996; 

Zhang et al., 2000; Upreti and Mehrotra, 2002), and its variant (Etminan et al., 2010; Li 

and Yang, 2016). Most of indirect diffusion experimental measurements are conducted 

in a pressure-volume-temperature (PVT) cell. As a non-intrusive approach, the pressure 

decay method has been widely applied to measure gas diffusivity in heavy oil because of 

its accuracy and simplicity, though it takes long time to achieve equilibrium state. Other 

sophisticated techniques, including computer-assisted tomography (CAT) and nuclear 

magnetic resonance (NMR), are also proposed to measure the concentration profile for 

determining solvent diffusion coefficient (Wen et al., 2005; Song et al., 2010a; b). The 

dynamic-pendant-drop-volume-analysis has been developed to determine diffusion 

coefficient for the solvent mixture and oil swelling simultaneously, though some light-

components may be extracted to the CO2 (or solvent) phase (Yang and Gu, 2006; 2007).  

Fick’s diffusion law is generally employed to describe the inherent mass transfer 

process, while the diffusion coefficient is inversely determined by fitting the 

theoretically calculated parameters to their experimental observations (Sheikha et al., 

2006; Sun et al., 2014). In the theoretical models for determining the diffusion 

coefficient of gaseous solvents in heavy oil, several forms of diffusion coefficient have 
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been proposed. Most of the existing models consider diffusion coefficient as a constant 

during a diffusion process (Zhang et al., 2000; Tharanivasan et al., 2004; Yang and Gu, 

2006; Etminan et al., 2010), or a function of one another parameter of the diffusion 

system, such as oil viscosity (Hayduk and Cheng, 1971; Luo et al., 2007) , the 

concentration of solvent in oil (Upreti and Mehrotra, 2002; Jamialahmadi et al., 2006; 

Ghaderi et al., 2011; James et al., 2012), or interfacial tension (Yang et al., 2006; Yang 

and Gu, 2008). In addition, several sophisticated forms of diffusion coefficient have been 

also proposed, such as a correlation in terms of viscosity and density (Riazi and Whitson, 

1993) and a multi-parameter equation with system parameters, e.g., liquid viscosity, 

molecular weight of gas, molar volume of gas, pressure and temperature (Hayduk and 

Minhas, 1982; Renner, 1988).  

In a gas mixture, the molecular diffusive flux of a given component is not only 

induced by its composition gradient (main diffusion), but also affected by the 

compositional gradient of the other components in the mixture (cross-diffusion) 

(Ghorayed and Firoozabadi 2000). Fick’s diffusion coefficients form a square matrix of 

dimension of )1()1(  nn , which includes the “main term” diffusion coefficients and 

“cross-term” diffusion coefficients (Taylor and Krishna, 1993; Cussler, 2009). The 

cross-diffusion terms are generally non-zero, however, as for non-interacting alkane 

solvent(s)-CO2-heavy oil systems, the cross-diffusion terms are often found to be 10% of 

the main terms or less (Cussler, 2009; Li and Yang, 2016). Although neglecting the 

cross-diffusion terms in some cases may result in failure of capturing the magnitude and 

direction of diffusion flux, most numerical models simplify the multicomponent 

diffusion fluxes by only considering the main diffusion terms and neglecting the cross-
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diffusion terms in the diffusion matrix (Duncan and Toor, 1962; Hoteit, 2013). Since 

thermal diffusion may cause the variation of composition in a hydrocarbon reservoir, 

extensive efforts have been made to quantify the thermal diffusion in hydrocarbon 

mixtures (Riley and Firoozabadi, 1998; Firoozabadi et al., 2000; Kempers, 2001; Platten, 

2005; Eslamian and Saghir, 2009; Eslamian, 2011); however, few theoretical 

formulations have been made available to accurately determine the thermodiffusion 

coefficients for multicomponent hydrocarbon systems, especially for heavy oil involved 

systems.  

Although the swelling effect of heavy oil due to the dissolution of a solvent is 

obvious, it is normally neglected in most of the existing techniques for determining its 

diffusion coefficient. Such negligence may result in a large error to such determined 

diffusion coefficient particularly in the higher-pressure experiments (Sheikha et al., 

2006). The co-injection of alkane solvents with hot CO2 is a promising technique for 

heavy oil recovery because the addition of alkane solvents into CO2 contribute to 

enhanced oil swelling and viscosity reduction (Li et al., 2013a); however, few attempts 

have been made to determine the individual diffusion coefficient of each component in 

the gas mixture while taking the swelling effect into account and characterizing heavy oil 

as multiple pseudocomponents. Accordingly, the preferential diffusion of different gases 

into heavy oil and the contribution of each component in the gas mixture to the bulk 

diffusion cannot be well quantified with the existing methods. Although several 

experiments have been performed under conditions with a constant temperature to 

examine the effect of temperature on diffusion coefficient, no attempts have been made 
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to determine the diffusion coefficient in a coupled heat and mass process by taking the 

swelling effect into account and characterizing heavy oil as multiple pseudocomponents.  

 

2.4 Heavy Oil Characterization 

Heavy oils and bitumen are complex mixtures of hydrocarbons, non-hydrocarbon 

elements and metals. Traditionally, the components contained in oil and gas condensate 

mixtures can be divided into three classes (Pedersen and Christensen, 2007): 1) defined 

components, including N2, CO2, H2S, C1, C2, C3, i-C4, n-C4, i-C5, n-C5, and C6; 2) C7+ 

fractions, each of which contains hydrocarbons with boiling point within a given 

temperature interval; and 3) plus fraction, consisting of the components that are too 

heavy to be separated into individual C7+ fractions. There is a considerable fraction of 

non-distillable materials in heavy oils/bitumen, thus compositional analysis of a heavy 

oil sample usually ends with plus fraction, e.g., C31+ or C61+. Thermodynamic 

equilibrium and cubic equation of states (CEOSs), which take the properties of 

hydrocarbon fractions as inputs, are usually used to calculate phase behaviour properties 

and a variety of correlations to estimate other properties such as viscosities and thermal 

conductivities in both production processes and upgrading and refining processes. Since 

properties of such plus hydrocarbon fractions impose a significant impact on estimating 

properties of the reservoir fluids even when they are present in small quantities, treating 

the plus fraction as a single pseudocomponent may lead to serious errors (Whitson, 1984; 

Riazi, 2005). Proper characterization of the heavier components is crucial when the 

CEOSs are used to describe the complex phase behaviour of reservoir fluids (Whitson et 
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al., 1990). Therefore, a characterization method is required for the heavy-fractions of 

reservoir fluids, particularly for those with considerable amount of plus fractions.  

Traditionally, oil characterization usually consists of three steps: 1) splitting 

(extending) the hydrocarbon plus fraction into single carbon number (SCN) fractions or 

distillation cuts with known molar amounts and molecular weights; 2) estimating the 

critical properties of each sub-fraction, such as critical pressure, critical temperature, 

acentric factor, specific gravity, and boiling point; and 3) lumping (grouping) the SCN 

fractions into pseudocomponents and determining the properties of the 

pseudocomponents with a proper mixing rule (Whitson, 1983; Aguilar Zurita and 

McCain, 2002; Wang et al., 2013). 

 

2.4.1 Molar distribution 

In order to split plus hydrocarbon fraction, a molar distribution model should be 

determined to estimate distribution of SCN groups in a reservoir fluid. Both an 

exponential distribution function and a three-parameter gamma distribution function are 

widely utilized for splitting the plus fractions. 

The exponential model is a simple form of expressing distribution of SCN groups 

in a reservoir fluid (Riazi, 2005). Extensive compositional analyses of numerous 

reservoir fluids from all over the world have shown exponential molar distributions 

(Pedersen et al., 1992; Zuo et al., 2000; Elsharkawy, 2003). The Lohrenz-Bray-Clark 

(LBC) viscosity correlation is one of the earliest attempts to employ an exponential-type 

distribution for splitting C7+ fraction (Lohrenz et al., 1964). The LBC method splits C7+ 

fraction into normal paraffins from C7 to C40. Pedersen et al. (1983; 1984; 2004) stated 
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that reservoir fluids for carbon number ( NC ) above C6 exhibit an approximate linear 

relationship between carbon number and logarithm of the corresponding mole fraction, 

while the molecular weight of SCN groups can be determined in terms of NC .      

Whitson (1983; 1984) expressed the molar distribution with molecular weight 

through a three-parameter gamma function. The gamma probability density function is 

given as follows, 

     
 

1
expMW MW

p MW





  
 

   


                    [2-1] 

where  ,  , and   are parameters defining the distribution, and MW is molecular 

weight.   is given by,  

7CMW 






                                               [2-2] 

The key parameter  defines the form of the distribution, and its value is usually in 

the range from 0.5 to 2.5 for reservoir fluids, while application of the gamma distribution 

to heavy oils, bitumen, and petroleum residues indicates that the upper limit for  is 25.0 

to 30.0 (Whitson and Brule, 2000).  

The gamma distribution can be easily reduced to be an exponential distribution by 

setting   to be 1. Although the gamma distribution model has the flexibility of treating 

reservoir fluids, an exponential molar distribution can be used to characterize most 

reservoir fluids without compromising the quality of EOS predictions (Whitson and 

Brule, 2000). 
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2.4.2 Estimation of SCN properties 

Once the hydrocarbon-plus fraction is split into SCN fractions, the critical 

properties of each SCN fraction should be estimated before performing EOS calculations. 

Only mole fraction and molecular weight of each SCN can be determined after splitting 

the plus fractions. To estimate other properties of these SCN groups, at least two 

characterizing parameters, such as boiling point and specific gravity, or molecular 

weight and specific gravity should be known (Riazi, 2005). Some of analytical 

correlations have been developed to estimate the critical properties of hydrocarbons, 

most of which use specific gravity and boiling point as the input parameters (Lee and 

Kesler, 1975; Kesler and Lee, 1976; Riazi, 2005). 

 

Specific gravity (SG): Extensive efforts have been made to estimate the specific 

gravity of each SCN fraction. Riazi and Dauber (1987) developed a relation in terms of 

kinematic viscosity for heavier fractions (molecular weight from 200 to 800) and 

especially when the boiling point is not available. Based on the analysis of 843 true 

boiling point (TBP) fractions from 68 reservoir C7+ samples, Soreide (1989) developed a 

correlation to estimate the specific gravity of each fraction as a function of its molecular 

weight. By assuming a constant Watson factor for each SCN fraction, Whitson and Brule 

(2000) proposed a correlation to estimate the specific gravity of each fraction based on 

the Watson factor and molecular weight. 

 

Boiling point (Tb): Boiling point can be estimated from molecular weight and 

specific gravity with available correlations. There are also other equations correlate 
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molecular weight to boiling point and specific gravity, while any of them can be solved 

for boiling point in terms of MW and SG (Kesler and Lee, 1976; Riazi and Dauber, 1980; 

1986; Rao and Barbon, 1985). Soreide (1989) also developed a boiling-point correlation 

based on 843 TBP fractions from 68 reservoir C7+ samples. As for these existing 

correlations for estimating boiling point, the correlation developed by Soreide (1989) is 

recommended for heavier hydrocarbon (Whitson and Brule, 2000; Riazi, 2005). 

 

Critical temperature and pressure: Critical temperature and pressure are crucial 

input parameters for CEOSs and generalized correlations to determine physical and 

thermodynamic properties of reservoir fluids.  

Cavett (1962) developed empirical correlations for critical temperature and 

pressure in terms of boiling point and API gravity for light to middle distillate petroleum 

fractions. As for hydrocarbons in the molecular weight range of 70–300, simple 

equations developed by Riazi and Daubert (1980) can be used to calculate critical 

temperature and pressure. As for a heavy hydrocarbon (>C20), Riazi (2005) developed 

equations to estimate its critical temperature and pressure with its boiling point 

temperature and specific gravity. 

Kesler and Lee (1976) proposed correlations for estimating critical temperature 

and pressure by using normal boiling point temperature and specific gravity. In addition, 

Twu (1984) initially correlated critical properties, specific gravity, and molecular weight 

of n-alkanes to the boiling point. Then the properties of hydrocarbons from different 

groups were correlated by using the difference between specific gravity of a hydrocarbon 

from other groups and specific gravity of n-alkane as the second parameter. Also, there 
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are other correlations that can be used to estimate critical temperature and pressure 

(Nokay, 1959; Pedersen et al., 1992). Among these available correlations, however, the 

Kesler-Lee correlations are found to be suitable for predicting critical properties of heavy 

hydrocarbons (Riazi, 2005). 

 

Acentric factor (): Acentric factor is a defined parameter that is not directly 

measurable. It reflects the deviation of non-sphericity or centricity of a compound 

molecule from that of a simple fluid, such as argon and xenon (Pitzer et al., 1955). 

An acentric factor correlation was developed by Edmister (1958), though it is 

limited to pure hydrocarbons and should not be used for C7+ fractions. The correlation is 

expressed as, 
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                        [2-3] 

where log10 is the logarithm base 10, brT  is the reduced boiling point, and cp  is the 

critical pressure in bar. 

Korsten (2000) recently derived an equation for acentric factor estimation, which is 

very similar to the Edmister’s method (1958), 
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                       [2-4] 

It can be found that the factor of 3/7 in Edmister’s correlation, which is equivalent 

to 0.4286, has been replaced by 0.5899 and the exponent of brT  has been changed from 

1.0 to 1.3 in Korsten’s equation.  
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Lee and Kesler (1975; 1976) proposed relations for the estimation of acentric 

factor based on their proposed correlation for vapour pressure, which have been widely 

used and shown their superiority (Whitson and Brule, 2000; Riazi, 2005; Li et al., 

2013b). Since the Edmister’s method is limited to pure hydrocarbons, its application to 

SCN fractions may lead to larger errors. By contrast, the Lee-Kesler’s equation is 

applicable for heavy fractions (Whitson and Brule, 2000). The Korsten method is new 

and has not been extensively evaluated for petroleum fractions. As pure hydrocarbons, it 

seems that the Korsten method is more accurate than the Edmister’s method but less 

accurate than the Lee-Kesler’s method (Riazi, 2005). 

 

Critical volume (vc): Although it is not a critical property directly used in EOS 

calculations, critical volume is indirectly employed to determine binary interaction 

parameter (BIP) needed for calculating mixture properties in a multi-component system. 

Hall and Yarborough (1971) proposed an equation for estimating critical volume 

based on molecular weight and specific gravity. As for heavier hydrocarbons, a 

correlation in terms of normal boiling point and specific gravity was developed by Riazi 

and Daubert (1980). As mentioned previously, by using perturbation expansion, Twu 

(1984) developed a set of correlations for critical properties estimation. The critical 

volume of petroleum fractions can be estimated with n-alkanes as the reference fluid. 

Compared with other correlations for estimating critical volume, the correlations 

developed by Twu (1984) show superiority in determining the critical volume for heavier 

components (Whitson and Brule, 2000; Li et al., 2013b).   
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2.4.3 Lumping and mixing rules 

After extending plus fraction into SCN fractions and estimating the properties of 

each SCN group, lumping (grouping) is the last step of heavy oil characterization 

because the computations related to phase equilibrium would be lengthy and 

cumbersome when the number of SCN fractions are large (Whitson, 1983; Riazi, 2005). 

Therefore, it is necessary to lump some SCN fractions into single group to reduce the 

number of components for performing calculation smoothly and efficiently. Lumping 

consists of the following aspects: 1) deciding what carbon number fractions to lump into 

the same pseudocomponent; and 2) averaging properties of each individual carbon 

number fractions to characterize the lumped pseudocomponents (Pedersen and 

Christensen, 2007; Wang et al., 2013). 

Whitson (1983) suggests that the C7+ fraction can be grouped into pN   

pseudocomponents given by, 

 p 101 3.3log 7N N                                          [2-5] 

where pN  is the number of pseudocomponents, and N   is the carbon number of 

heaviest fraction in the original fluid description. The groups are separated by molecular 

weight iMW  given by, 
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where i=1, …, pN . 

Pedersen et al. (1984) suggested a weight-based grouping scheme in which each 

lumped pseudocomponent contains approximately the same weight amount and where 

cT , cp , and   of the pseudocomponents are found as weight mean averages of cT , cp , 
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and   of the individual SCN fractions. Cotterman and Prausnitz (1985) selected 

pseudocomponents by using the criterion that each pseudocomponent approximately has 

the same mole fraction. Li et al. (1985) proposed a method for grouping components of 

an original fluid distribution by use of equilibrium ratios from a flash calculation at 

reservoir temperatures and the average operating pressure. Danesh et al. (1992) 

recommended a simple yet effective lumping method in which the sum of the mole 

fractions times the logarithm of the molecular weight ( lni iz MW ) should be the same 

for each pseudocomponent. 

Once the lumping scheme is determined, the properties of each lumped 

pseudocomponents should be determined by using a mixing rule. Several mixing rules 

have been proposed and evaluated in literature. Molar based mixing rule is the simplest 

and most common mixing rule, 
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Meanwhile, the weight fraction averaging method is also found to be a very simple 

method for assigning the properties of pseudocomponents (Hong, 1982; Pedersen et al., 

1985; Joergensen and Stenby, 1995; Wang et al., 2013). 
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where i  is any property (e.g., cT , cp , cv ,  , MW , or SG), iz  and iMW  are original 

mole fraction and molecular weight for the ith component making up pseudocomponent I, 

and i is from the lowest to the highest carbon number within the pseudocomponent I. 
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Besides the above two simple and common mixing rules, Hong (1982) not only 

summarized other four mixing rules and evaluated their performance, including surface 

fraction mixing rule, pc-weighted average for cT , vc-weighted average for cT , and 
2

3
cv -

weighted average for cT , but also stated that the molecular weight fraction mixing rule 

yielded the best results. Wu and Batycky (1988) re-evaluated the mixing rules 

summarized by Hong (1982) and found that the molecular weight mixing rule tended to 

yield the highest predicted saturation pressure and that other mixing rules generated 

lower saturation pressure prediction. Subsequently, Wu and Batycky (1988) proposed an 

effective mixing rule incorporating the molar- and weight-based mixing rules. 

 

2.5 Summary 

The following summary can be made from the previous sections of literature 

review: 

(1) Although it is scarcely to achieve miscibility between the injected CO2 and 

heavy oil under reservoir conditions, immiscible CO2 injection can still 

contribute to heavy oil recovery through the mechanisms of viscosity reduction, 

swelling effect, interfacial tension reduction, and blowdown recovery. 

(2) Since steam-based thermal recovery techniques suffer from several operational 

and environmental constraints, they are generally inefficient and uneconomical 

in thin heavy oil reservoirs. Adding hydrocarbon solvents into steam may 

achieve higher production rates with less energy input; however, such processes 

still need a large amount of water and energy. In addition, the economic 

viability of using hydrocarbon solvents is still questionable due to the high cost 
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of solvents. Alternatively, co-injection of solvents with hot CO2 is a promising 

technique for heavy oil recovery in thin reservoirs where other EOR techniques 

are inapplicable. 

(3) Although the existing methods are suitable for determining the molecular 

diffusion coefficient of a single component or the apparent diffusion coefficient 

of a gas mixture into heavy oil, few attempts have been made to evaluate the 

preferential diffusion of each component for a gas mixture in a bulk liquid. In 

particular, no efforts have been made to determine the individual diffusion 

coefficient of each component for a gas mixture in heavy oil by both taking 

swelling effect into account and characterizing heavy oil as multiple 

pseudocomponents. In addition, the underlying mechanisms of coupled heat and 

mass transfer for hot alkane solvents-CO2-heavy oil systems at high pressures 

and elevated temperatures have not been well understood. 

(4) Since heavy oil/bitumen consists of a large amount of heavier compounds. It is 

crucial to well characterize heavy oil for accurately predicting phase behaviour 

properties of alkane solvents-CO2-heavy oil systems by using the PR EOS and 

estimating other properties such as viscosities and thermal conductivities with a 

variety of correlations. 
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CHAPTER 3 DETERMINATION OF DIFFUSION 
COEFFICIENT FOR SOLVENT-CO2 
MIXTURES IN HEAVY OIL WITH 
CONSIDERATION OF SWELLING EFFECT 

 

3.1 Introduction 

In this chapter, a generalized methodology has been developed to determine both 

the apparent diffusion coefficient of solvent-CO2 mixture and the individual diffusion 

coefficient of each component of a gas mixture in heavy oil with consideration of 

swelling effect (Zheng et al., 2016a). Based on the pressure decay data for a CO2-heavy 

oil system, a C3H8-CO2-heavy oil system, and an n-C4H10-CO2-heavy oil system, a one-

dimensional and one-way mass transfer model incorporating the PR EOS with a 

modified alpha function has been developed to describe the mass transfer from gas-liquid 

interface to heavy oil. An exponential molar distribution function is firstly used to split 

the plus fraction of heavy oil. Then, a logarithm-type lumping approach is applied to 

group single carbon number (SCN) fractions into three pseudocomponents, while a 

mixing rule incorporating both the molar- and weight-average mixing rules is employed 

to determine the properties of the lumped pseudocomponents. The binary interaction 

parameter (BIP) correlations for alkane solvent-pseudocomponent pairs and CO2-

pseudocomponent pairs are respectively tuned with the experimentally measured 

saturation pressures. Both the apparent diffusion coefficients of gas mixtures and 

individual diffusion coefficient of each solvent in the mixture are determined once the 

discrepancy between the measured and calculated dynamic swelling factors of heavy oil 

has been minimized. 
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3.2 Mathematical Formulation 

3.2.1 Mass transfer equations 

The mass transfer between gas phase and liquid phase takes place in a closed PVT 

cell whose temperature is maintained constant through the air-bath system. After 

injecting the testing fluids into the cleaned and vacuumed PVT cell, the input valve is 

immediately closed. Subsequently, both the changes of pressure and the height of gas-

liquid interface with time inside the impermeable PVT cell are monitored and recorded. 

The details of the experiments can be found elsewhere (Li and Yang, 2016). The 

schematic of the diffusion cell is shown in Figure 3-1.  

Based on the experimental conditions, the following assumptions are made for 

modeling the mass transfer inside the PVT cell: 1) the liquid is non-volatile and there is 

only one-way transfer from gas phase to liquid phase; 2) in the absence of convection, 

molecular diffusion is the mechanism of mass transfer; 3) no chemical reaction occurs 

during the experiments; therefore, it is a purely physical process; 4) the gas-liquid 

interface is at quasi-equilibrium state (Upreti and Mehrotra, 2002; Tharanivasan et al., 

2004; Li and Yang, 2016); and 5) system temperature is constant. 

Based on the Fick’s second law, mass transfer from gas-liquid interface to liquid 

phase due to solvent dissolution can be described by, 

  i i
i

c c
D

t y y

   
     

                                               [3-1] 

where ic  is the concentration of the ith component in liquid phase, t is time, and iD  is 

the diffusion coefficient of the ith component.  
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Figure 3-1: Schematic of the diffusion cell for pressure decay tests.  
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The molecular diffusion of CO2 both as a constant and as a function of the 

viscosity of CO2-diluted heavy oil are examined for the CO2-heavy oil pressure decay 

system in this study. As for the molecular diffusion coefficient associated with viscosity, 

in general, it does not decrease in proportion to an increase in solvent viscosity, but there 

exists a relationship that diffusion coefficient is directly proportional to the exponential 

function of liquid viscosity (Poling et al., 2001). The following exponential function, 

therefore, is employed to correlate diffusion coefficient and viscosity of the gas-diluted 

heavy oil (Hayduk and Cheng, 1971; Luo et al., 2007), 

    2
1

C
lD C                                                          [3-2] 

where D  is diffusion coefficient, 1C  and 2C  are to-be-determined constants which vary 

from one substance to another, and l  is viscosity of the gas-diluted heavy oil.  

The viscosity of heavy oil may change significantly due to the dissolution of gas 

solvents. There are five common used mixing rules (i.e., Cragoe mixing rule (Cragoe, 

1933), Lobe mixing rule (Lobe, 1973), Shu mixing rule (Shu, 1984), Chung mixing rule 

(Chung et al., 1988), and the log-type mixing rule (Yazdani and Maini, 2010)) to 

estimate the viscosity of heavy oil with dissolution of gas solvents. Lobe’s mixing rule 

has been found to show superiority in predicting the viscosity of such gas-diluted heavy 

oil collected in the Lloydminster area (Li and Yang, 2013). Therefore, the Lobe’s mixing 

rule is applied to determine the gas-diluted heavy oil in this study. 
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where lv , sv , and ov  are kinematic viscosities of the liquid mixture, solvent, and heavy 

oil, respectively. The kinematic viscosity lv  is related to the dynamic viscosity l  

through l
l

l

v



 . s  and o  are the volume fractions of solvent and heavy oil in the 

liquid phase, respectively. 

The apparent diffusion coefficients of solvent-CO2 mixtures and the individual 

diffusion coefficient of each component in the mixture are studied for the solvent-CO2-

heavy oil pressure decay systems. The apparent diffusion coefficient of a gas mixture can 

be obtained by assuming that the molecular diffusion coefficient of each component of 

the gas mixture is identical (i.e., 
3 8 2 3 8 2C H -CO C H COD D D  ; 

4 10 2 4 10 2-C H -CO -C H COn nD D D  ). 

Accordingly, the apparent diffusion coefficient as a constant and as a function of the 

viscosity of gas-diluted heavy oil can be examined respectively. The Lobe’s mixing rule 

can also be applied in such alkane solvent-CO2-heavy oil systems; however, as for the 

diffusion of the solvent-CO2 mixture into heavy oil, viscosity of the gas mixture should 

be calculated prior to determining the viscosity of the gas-diluted heavy oil. 

Correspondingly, the sv  and ov  represent the small and large kinematic viscosities of the 

two solvents, respectively. The viscosity of solvent can be predicted through the 

empirical correlations. 

The individual diffusion of each component in the alkane solvent-CO2 mixture can 

also be described through the Fick’s law based on the assumption that each component 

diffuses independently into the heavy oil. Comparing with the CO2-heavy oil system, 
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viscosity of the liquid phase for a solvent-CO2-heavy oil system is changed due to the 

diffusion of both alkane solvent and CO2. Consequently, diffusion coefficient as a 

function of viscosity of the gas-diluted heavy oil is not applicable to the individual 

diffusion coefficient of each component for such solvent-CO2 mixtures. Thus, the 

constant individual diffusion coefficients for the solvent-CO2-heavy oil pressure decay 

systems are examined in this study. 

The viscosity of heavy oil can be accurately determined on the basis of the 

experimentally measured viscosity data for the same oil sample (Li et al., 2013a), 

   10 10 10log log 3.7042log 9.7600T                          [3-5] 

where   is heavy oil viscosity in cP and T  is the temperature in K. 

The viscosities of CO2, C3H8, and n-C4H10 can be predicted from correlations in 

the following form (Yaws, 2003), respectively, 

  22
10 s 1 3 4log T T

T

                                        [3-6] 

where s  is the viscosity of the solvent in cP, T  is temperature in K, and 1 , 2 , 3  

and 4  are the coefficients with corresponding values for CO2, C3H8, and n-C4H10 are 

listed in Table 3-1.  

 

3.2.2 Initial and boundary conditions  

The initial and boundary conditions are required in formulating sufficient 

mathematical description of the mass transfer of alkane solvent-CO2 mixture into heavy 

oil. At the beginning of diffusion tests, the concentration of gas component in heavy oil 

is equal to zero. Thus, the initial condition of the liquid phase can be described by, 
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Table 3-1 Coefficient values for solvent viscosity (Yaws, 2003) 

Solvent θ1 θ2 θ3 θ4 

CO2 -19.4920 1594.8000 0.0793 -1.2025E-04 

C3H8 -3.1759 297.1200 0.0095 -1.8781E-05 

n-C4H10 -6.8590 673.9300 0.0220 -3.0686E-05 
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                                             [3-7a] 

where H0 is initial height of heavy oil in the PVT cell. 

Due to the impermeable rigid boundary of the PVT cell, the mass flux at the cell 

bottom is equal to zero at any time. Therefore, the Neumann boundary condition can be 

applied at the boundary of PVT cell, 

         
0

0, 0i

y

c
t
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                                               [3-7b] 

Since the quasi-equilibrium exists at the gas-liquid interface (Upreti and Mehrotra, 

2002; Tharanivasan et al., 2004; Li and Yang, 2016), the Dirichlet quasi-equilibrium 

boundary condition for the diffusion process at the gas-liquid interface can be written as 

follows, 

      
t

, sat, , 0i iy H
c y t c p t t


                                     [3-7c] 

where , satic  is the saturation concentration of the ith component at the gas-liquid interface 

at the existing temperature and pressure, and Ht is the updated height which varies with 

time due to the oil swelling resulting from the gas dissolution. In this study, the 

saturation concentration of each component is determined by performing two-phase flash 

calculations with the PR EOS model. 

 

3.2.3 PR EOS 

As a widely used two-constant cubic equation of state in petroleum and chemical 

industries, PR EOS is selected to describe the phase behavior of solvent-CO2-heavy oil 

systems in this study. The PR EOS model can be expressed as follows (Peng and 

Robinson, 1976), 
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                                [3-8] 

 ,c ra a T                                                            [3-9a] 

2 20.457235 c
c

c

R T
a

p
                                                   [3-9b] 

0.0777969 c

c

RT
b

p
                                                    [3-9c] 

where p  is pressure, cp  is critical pressure, R  is universal gas constant, MV  is molar 

volume, T  is temperature, cT  is critical temperature, rT  is reduced temperature,   is 

acentric factor, and  ,rT   is the alpha function depending on reduced temperature and 

acentric factor.    

Peng and Robinson (1976) proposed a Soave-type alpha function used in the PR 

EOS model as follows, 

    2
2 0.51 0.37464 1.54226 0.26992 1 rT                        [3-10a] 

Later, Robinson and Peng (1978) developed a new form of alpha function for 

0.49    for the PR EOS model, 

    2
2 3 0.51 0.3796 1.485 0.1644 0.01667 1 rT               [3-10b] 

The following modified alpha function employed in the PR EOS has been found to 

more accurately model the phase behaviour of pure substances (Li and Yang, 2011), 

heavy-n-alkanes systems (Li et al., 2016), and alkane solvent(s)-CO2-heavy oil systems 

by treating heavy oil as one pseudocomponent (Li and Yang, 2013; Li et al., 2013a; Sun 

et al., 2014; Li and Yang, 2016) and multiple pseudocomponents (Li et al., 2013b; Li et 
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al., 2014; Shi et al., 2016; Zheng et al., 2016a; b; Zheng and Yang, 2016; 2017). The 

new alpha function is expressed as follows, 

 
   

   

2

2
2

0.13280 0.05052 0.25948 1
, exp

0.81769 ln 1 0.31355 1.86745 0.52604 1
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r
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T
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  [3-11] 

The van der Waals mixing rule is applied to calculate a and b for a multi-

component system, 

  
1 1

1
nc nc

i j ij i j
i j
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                                  [3-12a] 
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nc

i i
i

b x b


                                                      [3-12b] 

where nc  is number of the components in the system, ix  and jx  are respectively mole 

fraction of the ith component and the jth component in the mixture, and ij  is binary 

interaction parameter (BIP) between the ith component and the jth component. 

 

BIP correlations: BIP is a dimensionless parameter characterizing the binary 

formed by components of i and j with the purpose of enhancing the capability of an 

equation of state to predict the desired phase behaviour (Peng and Robinson, 1976). For 

most hydrocarbon systems, BIP is equal to zero; however, for the key hydrocarbon 

compounds in a mixture where they differ in size, value of BIP is nonzero. For 

nonhydrocarbon-hydrocarbon pairs, the values of BIP are nonzero and have a 

considerable effect on vapor-liquid-equilibrium (VLE) calculation (Manafi et al., 1999). 

The value of BIP for a particular pair may be determined from matching experimental 

data with the predicted data on a property such as vapor pressure (Riazi, 2005). 
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Extensive efforts have been made to develop correlations for estimating BIPs for 

mixtures (Chueh and Prausnitz, 1967; Mulliken and Sandler, 1980; Kato et al., 1981; 

Moysan et al., 1986; Gao, 1992; Fateen et al., 2013). Among the existing correlations, 

the modified Chueh-Prausnitz correlation (1967) has been widely used and found to have 

superior performance for estimating BIPs of the solvent-enriched heavy oil systems 

(Whitson and Brule, 2000; Riazi, 2005). The modified Chueh-Prausnitz correlation can 

be expressed by, 

 
   

21
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                                 [3-13] 

where ij  is the BIP between the ith and jth components, cV  is critical molar volume, 

m3/kmol. Originally, 1m =1 and 2m =3; however, in practical cases, 2m  is set equal to 6 

and the coefficient of 1m  is adjusted to match saturation pressure and other variable 

vapour-liquid equilibrium (VLE) data. Usually, the coefficient 1m  within 0.18–0.25 can 

yield a good prediction of the saturation pressure of reservoir fluids (Soreide, 1989; 

Whitson and Brule, 2000; Riazi, 2005). 

 

Volume translation: The dissolution of a solvent into heavy oil can lead to oil 

swelling, which is one of major mechanisms for enhancing heavy oil recovery. The two-

constant cubic equation of states (CEOSs), such as the PR EOS (Peng and Robinson, 

1976), can be used to accurately predict vapour-liquid equilibrium; however, a well-

known deficiency of these two-constant CEOSs is their inaccuracy for predicting the 

volumetric behaviour of fluids and their mixtures (Teja and Chen, 1997). In order to 
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improve the liquid volumetric predictions of two-constant CEOSs, volume translation 

were proposed without affecting the original VLE capabilities of the CEOSs. Li et al. 

(2013b) examined three well-known volume translation methods (Peneloux et al., 1982; 

Jhaveri and Youngren, 1988; Twu and Chan, 2009) and found the technique proposed by 

Peneloux et al. (1982) yielded the best volume prediction results for solvent-heavy oil 

systems. In this study, the Peneloux et al. method (1982) is applied for improving the 

volumetric prediction of the PR EOS. The EOS-calculated molar volume is corrected by 

using a simple correction term, 

*
corrected

1

nc
EOS

i i
i

V V x C


                                           [3-14] 

where correctedV  is the corrected molar volume, EOSV  is original molar volume calculated 

by the PR EOS, and *
iC  is a volume correction factor for the ith component, and ix  is the 

mole fraction of the ith component. The correction factor for a pure component is 

estimated as follows (Peneloux et al., 1982), 

 * 0.40768 0.29441c
RA

c

RT
C Z

p

 
  

 
                         [3-15a] 

where RAZ  is the Rackett compressibility factor that is a constant for a given substance. 

The Rackett factor for heavy oil can be estimated through the following equation 

(Spencer and Danner, 1972), 

 2 7*

1

1 1 rTc
RA

c

MW p
Z

SG RT

    
 

   
                                 [3-15b] 
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where *
rT  is reduced temperature evaluated at 60°F, MW is molecular weight, cp  is 

critical pressure, SG is specific gravity, R is universal gas constant, and cT  is critical 

temperature. 

 

3.2.4 Heavy oil characterization 

The plus fraction accounts for a large fraction in heavy oil and bitumen. The 

properties of such a plus fraction have a crucial effect on estimating properties of the 

reservoir fluid. It is required to properly characterize the heavy oil with a large 

proportion of plus fraction when CEOSs are used to describe the complex phase 

behaviour of reservoir fluids (Whitson et al., 1990). As reviewed in Chapter 2, oil 

characterization usually consists of three steps: splitting of plus fraction, estimating 

properties of single carbon number fractions, and lumping and determining the properties 

of pseudocomponents. 

 

Splitting: Most reservoir fluids can be characterized with an exponential molar 

distribution without compromising the quality of EOS predictions (Whitson and Brule, 

2000). It is found that there exists an approximate linear relationship between carbon 

number and logarithm of the corresponding mole fraction when carbon number is larger 

than a certain number (Pedersen et al., 1984; Pedersen and Christensen, 2007). Therefore, 

the simple and effective exponential distribution model (Pedersen et al., 1984; Pedersen 

and Christensen, 2007) is applied in this study, 

N 0 0 Nln z A B C                                                [3-16a] 

N N14 4MW C                                                   [3-16b] 
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where Nz  and NMW  are respectively the mole fraction and molecular weight of carbon 

number fraction NC . 0A  and 0B  are respectively constants specific for each mixture.  

It is worthwhile noting that the mole fractions are constrained by the mass balance 

equations, 

maxC

i
i C

z z





                                                          [3-17a] 
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                                                [3-17b] 

where z  and MW  are mole fraction and molecular weight of the plus fraction, 

respectively. 

 

Determination of SCN properties: Only mole fraction and molecular weight of 

each SCN fraction are known after splitting. The properties of each SCN, such as critical 

temperature and pressure, critical volume, acentric factor, and Rackett factor, are 

required as inputs in EOS calculations. The existing empirical correlations for estimating 

the properties of SCN fractions have been comprehensively reviewed in Chapter 2 of this 

dissertation. Consequently, the well-examined correlations that are suitable for heavier 

hydrocarbon fractions are used in this study. More specifically, the specific gravity and 

boiling point can be predicted through the Soreide’s correlations (1989), 

 0.13
0.2855 65.9419fSG C MW                                    [3-18] 

and 



51 
 

   
5 0.03522 3.266

bR

3 3

1928.3 1.695 10

exp 4.922 10 4.7685 3.462 10

T MW SG

MW SG MW SG



 

  

        
   [3-19] 

where SG  is specific gravity, fC  is a constant with a typical value between 0.27 and 

0.31 that is adjusted to ensure equality between the calculated and measured specific 

gravity of plus fraction, bRT  is the boiling point in Rankine (°R), and MW  is molecular 

weight in g/mol.  

The Kesler-Lee correlations (1976) are found to perform better for heavy oil (Riazi, 

2005; Li et al., 2013b) and applied to estimate the critical properties and acentric factor 

for each SCN fraction. 

    5
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where cRT  is critical temperature in °R, bRT  is normal boiling point temperature in °R, 

and cpsip  is critical pressure in psi. 

For bR
br

cR
0.8TT T  , 

  6
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    [3-22a] 

For bR
br

cR
0.8TT T  , 
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1.408 0.01063
7.904 0.1352 0.007465 8.359

K
K K T T         [3-22b] 

where brT  is reduced normal boiling point, bRT  is normal boiling point temperature in °R, 

cRT  is critical temperature in °R, cpsip  is critical pressure in psi, and WK  is Watson 

characterization factor. The Watson factor is given by (Whitson and Brule, 2000), 
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                          [3-23] 

where SG , z , and MW  are specific gravity, mole fraction, and molecular weight of 

the plus fraction, respectively; iz  and iMW  are mole fraction and molecular weight of 

the ith SCN, respectively; and maxC  is the maximum carbon number.  

As mentioned previously, by using perturbation expansion, Twu (1984) developed 

a set of correlations for critical properties estimation. Although it is a tedious process of 

using Twu method (1984) to predict the critical volume because the critical volume of 

petroleum fractions are estimated with n-alkanes as the reference fluid, the Twu method 

(1984) is able to accurately predict critical volume for SCN fraction and consequently 

applied in this study.  
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 2 2
Pexp 4 1vSG SG SG                                             [3-26] 

In which the critical properties of normal paraffins can be estimated as follows, 
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where cv  is critical molar volume in ft3/lbmol, cPv  is critical molar volume of normal 

paraffin in ft3/lbmol, PSG  is specific gravity of normal paraffin, cPT  is critical 

temperature of normal paraffin in °R, bPT  is normal boiling point of normal paraffin 

in °R, cPp  is critical pressure of normal paraffin in psi, PMW  is molecular weight of 

normal paraffin in lb/lbmol. Paraffin molecular weight is not an explicit function of 

normal boiling point temperature. Iterative method must be then used, and an initial 

guess is given by (Whitson and Brule, 2000), 
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                                          [3-32] 

 

Lumping and averaging properties: It is practical to lump SCN fractions into 

several pseudocomponents for efficiently performing phase properties calculation with 

EOS. Among the existing lumping schemes, the lumping method recommended by 

Danesh et al. (1992) is simple yet effective, in which the sum of the mole fractions times 

the logarithm of the molecular weight ( lni iz MW ) should be the same for each 

pseudocomponent (Li et al., 2013b). Once the lumping scheme is determined, the 

properties of each lumped pseudocomponent should be determined by using a mixing 

rule. The mixing rule incorporating the molar-based mixing rule and weight-based 

mixing rule proposed by Wu and Batycky (1988) is applied in this study. It is presented 

as follows, 

      I i i
i I
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                                 [3-33b] 

where i  is any property (e.g., cT , cp , cv ,  , MW , or SG ); I  is the property of the 

Ith pseudocomponent; iz  and iMW  are respectively mole fraction and molecular weight 

for component i making up pseudocomponent I; i  is a weight factor for the ith 

component; and w  is the proportioning factor with the value between 0 and 1, which can 
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yield a good match with the experimental data with a typical value of 0.5 (Wu and 

Batycky, 1988). 

 

3.2.5 Numerical solution 

Finite volume method (FVM) is applied to solve the partial differential equation in 

this study. A structured grid system with cell-centred algorithm is defined. Figure 3-2 

shows the schematic of the control volumes. The concentration at the cell P is taken to 

be the characteristic mean value of the control volume. The cell is surrounded by its two 

faces (i.e., n and s). Accordingly, other two cells in control volumes adjacent to the cell 

P are N and S, respectively. y represents the dimension of the control volume in y 

direction. 

The conservation equation is discretized by using the finite volume method. The 

integral form of this equation is expressed as follows,  

,
t t t t
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                                [3-34] 

The unsteady term of Equation [3-34] in time interval [t, t+t] can be reformulated, 
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                                     [3-35a] 

where ,i Pc  represents the concentration of the ith component for cell P at time t t  , 

0
,i Pc  is the concentration of the ith component for cell P at time t. 

Similarly, using central difference, the diffusion term can be evaluated,     
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Figure 3-2: Schematic of cell-centered control volumes.  
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where y  is the distance between two adjacent nodes in y directions and  ,i n sD  is the 

equivalent diffusion coefficient at the face n(s), which can be computed with the 

harmonic mean (Forsyth, 1990; Sun et al., 2014), 
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where  
s

y   is distance between Node #S and interface #s,  
s

y   is distance between  

interface #s and Node #P,  
n

y   is distance between Node #P and interface #n, and 

 
n

y   is distance between interface #n and Node #N. 

The so-called explicit scheme is employed to discretize the diffusion term as 

follows (Andersson et al., 2012), 
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where  , ,i P N Sc  represents the concentration of the ith component for cell P(N, S) at time 

t t   and  
0
, ,i P N Sc  is the concentration of the ith component for cell P(N, S) at time t.   

By rearranging the above equations, the concentration of the cell P at t t   has 

the following form,  

 0 0 0
, , , ,P i P N i N S i S P N S i Pa c a c a c a a a c                          [3-38] 

The factors are given as follows, 
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As aforementioned, the diffusion coefficient can be assumed to be a function of 

viscosity (Hayduk and Cheng, 1971; Luo et al., 2007). The viscosities at the interfaces 

can also be computed by applying the harmonic mean (Forsyth, 1990). 
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3.2.6 Determination of diffusion coefficients 

The diffusion coefficient of CO2 or solvent-CO2 mixtures into heavy oil is 

determined once the objective function (i.e., the root-mean-squared relative error 

(RMSRE) between the measured and calculated dynamic swelling factors of heavy oil 

during the diffusion measurements) has been minimized, which is expressed by, 

2
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                               [3-41] 

where ND is the number of data points obtained from the experiment, exp,iSF  and cal,iSF  

are the measured and calculated dynamic swelling factors of the ith data point, 

respectively. 
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Based on the definition in the literature (Welker and Dunlop, 1963; Teja and 

Sandler, 1980), the oil swelling due to gas dissolution can be quantified with dynamic 

swelling factor, which is defined as follows,  

   
 0
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V t
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V s t
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where 0V  is molar volume of heavy oil at the beginning of the experiment,  V t  is molar 

volume of solvent-diluted heavy oil at a given pressure and temperature, which is 

updated with the volume-translated PR EOS, and  s t  is mole fraction of solvent-CO2 in 

the liquid phase.   

One-dimensional exhaustive search is then applied to minimize the objective 

function for determining the constant molecular diffusion coefficient of CO2 and the 

apparent diffusion coefficients of C3H8-CO2 and n-C4H10, respectively. The genetic 

algorithm (GA) is employed to determine the individual diffusion coefficient of each 

component in the gas mixture, while the diffusion coefficient as a function of gas-diluted 

heavy oil. GA is categorized as a global search heuristic method that can be used to find 

exact or approximate solutions to optimization and search problems (Fujii and Horne, 

1995; Chen et al., 2010). Although GA may take hundreds of iterations to converge 

because its convergence rate is not very fast, no gradient information or derivative 

computation is required for the calculation processes. In general, the process of GA 

optimization can be divided into the following steps (Mohaghegh, 2000): 1) generating a 

random initial population; 2) evaluating the fitness of each individual in the population; 

3) ranking individuals on the basis of their fitness; 4) selecting those individuals to 

produce the next generation on the basis of their fitness; 5) using genetic operations, 
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such as crossover, inversion, and mutation, to generate a new population; and 6) 

continuing the process by going back to Step #2 until the convergence criteria have been 

met. Details and theory of GA can be found elsewhere (Mitchell, 1998; Guyaguler, 

2000). 

 

3.3 Results and Discussion 

The experimental data for pressure decay tests are retrieved from literature (Li and 

Yang, 2016). The heavy oil sample used in the pressure decay tests is collected from the 

Lloydminster area in Saskatchewan, Canada, with the molecular weight and specific 

gravity are measured to be 482 g/mol and 0.9997, respectively. The compositional 

analysis of the heavy oil sample is shown in Table 3-2.  

CO2, C3H8, and n-C4H10 with purities of 99.998 mol%, 99.99 wt%, and 99.5 wt% 

(Praxair, Canada), respectively, are used in the tests. The heavy components (C60+) 

account for 15.02 mol%, whereas no hydrocarbon component lighter than C9 exists in 

this oil sample. 

 

3.3.1 Molar distribution 

The logarithm molar distribution is firstly determined on the basis of the measured 

mole fractions of SCNs with carbon number from 15 to 60 of the heavy oil sample. More 

specifically, the two constants 0A  and 0B  of molar distribution function are regressed to 

be 2.4093  and 0.0578 , that is, N Nln 2.4093 0.0578z C     with 2 09468R  . The 

logarithm of the mole fractions of the SCNs against carbon number for the heavy oil 

sample is plotted in Figure 3-3. It can be seen that there exists a good agreement 
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Table 3-2 Compositional analysis of the heavy oil sample*  

Carbon No. wt% mol% Carbon No. wt% mol% 
C1 0 0 C31 1.390 1.42 
C2 0 0 C32 1.329 1.31 
C3 0 0 C33 0.981 0.94 
C4 0 0 C34 1.083 1.01 
C5 0 0 C35 1.307 1.18 
C6 0 0 C36 1.343 1.18 
C7 0 0 C37 0.917 0.78 
C8 0 0 C38 0.900 0.75 
C9 0.786 2.73 C39 1.583 1.29 

C10 0.844 2.64 C40 1.600 1.27 
C11 1.037 2.96 C41 0.750 0.58 
C12 1.267 3.32 C42 0.830 0.63 
C13 1.817 4.39 C43 1.380 1.02 
C14 1.950 4.38 C44 0.929 0.67 
C15 2.300 4.83 C45 0.929 0.65 
C16 2.143 4.22 C46 0.700 0.48 
C17 2.286 4.24 C47 0.833 0.56 
C18 2.238 3.92 C48 0.792 0.52 
C19 2.048 3.40 C49 0.792 0.51 
C20 1.857 2.93 C50 0.733 0.46 
C21 2.071 3.11 C51 0.750 0.47 
C22 1.329 1.91 C52 0.717 0.44 
C23 1.743 2.39 C53 0.717 0.43 
C24 1.571 2.07 C54 0.683 0.40 
C25 1.714 2.17 C55 0.650 0.37 
C26 1.600 1.95 C56 0.650 0.37 
C27 1.583 1.85 C57 0.667 0.37 
C28 1.650 1.86 C58 0.667 0.36 
C29 1.452 1.58 C59 0.667 0.36 
C30 1.281 1.35 C60+ 36.164 15.02 

   Total 100 100 
*Compositional analysis is measured by the Saskatchewan Research Council (SRC)
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Figure 3-3: Measured and extended molar distribution of the heavy oil sample. 
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between the measured SCN distribution and the determined distribution equation of the 

heavy oil sample, ensuring that mole fractions of the carbon number fractions heavier 

than C60 can be determined by extrapolating the best-fit relationship for the carbon 

number fractions C15–C60. The extrapolation is terminated until molecular weight of the 

heaviest SCN becomes smaller than that of the previous SCN (Teja and Sandler, 1980; 

Al-Meshari, 2004; Li et al., 2013b). As a result, the SCN in this study can be extended to 

C104, while the molecular weight of C104 and C105+ are determined to be 1452.00 and 

1458.34, respectively, with the mass balance constraints. 

Three pseudocomponents are then lumped based on the lumping scheme of Danesh 

et al. (1992) which requires the summation of the mole fractions times the logarithm of 

the molecular weight should be the same for each pseudocomponent. Due to the 

discontinuity of carbon numbers, the values of lni iz MW  for the three lumped 

pseudocomponents are not exactly identical but very close to each other. The Wu-

Batycky mixing rule (1988) is then employed to determine the properties of each 

pseudocomponent, in which the proportioning factor w is set to be 0.5. The critical 

properties of each pseudocomponent are shown in Table 3-3. 

 

3.3.2 BIP correlations 

As typical hydrocarbon-nonhydrocarbon pairs, the BIPs for C3H8-CO2 pair and n-

C4H10-CO2 pair are set to be 0.135 and 0.130, respectively, which are rigorously 

reviewed values (Li et al., 2013a; WinProp, CMG, Version 2011.10). Due to the 

similarity of the pseudocomponents, the corresponding BIPs for pseudocomponent pairs 

are set to be zero (Li et al., 2013b). The coefficients of BIP correlations for solvent-  
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Table 3-3 Physical and critical properties of pseudocomponents 

Pseudocomponent 
Zi  

mol% 
MW 

g/mol 
SG Tc 

K 
Pc 

kPa 
 Tb 

K 
Vc  

m3/kmol 
ZRA 

PC1 37.63 200.75 0.8694 725.50 2144.99 0.5946 534.46 0.6967 0.2578

PC2 33.61 368.65 0.9354 860.00 1366.45 0.9168 684.31 0.9168 0.2508

PC3 28.76 1067.77 1.0402 1053.05 790.76 1.3058 904.58 1.6119 0.2772

Note: PC represents pseudocomponent 
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pseudocomponent pairs and CO2-pseudocomponent pairs are tuned with the 

experimentally measured saturation pressures for the same heavy oil sample (Li et al., 

2013a; Li and Yang, 2013). The compositions of solvent(s)-CO2-heavy oil and operating 

temperatures of the experiments for tuning BIPs are summarized in Table 3-4. As can be 

seen, Feeds #1 to #18 are solvent-heavy oil binary systems, Feeds #19 to #21 are 

solvents-heavy oil ternary systems, and Feeds #22 to #28 are CO2-solvent-heavy oil 

ternary systems. The BIP correlation for solvent-pseudocomponent pair is first tuned 

based on the saturation pressures for Feeds #1–21. 

Once the BIP correlation for solvent-pseudocomponent pair is determined, it is 

utilized directly in tuning the BIP correlation for CO2-pseudocomponent pairs with the 

saturation pressures for Feeds #22–28. As a result, the optimal coefficients of BIP 

correlations for solvent-pseudocomponent pairs and CO2-pseudocomponent pairs are 

determined to be 0.192 and 0.314, respectively.  

By employing the optimized BIP correlations, the average absolute relative 

deviations (AARDs) in predicting saturation pressures for the solvent(s)-heavy oil 

systems (i.e., Feeds #1–21) and CO2-solvent-heavy oil ternary systems (i.e., Feeds #22–

28) are 4.06% and 4.18%, respectively, while the AARD for the total 28 feeds is 4.09%. 

The tuned BIP correlations can be validated with the experimentally measured swelling 

factor data for the total 28 feeds with the volume-translated PR EOS. 

 

Binary systems: Figure 3-4 plots the measured and calculated saturation pressures 

and swelling factors for C3H8-heavy oil systems at 298.85 K and 323.85 K (Feeds #1–6). 

As can be seen, the saturation pressure for a C3H8-heavy oil mixture increases with  
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Table 3-4 Comparison of experimental measurements (Li and Yang, 2013; Li et al., 

2013b) and theoretical calculations with the tuned BIP correlations 

Feed 
No. 

Composition 
 mol% Temperature 

K 

psat 

kPa SF 

CO2 C3H8 
n-

C4H10 
Heavy 

oil 
Exp. Cal. 

ARD 
% 

Exp. Cal. 
ARD 

% 
1 0 58.8 0 41.2 298.85 792 737 6.94 1.26 1.25 0.79
2 0 65.6 0 34.4 298.85 814 808 0.73 1.35 1.33 1.48
3 0 74.4 0 25.6 298.85 875 883 0.91 1.54 1.51 1.95
4 0 58.5 0 41.5 323.85 1307 1273 2.60 1.30 1.26 3.08
5 0 73.0 0 27.0 323.85 1536 1549 0.85 1.56 1.50 3.85
6 0 81.9 0 18.1 323.85 1662 1660 0.12 1.91 1.85 3.14
7 0 67.3 0 32.7 298.85 865 824 4.74 1.38 1.36 1.45
8 0 67.3 0 32.7 323.15 1436 1429 0.49 1.38 1.38 0.00
9 0 67.3 0 32.7 348.15 2337 2341 0.17 1.40 1.39 0.71

10 0 67.3 0 32.7 396.15 5020 5199 3.57 1.41 1.43 1.42
11 0 0 62.0 38.0 298.85 221 194 12.21 1.34 1.33 0.75
12 0 0 62.0 38.0 323.15 401 373 6.98 1.35 1.34 0.74
13 0 0 62.0 38.0 348.15 692 660 4.62 1.37 1.36 0.73
14 0 0 62.0 38.0 396.15 1698 1599 5.83 1.37 1.39 1.46
15 0 0 82.5 17.5 298.85 232 231 0.43 1.99 1.98 0.50
16 0 0 82.5 17.5 323.15 446 451 1.12 2.03 2.02 0.49
17 0 0 82.5 17.5 348.15 821 815 0.73 2.07 2.06 0.48
18 0 0 82.5 17.5 396.15 2003 2073 3.49 1.93 2.17 12.44
19 0 55.4 15.8 28.8 298.85 668 702 5.09 1.44 1.45 0.69
20 0 55.4 15.8 28.8 348.15 1799 2012 11.84 1.48 1.49 0.68
21 0 55.4 15.8 28.8 396.15 4056 4534 11.78 1.50 1.53 2.00
22 38.6 36.2 0 25.2 280.45 3177 3065 3.53 1.42 1.41 0.70
23 38.6 36.2 0 25.2 298.85 4642 4478 3.53 1.47 1.42 3.40
24 38.6 36.2 0 25.2 318.75 6657 6659 0.03 1.49 1.43 4.03
25 31.7 0 34.3 34.0 298.85 3154 3057 3.08 1.37 1.31 4.38
26 31.7 0 34.3 34.0 318.75 4026 4136 2.73 1.37 1.32 3.65
27 31.7 0 34.3 34.0 347.65 5653 5986 5.89 1.38 1.33 3.62
28 31.7 0 34.3 34.0 391.55 8339 9215 10.50 1.38 1.36 1.45

Note: Exp. = experimental  
          Cal. = calculated 

   ARD = absolute relative deviation, % 
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Figure 3-4: Comparison of the measured and calculated saturation pressures and 

swelling factors for C3H8-heavy oil systems at 298.85 K (Feeds #1–3) and 323.85 K 

(Feeds #4–6).  
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temperature, while it also increases as the increase of solubility of C3H8 in heavy oil at 

the same temperature. It can be also found that the dissolution of C3H8 results in a large 

swelling effect of heavy oil, which is beneficial for enhancing oil recovery when C3H8 is 

used as an injectant in heavy oil reservoirs. 

 

The comparison of measured and calculated saturation pressures and swelling 

factors for the C3H8-heavy oil binary systems (Feeds #7–10) and n-C4H10-heavy oil 

binary systems (Feeds #11–18) at different temperatures are shown in Figure 3-5. The 

saturation pressures for both the C3H8-heavy oil and n-C4H10-heavy oil binary systems 

increase with temperature for a given composition, indicating that, at the same pressure, 

the solubility of solvent in heavy oil at a higher temperature is lower than that at a lower 

temperature. The dissolution of n-C4H10 can also induce a significant swelling effect of 

heavy oil, while a higher solubility yields a larger swelling factor at the same 

temperature. The swelling factors for the C3H8-heavy oil binary systems (Feeds #1–10) 

and n-C4H10-heavy oil binary systems (Feeds #11–18) can be accurately predicted with 

AARDs of 1.81% and 2.11%, respectively. 

 

Ternary systems: Figure 3-6 compares the measured saturation pressures and 

swelling factors with their calculated values for C3H8-n-C4H10-heavy oil ternary systems 

(Feeds #19–21). Although the calculated saturation pressures slightly deviate from the 

measured ones at a higher temperature, there is a good overall agreement between the 

measured and calculated saturation pressures, especially at a lower temperature, yielding 

a fair AARD of 9.57% in predicting the saturation pressures for such solvents-heavy oil  
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(a) 

 
(b) 

 
 

Figure 3-5: Comparison of the measured and calculated saturation pressures and 

swelling factors for (a) C3H8-heavy oil binary systems (Feeds #7–10) and (b) n-C4H10-

heavy oil binary systems (Feeds #11–14 and Feeds #15–18) at different temperatures.
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(a) 

 
(b) 

Figure 3-6: Comparison of measured and calculated saturation pressures and swelling 

factors for (a) C3H8-n-C4H10-heavy oil ternary systems (Feeds #19–21) and (b) C3H8-

CO2-heavy oil and n-C4H10-CO2-heavy oil ternary systems (Feeds #22–24 and Feeds 

#25–28) at different temperatures.  
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ternary systems. Examining the swelling factor, it can be seen that the dissolution of 

C3H8-n-C4H10 leads to a large swelling effect of heavy oil, while the swelling factor 

increases slightly with temperature. The swelling factors for the C3H8-n-C4H10-heavy oil 

ternary systems (Feeds #19–21) can be accurately predicted with an AARD of 1.36%. 

As for CO2 involved ternary systems at different temperatures, similarly, saturation 

pressures for these ternary systems increase with temperature (see Figure 3-6). There is 

no significant increase of swelling effect of heavy oil with an increase in temperature. 

However, both C3H8-CO2 mixture and n-C4H10-CO2 mixture can lead to relatively large 

swelling factors at the operating temperatures. The AARD in predicting the swelling 

factors for these CO2 involved ternary systems with the tuned BIP correlations is 3.03%. 

The summary of measured and calculated saturation pressure and swelling factor 

and their calculated ones are also shown in Table 3-4. Good agreements between the 

measured saturation pressures and swelling factors and their calculated values have been 

achieved with an overall deviation of 3.11% and maximum deviation of 12.44%. 

 

3.3.3 Diffusion coefficients 

The overall compositions for the three feeds and the initial conditions of the three 

pressure decay tests are tabulated in Table 3-5. As for the CO2-heavy oil system (Test 

#1), C3H8-CO2-heavy oil system (Test #2), and n-C4H10-heavy oil system (Test #3), the 

decaying pressure can be well depicted with the following fits with R2=0.9997,  

R2=0.9998, R2=0.9978, respectively (Li and Yang, 2016), 

 
2

19558.7545 455580.8656
d CO

81.7014 367.8442 3276.3647t tp t e e               [3-43a] 

 
3 8 2

384911.4704 27765.4376
d C H CO

397.7363 128.5204 3268.1042t tp t e e 


      [3-43b] 
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Table 3-5 Overall compositions for the three feeds and the initial conditions of the three 

tests (Li and Yang, 2016) 

Test 
No. 

System 
Initial 

pressure 
 kPa 

T  
K 

Composition 
mol% 

Initial phase volume 
cm3 

1 
CO2-

heavy oil 
3741 

294.55 
 

CO2: 74.05 
Heavy oil: 25.95  

CO2: 79.1144 
Heavy oil: 27.2540  

2 
C3H8-
CO2-

heavy oil 
3799 

C3H8: 11.28 
CO2: 60.94 
Heavy oil: 27.78  

C3H8+CO2: 54.3416 
Heavy oil:  22.6324 

3 
n-C4H10-

CO2-
heavy oil 

1128 
n-C4H10: 4.71  
CO2: 35.67  
Heavy oil: 59.62  

n-C4H10+CO2: 77.8826 
Heavy oil: 27.9041   
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4 10 2

5000.0000 422083.4037
d -C H CO

25.4486 142.1509 948.4474t t

n
p t e e 


        [3-43c] 

where t is the diffusion time in s and dp  is the decaying pressure in kPa. Since the 

coefficients of determination of the three fits are all close to unity, the exponential 

equation with time is found to be sufficient to provide an excellent approximation for 

both the CO2-heavy oil system and the solvent-CO2-heavy oil systems. 

 

Solvent-CO2 mixture: The constant apparent diffusion coefficients for C3H8-CO2 

mixture and n-C4H10-CO2 mixture are determined through the one-dimensional 

exhaustive search once the discrepancy between the measured and calculated dynamic 

swelling factors has been minimized. Consequently, the constant apparent diffusion 

coefficients for C3H8-CO2 mixture and n-C4H10-CO2 mixture are determined to be 

103.77 10  m2/s and 104.90 10  m2/s, respectively. Two parameters need to be 

determined for the diffusion coefficient as a function of the viscosity of gas-diluted 

heavy oil. Consequently, the following apparent diffusion coefficients for solvent-CO2 

mixtures as a function of the viscosity of gas-diluted heavy oil can be determined by 

using the GA, 

            
3 8 2

10 0.2156
C H -CO 18.90 10D                                        [3-44a] 

         
4 10 2

10 0.4908
-C H -CO 11.94 10nD                                     [3-44b] 

In these correlations, effects of concentration, temperature, and pressure on the 

molecular diffusion coefficient are taken into account implicitly through the gas-diluted 

liquid viscosity (Luo et al., 2007). Obviously, diffusion coefficient has an inverse 

relationship with the solvent-diluted liquid phase viscosity. In other words, the molecular 

diffusivity of solvent in heavy oil increases as the viscosity of gas-diluted heavy oil is 
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reduced. It is also worthwhile noting that the diffusion coefficient can be increased 

considerably as the temperature of liquid phase is increased due to the fact that the 

viscosity of heavy oil can be reduced significantly with an increase in temperature. 

Therefore, it may be more accurate to consider the diffusion coefficient as a function of 

viscosity rather than a constant value when a change in temperature for the liquid phase 

is large during the diffusion processes. 

Figure 3-7a depicts the measured and calculated dynamic swelling factors based 

on the apparent diffusion coefficients for C3H8-CO2-heavy oil system (Test #2) and n-

C4H10-CO2-heavy oil system (Test #3). Based on the two forms of apparent diffusion 

coefficients (i.e., constant apparent diffusion coefficient and apparent diffusion 

coefficient as a function of the viscosity of solvent-diluted heavy oil), the calculated 

swelling factors are lower at the initial stage but higher at the late stage of the diffusion 

test than the measured ones for the C3H8-CO2-heavy oil system. As for the n-C4H10-CO2-

heavy oil system, the calculated dynamic swelling factors are slightly lower than the 

measured ones at the initial stage on the basis of the two forms of the apparent diffusion 

coefficients.  

When a gas mixture (e.g., a C3H8-CO2 mixture or n-C4H10-CO2 mixture) is used 

during the diffusion tests, there exists a preferential diffusion of individual components 

into heavy oil because CO2 and C3H8 or n-C4H10 may play quite different roles in the 

mass transfer process (Yang and Gu, 2006; Li and Yang, 2016). As for C3H8-CO2 

mixture and n-C4H10-CO2 mixture, the GA is applied to simultaneously determine two 

individual constant diffusion coefficients by minimizing the objective function. The  
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(a) 

 
(b) 

 
 

Figure 3-7: Measured and calculated dynamic swelling factors based on (a) apparent 

diffusion coefficients for the C3H8-CO2-heavy oil system, and n-C4H10-CO2-heavy oil 

system and (b) individual diffusion coefficients for the CO2-heavy oil system, C3H8-

CO2-heavy oil system, and n-C4H10-CO2-heavy oil system.  
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individual constant diffusion coefficients of CO2 and C3H8 for the C3H8-CO2-heavy oil 

system at 294.55 K and starting pressure of 3799 kPa are determined to be 101.05 10  

m2/s and 1013.70 10  m2/s, respectively. Similarly, as for the n-C4H10-CO2 mixture, the 

individual diffusion coefficients of n-C4H10 and CO2 into heavy oil at 294.55 K and 

starting pressure of 1128 kPa are determined to be 1015.30 10  m2/s and 101.01 10

m2/s, respectively. The measured swelling factors and the calculated ones based on the 

individual constant diffusion coefficients for the C3H8-CO2-heavy oil system (Test #2) 

and n-C4H10-CO2-heavy oil system (Test #3) are shown in Figure 3-7b. Noticeably, 

under the same pressure and temperature, C3H8 in C3H8-CO2 mixture diffuses faster into 

heavy oil than CO2. The diffusion coefficient of n-C4H10 in the n-C4H10-CO2 mixture is 

higher than that of CO2 in this study. Examining Figure 3-7, there exists a better match 

between the measured and calculated swelling factors for solvent-CO2-heavy oil systems 

with the individual diffusion coefficient, indicating that it is more accurate to describe 

the mass transfer of a gas mixture in heavy oil by separately treating the molecular 

diffusion of each component in the gas mixture. 

 

Single component: As for the CO2-heavy oil pressure decay system, CO2 is the 

single component diffusing from gas phase to liquid phase. The constant diffusion 

coefficient CO2 is determined by conducting one-dimensional exhaustive search to 

minimize the objective function. Accordingly, the constant diffusion coefficient for CO2 

in heavy oil at 294.55 K and starting pressure of 3741 kPa is determined to be 

104.30 10  m2/s. In addition, the diffusion coefficient of CO2 as a function of the 

viscosity of CO2-diluted heavy oil is also determined by using the GA,  
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2

10 0.1667
CO 7.86 10D                                           [3-44c] 

Figure 3-7b also shows the measured and calculated swelling factors based on the 

determined diffusion coefficient as a constant and as a function of the viscosity of CO2-

diluted heavy oil. As can be seen, the calculation results by using the two forms for the 

diffusion coefficient of CO2 mingle together, and a good agreement between the 

measured and calculated dynamic swelling factors has been achieved, indicating that 

such two forms of diffusion coefficient are able to accurately describe the mass transfer 

of CO2 in heavy oil when the operating temperature is maintained constant.  

 

3.3.4 Comparison 

The diffusion coefficients for CO2, C3H8, n-C4H10 and gas mixtures in heavy oils 

determined from this study and the data documented in literature are summarized in 

Table 3-6 for comparison purpose. As can be seen, the molecular diffusion of CO2 (i.e., 

104.30 10  m2/s) in heavy oil at 294.55 K and the starting pressure of 3741 kPa in this 

study is higher than other CO2 diffusion coefficients in Athabasca bitumen under similar 

conditions. This is attributed to the fact that the viscosity of the Lloydminster heavy oil 

used in this study is lower than those of the Athabasca bitumen. It is also worthwhile 

noting that the diffusion coefficient of CO2 in an Athabasca bitumen (Etminan et al. 

2010) under the condition of 3805 kPa and 323.15 K is close to the value determined in 

this study due mainly to its higher experimental temperature. As for the diffusion of CO2 

in a heavy oil sample (Yang and Gu, 2006), the measured diffusivities of CO2 under 

pressure of 3000–5000 kPa and 297.05 K are smaller than the diffusivity determined 

from this study. This can be also attributed to the higher viscosity of their heavy oil  
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Table 3-6 Comparison of the measured diffusion coefficients in different oils 

Systems Crude oil 
p 

kPa 
T 
K 

Viscosity 
cP 

Diffusion 
coefficient 
10-10 m2/s 

Sources 

CO2 

Lloydminster 
heavy oil 

3741–
3371 

294.55 
12854@  
294.55 K 

4.30 Test #1 
8.24 Li and Yang (2016) 

Athabasca 
bitumen 

5000 293.15 
361700@  
293.15 K 

2.80 Schmidt (1989) 

Athabasca 
bitumen 

3100–
4100 

298.15 
767@  

353.15 K 
1.60–2.20 

Upreti and Mehrotra 
(2000) 

Athabasca 
bitumen 

4000 298.15 
821000@  
298.15 K 

1.20–2.00 
Upreti and Mehrotra 

(2002) 

Athabasca 
bitumen 

3805 323.15 
100000@  
323.15 K 

3.60 Etminan et al. (2010) 

Athabasca 
bitumen 

3100–
5600 

294.15 
~2000000  
@ 294 K 

1.20–2.40 Fadaei et al. (2011) 

Lloydminster 
heavy oil 

3500–
4200 

297.05 
20267@ 

 297.05 K 
4.60–5.30 

Tharanivasan et al. 
(2006) 

Lloydminster 
heavy oil 

3000 

297.05 
23000@  
297.05 K 

2.30 

Yang and Gu (2006) 4000 2.80 
5000 3.20 
6000 5.50 

C3H8 

Lloydminster 
heavy oil 

400–900 297.05 
23000@  
297.05 K 

0.90–6.80 Yang and Gu (2006) 

Lloydminster 
heavy oil 

500–730 297.05 
20267@  
297.05 K 

7.90–11.00 
Tharanivasan et al. 

(2006) 
Lloydminster 

heavy oil 
200–800 297.05 

24137@  
297.05 K 

0.53–4.90 Luo et al. (2007) 

Lloydminster 
heavy oil 

400–600 298 
13144@ 
 290 K 

2.12–3.59 Ganapathi (2009) 

MacKay 
bitumen 

413–827 297.15 
127868@ 
 297.05 K 

0.26–4.17 Etminan et al. (2014) 

n-C4H10 
Lloydminster 

heavy oil 
100–150 298 

13144@ 
 290 K 

1.10–1.84 Ganapathi (2009) 

84.38 mol% 
CO2 

15.62 mol% 
C3H8 

Lloydminster 
heavy oil 

3799–
3349 

294.55 
12854@ 

 294.55 K 

1.05 (CO2)  
13.70 (C3H8) Test #2 

3.77* 
4.06 (CO2)  

13.34 (C3H8) Li and Yang (2016) 
4.63* 

88.33 mol% 
CO2  

11.67 mol%    
n-C4H10 

Lloydminster 
heavy oil 

1128–
982 

294.55 
12854@ 

 294.55 K 

1.01 (CO2) 
15.30 (n-C4H10) Test #3 

4.90* 
1.92 (CO2) 

13.41 (n-C4H10) Li and Yang (2016) 
2.88* 

70 mol% CO2 
30 mol% C3H8 

Lloydminster 
heavy oil 

1003–
3005 

297.05 
23000@ 

 297.05 K 
0.82–8.20* Yang and Gu (2006) 

*Note: Apparent diffusion coefficient of gas mixture  
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samples compared to that of the heavy oil in this study. However, a higher diffusion 

coefficient of CO2 into a heavy oil sample with a higher viscosity is also observed 

(Tharanivasan et al., 2006) due probably to the negligence of oil swelling induced by 

solvent dissolution in the mathematical model. CO2 diffusion coefficient (i.e., 

104.30 10  m2/s) in heavy oil at 294.55 K and the starting pressure of 3741 kPa in this 

study is higher than other CO2 diffusion coefficients in Athabasca bitumen under similar 

conditions. This is attributed to the fact that the viscosity of the Lloydminster heavy oil 

used in this study is lower than those of the Athabasca bitumen. It is also worthwhile 

noting that the diffusion coefficient of CO2 in an Athabasca bitumen (Etminan et al., 

2010) under the condition of 3805 kPa and 323.15 K is close to the value determined in 

this study due mainly to its higher experimental temperature. As for the diffusion of CO2 

in a heavy oil sample (Yang and Gu, 2006), the measured diffusivities of CO2 under 

pressure of 3000–5000 kPa and 297.05 K are smaller than the diffusivity determined 

from this study. This can be also attributed to the higher viscosity of their heavy oil 

samples compared to that of the heavy oil in this study. However, a higher diffusion 

coefficient of CO2 into a heavy oil sample with a higher viscosity is also observed 

(Tharanivasan et al., 2006) due probably to the negligence of oil swelling induced by 

solvent dissolution in the mathematical model. 

Upreti and Mehrotra proposed the following empirical correlation for CO2 

diffusivity in bitumen (Upreti and Mehrotra, 2002), 

1 1ln D A B T                                                    [3-45] 
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where D  is diffusion coefficient in m2/s, T  is temperature in K, and coefficients of 1A  

and 1B  for CO2 under pressure of 4000 kPa are –28.10.60 and 0.0180.002, 

respectively. 

The diffusion coefficient of pure CO2 into heavy oil at 294.55 K for this study is 

estimated to be 1.2610-10 m2/s by using the correlation proposed by Upreti and 

Mehrotra (2002). The determined diffusion coefficient of CO2 in this study (i.e., 

4.3010-10 m2/s) is higher than that of the estimation with the Upreti and Mehrotra’s 

correlation (2002), but in the same order of magnitude (10-10 m2/s). Meanwhile, 

considering the standard errors for the coefficients 1A  and 1B , the estimated diffusion 

coefficient of CO2 at 294.55 K will be in the range from 0.3810-10 to 4.1210-10 m2/s. 

Since viscosity of the heavy oil used in this study is lower than that of the bitumen, the 

diffusion coefficient of CO2 determined by this study (i.e., 4.3010-10 m2/s) is close to 

but higher than that range, confirming the reliability of the diffusion coefficient 

determined from this study.  

As can also be seen from Table 3-6, the diffusion coefficient of C3H8 (i.e., 

13.7010-10 m2/s) at 294.55 K in this study is considerably larger than those measured in 

the literature at similar temperatures (Yang and Gu, 2006; Luo et al., 2007; Ganapathi, 

2009). This is attributed to the fact that the viscosity of the heavy oils used is lower and 

that a higher operating pressure is used in this study. It is well-recognized that, at a given 

temperature, a higher pressure but lower than its dew point pressure results in a higher 

diffusion coefficient of C3H8 in heavy oil (Yang and Gu, 2006; Luo et al., 2007; Li and 

Yang, 2016). Therefore, injection of C3H8-CO2 mixture in heavy oil reservoirs shows its 

superiority to the pure C3H8 injection because the presence of CO2 in the C3H8-CO2 
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mixture can be utilized to not only maintain reservoir pressure, but also make the dew 

point pressure of the C3H8-CO2 mixture significantly larger than that of pure C3H8, 

contributing to a faster dissolution of gaseous C3H8 into heavy oil. Similarly, the 

measured diffusion coefficient of n-C4H10 in heavy oil is found to be larger than the 

literature data (Ganapathi, 2009) due mainly to a higher pressure of n-C4H10-CO2 mixture 

in the diffusion test of this study. 

Although the same pressure decay data are used, it is worthwhile noting that the 

diffusion coefficients determined from this study are close to but slightly different from 

those presented elsewhere (Li and Yang, 2016). This is mainly attributed to the facts: 1) 

heavy oil is characterized as three pseudocomponents in this study other than a single 

pseudocomponent reported in the literature (Li and Yang, 2016), while BIP correlations 

have been tuned with the experimentally measured saturation pressures for the same 

heavy oil sample, reducing the uncertainty of the heavier compounds (i.e., plus fraction) 

of the oil sample and improving the accuracy in predicting phase behaviour properties of 

the solvent-CO2-heavy oil systems; 2) the objective function is related to the measured 

dynamic swelling factors in this study where more experimental data points can be 

assimilated to determine the diffusion coefficients of solvent and CO2, compared to the 

one based on the measured GC analysis on compositional changes of the gas phase at the 

beginning and end of the diffusion tests elsewhere (Li and Yang, 2016); and 3) it is 

impractical to continuously monitor and analyze the composition changes of the gas 

phase, while sampling the gas phase at the end of the diffusion tests is intrusive for the 

solvent-CO2-systems and may introduce an experimental error that affects the 

determined diffusion coefficient. Therefore, there shall exist a much better agreement 
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between the calculated and measured dynamic swelling factors because of more 

measurement data points for dynamic swelling factors. 

According to the GC compositional analysis results before and after pressure decay 

tests for gas mixtures (Li and Yang, 2016), there is no heavy hydrocarbon is detected in 

gas phase after 168 h of diffusion tests, confirming the one-way diffusion assumption. At 

the end of the diffusion test, the composition of the C3H8-CO2 gas mixture is measured to 

be 9.96 mol% of C3H8 and 90.04 mol% of CO2 with GC, while the calculated gas phase 

comprises 5.99 mol% of C3H8 and 94.01 mol% of CO2 based on the determined 

individual diffusion coefficients of C3H8 and CO2. Similarly, the composition of n-

C4H10-CO2 mixture at the end of diffusion test is measured to be 4.79 mol% of n-C4H10 

and 95.21 mol% of CO2, while the calculated composition of n-C4H10-CO2 gas mixture 

contains 1.85 mol% of n-C4H10 and 98.15 mol% of CO2 on the basis of the determined 

individual diffusion coefficients of n-C4H10 and CO2. Although there exist some 

disagreements between the calculated and measured gas compositions at the end of the 

diffusion tests due mainly to the complicated sampling process, the merits of this 

methodology for determining the individual diffusion coefficients of solvent and CO2 in 

heavy oil without performing the intrusive sampling procedures and subsequent GC 

analysis has been confirmed.  

 

3.3.5 Dynamic swelling factors 

As shown in Figure 3-7, good agreements between the measured dynamic swelling 

factors and the calculated ones have been achieved. As for the CO2-heavy oil system and 

the C3H8-CO2-heavy oil system, the starting pressures are similar. It can be seen that, 
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however, the C3H8-CO2-heavy oil system (Test #2) is able to yield a significantly larger 

swelling effect during the diffusion process in comparison with the CO2-heavy oil 

system (Test #1). In addition, at the same diffusion time, a larger degree of swelling 

effect has been achieved for the C3H8-CO2-heavy oil system, indicating that the diffusion 

of C3H8-CO2 mixture into heavy oil tends to accelerate the swelling of heavy oil. The 

swelling factors of the CO2-heavy oil system and C3H8-CO2-heavy oil system are 

measured to be 1.031 and 1.058 at the end of the diffusion test, respectively. Such 

enhanced swelling effect of the C3H8-CO2-heavy oil system is attributed to the fact that 

C3H8 not only diffuses into heavy oil faster than CO2, but also is capable of providing a 

larger swelling factor than CO2 when the same mole fraction of CO2 is dissolved in 

heavy oil (Yang and Gu, 2006; Li et al., 2013a). 

The swelling factor of the n-C4H10-CO2-heavy oil system (Test #3) is much lower 

than those of the CO2-heavy oil system and the C3H8-CO2-heavy oil system. It is 

measured to be only 1.015 at the end of the diffusion test. This is mainly attributed to the 

fact that the solubility of the n-C4H10-CO2 mixture in heavy oil is small under a low 

pressure in the diffusion test. At a given temperature and concentration, pressure is an 

important parameter in designing an EOR process with solvent-CO2 mixture in heavy oil 

reservoirs. A higher pressure generally not only accelerates a faster molecular diffusion 

of solvent-CO2 mixture into heavy oil, but also results in a higher equilibrium solubility 

of the solvent-CO2 mixture in heavy oil (Hayduk and Cheng, 1971; Li et al., 2013a). 

Consequently, a higher pressure has potential to contribute to a better performance for 

heavy oil recovery due to the more effective and efficient swelling effect and enhanced 

viscosity reduction under a higher operating pressure. Compared to treating heavy oil as 
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a single pseudocomponent (Li and Yang, 2016), there exists a much better agreement 

between the calculated and measured swelling factors as a function of time by 

characterizing heavy oil as three pseudocomponents.  

 

3.3.6 Solvent composition profiles 

Figure 3-8 depicts the change of CO2 composition with time in the liquid phase 

based on the constant diffusion coefficient of CO2 for the CO2-heavy oil system (Test 

#1). As can be seen, CO2 composition in the liquid phase increases gradually with time. 

Due to its nature of slow diffusion, CO2 composition gradient is large at the initial stage, 

and its composition at the bottom remains zero until about 30 h. Although CO2 

composition at the interface decreases slightly with time, the average composition of 

CO2 in the liquid phase increases as more CO2 dissolves into the heavy oil.  

CO2 and C3H8 composition profiles on the basis of the individual diffusion 

coefficients for the C3H8-CO2-heavy oil system can also be determined (see Figure 3-9). 

Comparing Figure 3-8 with Figure 3-9a, an increase of CO2 mole fraction in liquid phase 

for the C3H8-CO2-heavy oil system is slower than that of CO2 for the CO2-heavy oil 

system due to a smaller diffusion coefficient of CO2 in the C3H8-CO2-heavy oil system. 

Figure 3-9b shows the composition profiles of C3H8 for the C3H8-CO2-heavy oil system. 

As can be seen, the mole fraction of C3H8 in liquid phase increases faster and it reaches 

the bottom in a shorter period (i.e., about 5 h), indicating the faster diffusion of C3H8 in 

heavy oil. It is worthwhile noting that the mole fraction of C3H8 in the bottom region at 

the later stage of diffusion test is slightly higher than that near the gas-liquid interface. 
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Figure 3-8: Calculated CO2 mole fraction in liquid phase based on the constant CO2 

diffusivity for the CO2-heavy oil system.  
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(a) 

 
(b) 

Figure 3-9: Calculated mole fractions in liquid phase of C3H8-CO2-heavy oil system 

based on the individual diffusion coefficients for (a) CO2 and (b) C3H8.   
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Although both CO2 and C3H8 gradually dissolve into heavy oil with time, due to 

the faster diffusion of C3H8 than that of CO2, more C3H8 can reach the bottom of the 

liquid at the later stage. The mole fraction of CO2, however, is still high in the region 

near the gas-liquid interface due to a high initial mole fraction of CO2 in gas mixture, 

resulting in that the mole fraction of C3H8 is slightly higher in the bottom region but 

slightly lower in the top region at the late stage of diffusion test. It is worthwhile noting 

that the top region near the gas-liquid interface still has higher C3H8 composition, though 

higher mole fractions of C3H8 in the bottom section are observed at the late stage. 

Similarly, Figures 3-10 shows the composition profiles of CO2 and n-C4H10 based 

on the individual diffusion coefficients for the n-C4H10-CO2-heavy oil system. Although 

more CO2 and n-C4H10 diffuse into the heavy oil from the gas-liquid interface over time, 

the average compositions of CO2 and n-C4H10 in heavy oil are still very low at the end of 

the diffusion test due to the lower starting pressure (i.e., 1128 kPa). Comparison of the 

composition profiles of CO2 and n-C4H10 in liquid phase, it is found that n-C4H10 

diffuses faster than CO2 under the same conditions, resulting in a small composition 

gradient of n-C4H10 at the end of the diffusion test.    

 

3.4 Summary 

A generalized technique has been developed to determine the diffusion coefficients 

of CO2 and solvent-CO2 gas mixtures in heavy oil with consideration of swelling effect 

by using the pressure decay data. The volume translated PR EOS with a modified alpha 

function incorporating the tuned BIP correlations and three lumped pseudocomponents 

whose properties are averaged by using a modified mixing rule is able to accurately  
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(a) 

 
(b) 

Figure 3-10: Calculated mole fractions in liquid phase of n-C4H10-CO2-heavy oil system 

based on the individual diffusion coefficients for (a) CO2 and (b) n-C4H10. 
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predict the phase behaviour properties of alkane solvent(s)-CO2-heavy oil systems. A 

one-dimensional and one-way mass transfer model is successfully to describe the mass 

transfer from gaseous solvent-CO2 mixture to heavy oil. In comparison with pure CO2, 

addition of C3H8 into the CO2 stream tends to accelerate the swelling of heavy oil under 

the similar conditions, resulting in a larger degree of swelling effect after a given 

diffusion time. In this study, diffusion coefficient of CO2 as a constant and as a function 

of the viscosity of CO2-diluted heavy oil for CO2-heavy oil system (Test #1) is 

determined to be 104.30 10  m2/s and 
2

10 0.1667
CO 7.86 10D    , respectively. 

The constant apparent diffusion coefficients of C3H8-CO2 mixture and n-C4H10-

CO2 mixture in heavy oil are determined to be 3.7710-10 m2/s and 4.9010-10 m2/s, 

respectively, while the apparent diffusion coefficients as a function of the viscosity of 

solvent-diluted heavy oil for Tests #2 and #3 are determined to be 

3 8 2

10 0.2156
C H -CO 18.90 10D     and 

4 10 2

10 0.4908
-C H -CO 11.94 10nD    , respectively. In 

addition, the individual diffusion coefficients of CO2 and C3H8 for the C3H8-CO2-heavy 

oil system are determined to be 1.0510-10 m2/s and 13.7010-10 m2/s, respectively, while 

the individual constant diffusion coefficients of n-C4H10 and CO2 for n-C4H10-CO2-heavy 

oil system are determined to be 15.3010-10 m2/s and 1.0110-10 m2/s, respectively. 
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CHAPTER 4 EXPERIMENTAL AND THEORETICAL 
DETERMINATION OF DIFFUSION 
COEFFICIENTS OF CO2-HEAVY OIL 
SYSTEMS BY COUPLING HEAT AND 
MASS TRANSFER 

 

4.1 Introduction 

In this chapter, techniques have been developed to experimentally and theoretically 

quantify diffusion coefficients of CO2-heavy oil systems by coupling heat and mass 

transfer and treating heavy oil as multiple pseudocomponents (Zheng and Yang, 2017). 

Experimentally, diffusion tests have been conducted for hot CO2-heavy oil systems with 

three different temperatures under a constant pressure by using a visualized PVT setup. 

The swelling of liquid phase in the PVT cell is continuously monitored and recorded 

with a digital cathetometer during the measurements. Theoretically, a two-dimensional 

mathematical model incorporating the volume-translated PR EOS with a modified alpha 

function has been developed to describe heat and mass transfer from hot CO2 to heavy 

oil. Heavy oil sample has been characterized as three pseudocomponents for accurately 

quantifying phase behaviour properties of CO2-heavy oil systems, while the binary 

interaction parameters (BIPs) for CO2-pseudocompoent pairs are tuned based on the 

experimentally measured saturation pressure data. The diffusion coefficient is then 

determined once the discrepancy between the measured swelling factors and the 

calculated ones during the diffusion tests has been minimized. The forms of diffusion 

coefficient as a constant and as a function of viscosity are examined. Meanwhile, the 

descriptions of temperature profile and CO2 composition distribution in liquid phase can 

be obtained on the basis of the determined diffusion coefficient. 
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4.2 Experimental 

4.2.1 Materials 

The heavy oil sample is collected from the Lloydminster area in Saskatchewan, 

Canada. The molecular weight and specific gravity of the heavy oil sample are 

determined to be 482 g/mol and 0.9997, respectively. The viscosity of the Lloydminster 

heavy oil is measured to be 12854 cP at 294.55 K and atmospheric pressure. The 

compositional analysis of this oil sample is achieved through the simulated distillation 

method and has been tabulated in Table 3-2 in Chapter 3. The CO2 gas is research-grade 

with purity of 99.998 mol% (Praxair, Canada).  

 

4.2.2 Experimental setup 

A mercury-free DBR PVT system (PVT-015-100-200-316-155, DBR, Canada) is 

applied to perform the diffusion tests for the hot CO2-heavy oil systems. A schematic of 

the PVT system is shown in Figure 4-1. The core component of the PVT setup is a see-

through PVT cell, in which a glass tube is used to contain fluid samples. A floating 

piston inside the glass tube isolates the sample fluids from the hydraulic oil. 

Consequently, the pressure of sample fluids inside the PVT cell can be readily varied by 

adjusting the floating piston downward or upward through a high-pressure automatic 

positive-displacement DBR pump (PMP-0500-1-10-MB-316-M4-C0, DBR, Canada). 

The PVT cell is also equipped with a magnetic mixer, which can be utilized to 

effectively stir the sample fluids when the fluid viscosity is lower than 100.0 cp at 

298.15 K.  
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Figure 4-1: Schematic of PVT setup for three hot CO2-heavy oil diffusion tests.
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The PVT cell can sustain pressure and temperature up to 69000 kPa and 473.15 K, 

respectively. A Heise pressure gauge and a high-precision-gauge (Model: 2089, Ashcroft, 

USA) with a full scale of 6895 kPa (1000 psi) and an accuracy of 0.05% are used to 

precisely monitor the cell pressure. The operating temperature can be maintained through 

an air-bath system, where a microprocessor-based controller in conjunction with a 

resistance temperature device (RTD) sensor is used to accurately control the temperature. 

A video-based digital cathetometer with a measurement precision of 0.002 cm is 

applied to capture the fluid height in the PVT cell.  

Heavy oil is contained in a transfer cylinder that is placed outside of the air-bath 

and kept at a lower environment temperature. The heavy oil sample can be displaced 

from the transfer cylinder to the PVT cell by using a high-pressure syringe pump (500HP, 

Teledyne ISCO Inc., USA). The uncertainties of measuring pressure, volume, and 

temperature are 4 kPa, 1.5910-2 cm3, and 0.10 K, respectively. 

 

4.2.3 Experimental procedure 

The experimental procedure for diffusion tests of the hot CO2-heavy oil systems is 

briefly described as follows. The PVT cell and tubing are thoroughly cleansed with 

kerosene, flushed with CO2, and vacuumed before test. Once CO2 is directly discharged 

from the gas cylinder to the PVT cell, the pressure of the cell is then maintained to a 

constant pressure of 5400 kPa, and the air-bath is set to the desired test temperature for at 

least 12 h to reach the thermal equilibrium. The transfer cylinder containing heavy oil is 

placed outside of the air-bath and kept at a lower room temperature of 295.65 K to allow 

heat transfer from gas and the bottom, left and right boundaries of the PVT cell to heavy 
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oil during the diffusion tests. After the heavy oil is quickly displaced into the PVT cell 

by using the syringe pump, the inlet valve is closed to initiate the diffusion test and the 

volume of heavy oil in the PVT cell is simultaneously recorded. The volume change of 

the liquid phase as a function of time during the diffusion test is monitored and recorded 

by tracking the interface between gas and liquid in the PVT cell. The compositions and 

operating conditions for three tests are shown in Table 4-1. It is worthwhile noting that 

the heavy oil sample is collected from a Lloydminster reservoir whose initial temperature 

is about 21°C. Due to the limitations of the PVT setup, the operating temperatures in this 

study cannot be as high as that of steam used in the oilfield. However, the operating 

temperatures are still higher than the initial reservoir temperature, and the characteristics 

of heat transfer when either hot CO2 or alkane solvents or both is made in contact with 

heavy oil can be examined based on the coupled heat and mass transfer tests in this study.    

 

4.3 Mathematical Formulation 

4.3.1 Mass and energy conservation 

A schematic of the diffusion cell is shown in Figure 4-2. Based on the 

experimental conditions, the following assumptions are made for modeling the heat and 

mass transfer of CO2-heavy oil systems inside the PVT cell: 1) two-dimensional heat 

transfer, and the mechanism of heat transfer is conduction; 2) the liquid is non-volatile 

and there is only one-way mass transfer from gas phase to liquid phase; 3) in the absence 

of convection, molecular diffusion is the mechanism of mass transfer; 4) no chemical 

reaction occurs during the experiments; therefore, it is a purely physical process; 5) the 

gas-liquid interface is at equilibrium state (Upreti and Mehrotra, 2002; Tharanivasan et  
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Table 4-1 Compositions and operating conditions for three hot CO2-heavy oil diffusion 

tests 

Test 
No. 

Composition, mol% Gas temperature 
K 

p 
kPa CO2 Heavy oil 

4 70.88 29.12 298.55 
5400 5 73.94 26.06 317.65 

6 67.35 32.65 336.65 
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Figure 4-2: Schematic of the hot CO2-heavy oil diffusion cell.  
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al., 2004; Sun et al., 2014); and 6) temperatures of the PVT cell and gas-liquid interface 

are constant.  

 

Mass conservation: Based on the Fick’s second law, the mass transfer from gas 

phase to liquid phase can be expressed by, 

x y

c c c
D D

t x x y y

                 
                                  [4-1] 

where c  is concentration of the CO2 in liquid phase, xD and yD  are diffusion 

coefficients of CO2 in x and y directions, respectively.  

The forms of molecular diffusion of CO2 as a constant and as a function of the 

viscosity of CO2-diluted heavy oil are examined for the hot CO2-heavy oil systems in 

this study. The exponential function (i.e., Equation [3-2]) that correlates diffusion 

coefficient and viscosity of the gas-diluted heavy oil is employed in this chapter. 

Because Lobe’s mixing rule (1973) has been found to show superiority in 

predicting the viscosity of the gas-diluted heavy oil collected in the Lloydminster area 

(Li and Yang, 2013), it is applied to determine the viscosity of the CO2-diluted heavy oil 

in this study. Therefore, the viscosity of CO2-diluted heavy oil can be determined 

through Equations [3-3] and [3-4], in which the viscosities of heavy oil and CO2 can be 

accurately described by Equations [3-5] and [3-6], respectively.  

 

Energy conservation: The temperature of liquid phase is changed due to the heat 

transfer from both gas-liquid interface and the PVT cell boundaries to the liquid phase. 

The energy conservation of the liquid phase can be formulated as follows, 
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, ,

l p l l l l
l x l y

c T T T
k k

t x x y y

                 
                          [4-2] 

where l , ,p lc , and lT  are the density, heat capacity, and temperature of liquid phase, 

respectively, while ,l xk  and ,l yk  are the heat conductivities of liquid phase in x and y 

directions, respectively. 

The heat capacity of liquid phase can be predicted using a correlation by Kesler 

and Lee (Kesler and Lee, 1976), 

 ,p l l l lc a b c T  , 145 K< <0.8 cT T                              [4-3] 

where ,p lc  is the heat capacity of liquid heavy oil in J/(gK),  cT  is critical temperature 

in Kelvin (K), and la , lb  and lc  are calculated as follows, 

W1.4651 0.2302la K                                             [4-4a] 

0.306469 0.16734lb SG                                        [4-4b] 

0.001467 0.000551lc SG                                      [4-4c] 

where WK  is Watson characterization factor, SG  is specific gravity. 

The thermal conductivity of heavy oil can be estimated by using the following 

correlation (Riazi et al., 1999), 

0.1 0.1

2 2

1 1
1

l RI

A B
k F

   
     

  
                                      [4-5] 

where lk  is thermal conductivity, W/(mK); RIF  is the Lorentz-Lorenz function of 

refractive index; 2A  and 2B  are constants for each compound. It is worthwhile noting 

that RIF  has a close relationship with density, that is 
1

3
RIF


  (i.e., so-called One-Third 
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rule), and RIF   can be assumed to be independent of temperature (Vargas and 

Chapman, 2010). 
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      [4-6] 

The constants 2A  and 2B  can be estimated by using molecular weight (Riazi et al., 

1999), 

5 2
2 3.27857 0.01174 1.6 10A MW MW                       [4-7a] 

5 2
2 2.50942 0.0139 2 10B MW MW                          [4-7b] 

 

4.3.2 Initial and boundary conditions 

At the beginning of diffusion, the concentration of CO2 in heavy oil is equal to 

zero, and no energy transfers to heavy oil. Thus, the initial condition of the liquid phase 

can be described by,  

  00
, , 0, , 0

t
c x y t L x L y H


                                 [4-8a] 

  ,0 00
, , , , 0l lt

T x y t T L x L y H

                             [4-8b] 

For the impermeable rigid boundary of the PVT cell, the mass flux at the boundary 

is equal to zero at any time. Therefore, the Neumann boundary condition can be applied 

at the boundary of the PVT cell,  

0, 0
x L x L

c c
t

x x 

 
  

 
                                    [4-8c] 

and  
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                                                 [4-8d] 

Since the equilibrium condition exists at gas-liquid interface (Upreti and Mehrotra, 2002; 

Tharanivasan et al., 2004; Sun et al., 2014), the Dirichlet boundary condition for the 

diffusion process at the gas-liquid interface can be written as follows, 

 
t

, , 0saty H
c y t c t


                                             [4-8e] 

where satc  is saturation concentration of CO2 at the gas-liquid interface at the existing 

temperature and pressure, L is the half width of the diffusion cell, 0H  is the initial height 

of liquid phase, and tH  is the updated height of liquid phase which varies with time. 

 

4.3.3 PR EOS model with volume translation 

As a widely used EOS in petroleum and chemical industries, the PR EOS is chosen 

as the equation of state for describing the phase behavior of hot CO2-heavy oil systems. 

Volume translation strategy proposed by Peneloux et al. (1982) is applied to improve the 

volumetric prediction of PR EOS. In order to improve the accuracy of phase behavior 

prediction with PR EOS, the heavy oil sample in this study is characterized as three 

pseudocomponents. In such characterization process, the exponential distribution model 

(Pedersen et al., 1984; Pedersen and Christensen, 2007) is used to split the plus fraction. 

The lumping method recommended by Danesh et al. (1992), in which the sum of the 

mole fractions times the logarithm of the molecular weight ( lni iz MW ) should be the 

same for each pseudocomponent, is employed to lump single carbon number fractions 

into three pseudocomponents for efficiently and smoothly performing EOS calculations, 

while the Wu-Batycky mixing rule (Wu and Batycky, 1988) is utilized to average the 
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properties of pseudocomponents. Once the heavy oil is characterized as three 

pseudocomponents, the binary interaction parameter (BIP) matrix is required in PR EOS 

to perform the phase properties calculation under a given condition. The modified 

Chueh-Prausnitz BIP correlations (1967) are tuned with the experimentally measured 

saturation pressures and validated with the measured swelling factor data. Consequently, 

the BIP matrix for CO2-pseudocomponents is obtained and shown in Table 4-2. The 

detailed expressions of the volume-translated PR EOS together with a modified alpha 

function as well as the details of heavy oil characterization and tuning BIP correlations 

can be found in Chapter 3 of this dissertation.  

 

4.3.4 Numerical solution 

The partial differential equations are solved by using the finite volume method 

(FVM) in this study. A structured grid system with the cell-centred algorithm is defined. 

Figure 4-3 shows the control volumes. The temperature or concentration at the cell P is 

taken to be the characteristic mean value of the control volume. The cell is surrounded 

by its four faces (i.e., w, e, n, and s). Accordingly, other four cells adjacent to the cell P 

are W, E, N, and S, respectively. x and y represent the dimension of control volume in 

x and y directions, respectively. 

The heat transfer equation is then discretized by using the finite volume method. 

The integral form of the equation is expressed as follows, 

,
, , ,

t t t t t t
l P l l

l p l l x l y

t V t V t VP P

T T T
c dVdt k dVdt k dVdt

t x x y y


  

  

                 
        [4-9] 

where the unsteady term in time interval [t, t+t] can be reformulated, 



102 
 

Table 4-2 BIP matrix for CO2-pseudocomponent pairs 

Component CO2 PC1 PC2 PC3 
CO2 0 0.087882 0.108158 0.149956 
PC1 0.087882 0 0 0 
PC2 0.108158 0 0 0 
PC3 0.149956 0 0 0 
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Figure 4-3: Cell-centered control volumes.  
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Similarly, using central difference, right terms of the heat transfer equation can be 

respectively evaluated, 
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        [4-10c] 

where x  and y  are the distances between two adjacent faces in x and y directions, 

respectively; and  , , ,l w e n sk  is the equivalent thermal conductivity at the face w (e, n, s), 

which can be computed with the harmonic mean (Forsyth, 1990), 

   
, , ,

WP w w

l w l W l P

x xx

k k k

   
                                        [4-11a] 

   
, , ,

PE e e

l e l P l E

x xx

k k k

   
                                          [4-11b] 

   
, , ,

SP s s

l s l S l P

y yy

k k k

   
                                         [4-11c] 

   
, , ,

PN n n

l n l P l N

y yy

k k k

   
                                        [4-11d] 

where  
w

x   is distance between Node #W and interface w,  
w

x   is distance between 

interface w and Node #P,  
e

x   is distance between Node #P and interface e,  
e

x   is 

distance between interface e and Node #E,  
s

y   is distance between Node #S and 

interface s,  
s

y   is distance between interface s and Node #P,  
n

y   is distance 
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between Node #P and interface n, and  
n

y   is distance between interface n and Node 

#N, and  , , , ,l P E W S Nk  is thermal conductivity at the Node #P (E, W, S, N). 

The alternating direction implicit (ADI) algorithm is applied to solve the two-

dimensional difference equations. The ADI method consists of two steps to treat the 

difference equations: Firstly, the x-derivative is taken implicitly, while the y-derivative is 

taken explicitly in the first-half time step. Secondly, the y-derivative and x-derivative are 

taken implicitly and explicitly, respectively, in the next half-time. Consequently, 

Equation [4-10] can be rewritten as,  
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By rearranging the above equations, the following forms can be obtained, 

   * * * 0 0 0
, , , , , ,P E W l P W l W E l E N l N S l S P N S l Pa a a T a T a T a T a T a a a T                   [4-13a] 

   * * *
, , , , , ,P N S l P N l N S l S E l E W l W P E W l Pa a a T a T a T a T a T a a a T                  [4-13b] 

where the superscript * and 0 mean the values at time 2
tt   and t, respectively. The 

factors are given as follows, 
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Similarly, the mass diffusion equation can be discretized as follows, 

   * * * 0 0 0
P E W P E E W W N N S S P N S Pb b b c b c b c b c b c b b b c                [4-15a] 

   * * *
P N S P N N S S E E W W P E W Pb b b c b c b c b c b c b b b c                [4-15b] 
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The viscosities at the interfaces can also be computed by applying the harmonic 

mean for calculating the viscosity-dependant diffusion coefficient, 
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where  , , ,l w e n s  is the equivalent liquid viscosity at the face w(e, n, s),  , , , ,l P W E S N  is 

liquid viscosity at the Node #P(W, E, S, N), and  , , ,P W E S Nc  is CO2 concentration at the 

Node #P(W, E, S, N). 

 

4.3.5 Determination of diffusion coefficients 

The diffusion coefficient of CO2 into heavy oil is determined once the deviation 

between the measured and calculated dynamic swellings has been minimized. As 

aforementioned, the diffusion coefficient of CO2 can be expressed as two forms, i.e., a 

constant and a function of liquid viscosity. One-dimensional exhaustive search is applied 

to minimize the objective function when the diffusion coefficient is assumed as a 

constant. On the other hand, genetic algorithm (GA) is employed to find the two-

parameter diffusion coefficient as a function of viscosity through minimizing the 

objective function. As a global search heuristic method, GA is able to find exact or 
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approximate solutions to optimization and search problems (Fujii and Horne, 1995; Chen 

et al., 2010). The algorithm consists of population generation, fitness evaluation of each 

individual, ranking individuals, reproduction using genetic operators, such as crossover, 

inversion, and mutation (Mohaghegh, 2000). Details and theory of GA can be found 

elsewhere (Mitchell, 1998; Coley, 1999; Guyaguler et al., 2000).  

 

4.4 Results and Discussion 

4.4.1 Diffusion coefficients 

Since the heavy oil sample used in the diffusion tests of hot CO2-heavy oil systems 

in this chapter is the same one used in Chapter 3, the detailed results of heavy oil 

characterization can be found from Chapter 3. As shown in Table 4-1, the temperatures 

of hot CO2 for Tests #4–6 are 298.55 K, 317.65 K, and 336.65 K, respectively, while the 

pressures of the three tests are maintained at 5400 kPa. As for the constant diffusion 

coefficient, one-dimensional exhaustive search is applied to minimize the objective 

function. Accordingly, the diffusion coefficients for Tests #4–6 are determined to be 

6.3210-10 m2/s, 14.9710-10 m2/s, and 32.1210-10 m2/s, respectively.  

Figure 4-4a depicts the measured and calculated swelling factors based on the 

determined constant diffusion coefficients for the three CO2-heavy oil systems. It can be 

seen that there exists a good agreement between the measured and calculated swelling 

factors for Test #4. As for Tests #5 and #6, the calculated swelling factors at the initial 

stage of the diffusion tests are slightly lower than the measured ones based on the 

constant diffusion coefficients. This may be attributed to the fact that the diffusion 

coefficient is highly dependent on liquid viscosity at the initial coupled heat and mass  
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(a) 

 

(b) 

Figure 4-4: Measured and calculated dynamic swelling factors based on (a) constant 

diffusion coefficient and (b) diffusion coefficient as a function of viscosity and as a 

constant for Tests #4–6, respectively.  
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transfer stage under a higher temperature. A constant diffusion coefficient may not 

sufficiently represent the mass transfer of CO2 in heavy oil for the entire diffusion test. 

Correspondingly, based on another finding that thermal equilibrium can be achieved in a 

short time, such form of diffusion coefficient, i.e., the diffusion coefficient is considered 

as a function of viscosity prior to thermal equilibrium state and as a constant at the 

subsequent stage, is also examined in this study. 

The diffusion coefficient of CO2 as a function of the viscosity of the CO2-diluted 

heavy oil before thermal equilibrium state is determined by using the GA. The 

subsequent constant diffusion coefficient is determined by using the one-dimensional 

exhaustive search. The diffusion coefficients for Tests #4–6 are respectively determined 

as follows, 

For Test #4, 

2

8 0.6107

CO 10

2.09 10 ,

6.17 10 ,

l g

l g

T T
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For Test #6, 
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                        [4-18c] 

Figure 4-4b shows the measured and calculated dynamic swelling factors based on 

the diffusion coefficient as a function of viscosity and a constant for the three tests. 

Compared to Figure 4-4a, it can be seen that better agreements between the measured 
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dynamic swelling factor and the calculated ones have been achieved. Therefore, it may 

be more accurate to assume diffusion coefficient as a function of viscosity at the initial 

coupled heat and mass transfer stage and a constant at the subsequent mass transfer 

dominant stage rather than a constant value for the entire process. Examining the 

temperatures and diffusion coefficients for three tests, it can be found that diffusion 

coefficient of CO2 increases with temperature, leading to a higher diffusion coefficient at 

a higher temperature. This is due mainly to the fact that, at a given pressure, the 

increased kinetic energy of the CO2 and liquid molecules and the reduced viscosity of 

heavy oil under high temperature facilitate mass transfer (Upreti and Mehrotra, 2002). 

 

4.4.2 Comparison 

As for comparison purpose, the constant diffusion coefficients of CO2 in the 

thermal equilibrium phase from this study and the data published in literature are 

summarized in Table 4-3. As can be seen, under similar conditions, CO2 diffusion 

coefficients determined from this study are higher than those in the Athabasca bitumen 

documented in literature. This is due mainly to the fact that the viscosity of the 

Lloydminster heavy oil used in this study is much lower than those of the Athabasca 

bitumen in literature (Schmidt, 1989; Upreti and Mehrotra, 2002; Etminan, 2010; Fadaei 

et al., 2011). It is also worthwhile noting the CO2 diffusion coefficient in Athabasca 

bitumen under higher temperatures and pressures, e.g., 107.10 10  m2/s at 348.15 K and 

5000 kPa (Schmidt, 1989), 106.90 8.90 10   m2/s at 348.15 K and 8000 kPa (Upreti 

and Mehrotra, 2002), and 105.42 7.28 10   m2/s at 323.15 K and 8000 kPa, are higher 

than that determined value of 106.17 10  m2/s from this study with lower oil viscosity.  
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Table 4-3 Comparison of the measured CO2 diffusion coefficients in different oils 

Gas Crude oil 
Viscosity 

cP 
Pressure 

kPa 
Temperature 

K 

Diffusion 
coefficient 
10-10 m2/s 

Sources 

CO2 

Lloydminster 
heavy oil 

12854@ 
 294.55 K 

5400 
298.55 6.17 Test #4 
317.65 12.44 Test #5 
336.65 21.01 Test #6 

Athabasca 
bitumen 

361700@ 
 293.15 K 

5000 
293.15 2.80 

Schmidt 
(1989) 

323.15 5.00 
348.15 7.10 

Athabasca 
bitumen 
(SYN) 

821000@  
298.15 K 

4000 
298.15 1.24–1.96 

Upreti and 
Mehrotra 

(2002) 

323.15 2.20–3.10 
348.15 3.40–4.90 

8000 
323.15 3.60–5.20 
348.15 6.90-8.90 

Athabasca 
bitumen (SCF) 

224500@ 
298.15 K 

4000 
298.15 1.70–2.55 
323.15 2.20–3.30 
348.15 3.51–5.02 

8000 323.15 5.42–7.28 

Athabasca 
bitumen 

100000@  
323.15 K 

3805 323.15 3.60 
Etminan et al. 

(2010) 

Athabasca 
bitumen 

~2000000@ 
 294 K 

3100–5600 294.15 1.20–2.40 
Fadaei et al. 

(2011) 

Lloydminster 
heavy oil 

12854@  
294.55 K 

5500 330.95 21.00 
Sun et al. 

(2014) 

Lloydminster 
heavy oil 

20267@  
297.05 K 

3500–4200 297.05 4.60–5.30 
Tharanivasan 
et al. (2006) 

Lloydminster 
heavy oil 

23000@  
297.05 K 

2000 

297.05 

2.00 

Yang and Gu 
(2006) 

3000 2.30 
4000 2.80 
5000 3.20 
6000 5.50 
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Thus, diffusion of CO2 in heavy oil/bitumen can be increased at high pressures and 

elevated temperatures, though the oil viscosity is extremely high. It can also be found 

that the determined diffusion coefficient of CO2 in this study is higher than those of CO2 

in other Lloydminster heavy oil samples under similar conditions in literature 

(Tharanivasan et al., 2006; Yang and Gu, 2006). This is attributed to the lower viscosity 

of the Lloydminster heavy oil used and the higher operating temperature of this study. 

Therefore, lower viscosity of heavy oil and higher temperatures and pressures facilitate 

the diffusion of CO2 into heavy oil. 

By using the empirical correlation (i.e., Equation [3-45]) for estimating the CO2 

diffusivity in bitumen proposed by Upreti and Mehrotra (2002), the diffusion coefficients 

of CO2 at 298.55 K, 317.65 K, and 336.65 K are estimated to be 101.35 10  m2/s, 

101.90 10  m2/s, and 102.68 10  m2/s, respectively. Since the higher operating pressure 

of 5400 kPa and the lower viscosity of the Lloydminster heavy oil in this study, the 

diffusion coefficients of CO2 determined from this study are reasonably higher than 

those estimated through the Upreti-Mehrotra’s correlation (2002). Following the format 

of their correlation, the diffusion coefficients determined from this study are plotted in 

Figure 4-5. Accordingly, a correlation can be well fitted with the determined diffusion 

coefficients at different temperature, 

2ln 53.802 0.0322 , 0.9933D T R                         [4-19] 

where D  is in m2/s and T  is in Kelvin.   

As shown in Figure 4-5, there exists a large difference between the diffusion 

coefficient of CO2 in heavy oil and that in bitumen, indicating that diffusion coefficient 

of CO2 in different heavy oil/bitumen may be significantly different due to the difference  
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Figure 4-5: Measured diffusion coefficient as a function of temperature.  
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in properties of the crude oil. In addition, by treating heavy oil as one pseudocomponent, 

the diffusion coefficient of CO2 under condition of 330.95 K and 5500 kPa in the same 

heavy oil sample determined by Sun et al. (2014) is added and compared in Figure 4-5. It 

can be seen that there exists a good agreement, confirming that the effect of temperature 

on CO2 diffusion coefficient in this heavy oil sample has been well examined and 

correlated in this study. Also, it is worthwhile noting that, by treating heavy oil as 

multiple pseudocomponents, this newly developed technique can be readily integrated 

with any existing reservoir simulators for quantifying phase behaviour as well as mass 

and heat transfer of thermal-solvent hybrid processes. 

 

4.4.3 Dynamic swelling factors 

The measured dynamic swelling factors and the calculated ones based on the 

determined diffusion coefficients are shown in Figure 4-4. As can be seen, the swelling 

factors of all three tests increase with time. At the initial stage of the diffusion tests, the 

swelling factors of Tests #5 and #6 increase significantly compared with that of Test #4. 

This is due mainly to the larger oil expansion and faster CO2 dissolution under higher 

temperatures. Thus, hot CO2 with high temperature tends to accelerate the heavy oil 

swelling. It is worthwhile noting that the swelling factor of Test #4 is smaller than those 

of Tests #5 and #6 at initial stage; however, it becomes larger than that of Tests #5 and 

#6 after about 56 hours and 96 hours, respectively. This can be ascribed to the fact that 

the CO2 solubility in heavy oil is low at a high temperature, inhibiting the amount of CO2 

dissolved in heavy oil at the end. As a result, most CO2 can dissolve into heavy oil for 

Test #4 with the lowest temperature, leading to the highest swelling factor of 1.059 at the 
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end of the measurement. Therefore, it can be concluded that the soaking period and 

temperature of the injected CO2 for hot CO2 huff-n-puff process should be optimized to 

achieve fast CO2 dissolution and large swelling effect. By treating heavy oil as multiple 

pseudocomponents and diffusion coefficient as a function of viscosity, there exists a 

better agreement between the measured and calculated swelling factors. 

 

4.4.4 Temperature profiles 

Heat transfer starts from hot CO2 and boundaries of the PVT cell to heavy oil when 

the heavy oil with a lower temperature is displaced into the PVT cell. The thermal 

equilibrium of liquid phase achieves at about 16 min, 23 min, and 24 min for Tests #4–6, 

respectively. By contrast, the mass equilibrium has not been achieved over the 

measurement (i.e., more than 120 hours).  

As for heat transfer process, the ratio of the thermal conductivity to the volumetric 

heat capacity is a crucial transport property termed the thermal diffusivity, which 

measures the ability of a material to conduct energy relative to its ability to store energy. 

Materials with a large thermal diffusivity will respond more quickly to changes in their 

thermal environment, while materials with a small thermal diffusivity will respond more 

slowly, taking longer to reach a new equilibrium condition (Moran et al., 2003). The 

thermal diffusivity of the liquid phase in the PVT cell can be expressed by, 

,

l
l

l p l

k

c






                                                  [4-20] 

where l  is thermal diffusivity of liquid phase, lk , l , and ,p lc  are thermal conductivity, 

density, and heat capacity of liquid phase, respectively. 
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Taking Test #4 as an example, its operating pressure is 5400 kPa, the initial and 

end temperatures of heavy oil are 295.65 K and 298.55 K, respectively, the thermal 

diffusivity of heavy oil at pressure of 5400 kPa and average temperature of 297.10 K can 

be estimated to 3.9010-7 m2/s. It can be seen that the value of thermal diffusivity is 

much larger than that of CO2 diffusion coefficient (i.e., 6.1710-10 m2/s) in heavy oil, 

confirming that heat transfer proceeds much faster than mass transfer of CO2 to reach 

thermal equilibrium state in a short time. In consideration of the fast heat transfer, the 

state of thermal equilibrium can be used to divide the entire process into two stages: 1) 

the initial coupled heat and mass transfer stage; and 2) the subsequent mass-transfer 

dominant stage. At the first stage, a rapid oil swelling is achieved due to the synergistic 

effects of CO2 dissolution and heat conduction into heavy oil. Once the thermal 

equilibrium is achieved, mass transfer is the dominant factor to cause the subsequent oil 

swelling. Correspondingly, the heavy oil swells slowly due to the sole contribution of 

CO2 dissolution at the second stage. 

Due to the fast heat transfer, the difference between boundary temperature and 

temperature of the inner part of heavy oil is minor after 10 min. Consequently, the 

calculated temperature profiles in liquid phase within the first 10 min for three tests are 

plotted in Figures 4-6 to 4-8, respectively. As can be seen, the temperature at boundaries 

is higher than the temperature inside heavy oil at the beginning of the test. Subsequently, 

the temperature of inner part of heavy oil is increased quickly because of the fast thermal 

conduction from boundaries to heavy oil. There exists the largest difference between the 

initial gas temperature and initial oil temperature in Test #6. Correspondingly, it takes 

more time to achieve thermal equilibrium in Test #6. 
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                               (a)                                                                  (b) 

 
                               (c)                                                                  (d) 

 

 

 

 

 

 

Figure 4-6: Calculated temperature profile in liquid phase for Test #4: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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                               (a)                                                                    (b) 

 
                                (c)                                                                    (d) 

 

 

 

 

 

 

Figure 4-7: Calculated temperature profile in liquid phase for Test #5: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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                                (a)                                                                   (b) 

 
                                (c)                                                                    (d) 

 

 

 

 

 

 

Figure 4-8: Calculated temperature profile in liquid phase for Test #6: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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4.4.5 Composition profiles 

The compositions of CO2 in liquid phase for three tests are presented with colour 

in Figures 4-9 to 4-11, respectively, based on the determined diffusion coefficient as a 

function of viscosity at the initial stage and as a constant at the subsequent stage of 

diffusion tests. As can be seen, due to the one-way mass transfer for gas phase to liquid 

phase, there exists the highest CO2 composition at the gas-liquid interface, while CO2 

composition at the bottom of liquid phase is zero at the beginning. As for the three tests, 

with more CO2 dissolves into heavy oil, the composition of CO2 in liquid phase increases 

gradually and CO2 can reach the bottom of the cell. However, due to the slow nature of 

mass transfer, there is still a large composition difference between the gas-liquid 

interface and the bottom of the PVT cell even after 10 hours. 

Besides the similarities of the CO2 composition profiles for the three tests, it can 

also be found that there exist several distinct differences among three tests. Firstly, the 

compositions of CO2 at the gas-liquid interface are different. Test #4 with the lowest gas 

temperature has the highest composition at the gas-liquid interface. By contrast, the gas 

composition of Test #6 with the highest temperature at the interface is the lowest. 

Secondly, due to the higher diffusion coefficient at a higher temperature, the composition 

of CO2 at the liquid bottom is higher over the same diffusion time (see composition 

profiles at 50 h and 90 h), and an even composition is achieved in Test #6 at the end of 

diffusion test. Consequently, the faster diffusion for Tests #5 and #6 with higher 

temperatures contributes to larger oil swelling at earlier stage; however, the composition 

distribution then turns into a dissolution-dominant stage. In other words, with more time 

of diffusion, the composition of CO2 in liquid phase at a later stage highly depends on  
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                                 (a)                                                                   (b) 

 
                                (c)                                                                     (d) 

 
                               (e)                                                                      (f) 
 

Figure 4-9: Calculated CO2 mole fraction in liquid phase for Test #4: (a) t=1 h, (b) t=5 h, 

(c) t=10 h, (d) t=50 h, (e) t=90 h, and (f) t=126 h.  
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                               (a)                                                                     (b) 

 
                               (c)                                                                      (d) 

 
                               (e)                                                                      (f) 
 

Figure 4-10: Calculated CO2 mole fraction in liquid phase for Test #5: (a) t=1 h, (b) t=5 

h, (c) t=10 h, (d) t=50 h, (e) t=90 h, and (f) t=126 h.  
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                               (a)                                                                     (b) 

 
                               (c)                                                                      (d) 

 
                               (e)                                                                      (f) 
 

Figure 4-11: Calculated CO2 mole fraction in liquid phase for Test #6: (a) t=1 h, (b) t=5 

h, (c) t=10 h, (d) t=50 h, (e) t=90 h, and (f) t=126 h.   
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the CO2 solubility that is decreased with temperature under a given pressure. As a result, 

Test #4 with the lowest temperature achieves the highest swelling factor at the end of 

diffusion test. Such a change of CO2 composition profile in liquid phase is in a good 

agreement with the change of the swelling effect.  

Both the changes of CO2 composition in liquid phase for three tests and their 

differences have been intuitively described with colour in Figures 4-9 to 4-11. 

Examining these two-dimensional colourful profiles, no composition difference at the 

same level in liquid phase has been found, though the diffusion coefficient is considered 

as a function of viscosity at the initial stage and there exists temperature gradient in x 

direction prior to thermal equilibrium. As an example, the CO2 mole fraction in the 

liquid phase along the height of the PVT cell for Test #6 is depicted in Figure 4-12 to 

easily and accurately retrieve the value of CO2 composition 

 

4.5 Summary 

A generalized methodology has been developed to examine the effect of 

temperature on hot CO2 injection and determine the diffusion coefficient of CO2 in 

heavy oil. The volume-translated PR EOS with a modified alpha function incorporating 

three characterized pseudocomponents can be used to accurately predict the phase 

properties of the CO2-heavy oil systems. The thermal conduction proceeds much faster 

than mass transfer of CO2 in heavy oil. Since it takes about 16 min, 23 min, and 24 min 

for Tests #4–6 to reach the thermal equilibrium state, respectively, it is more accurate to 

assume CO2 diffusion coefficient as a function of viscosity during the coupled heat and 

mass transfer stage. Not only does CO2 diffusion coefficient in heavy oil increase with  
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Figure 4-12: Calculated CO2 mole fraction in liquid phase along the height of the PVT 

cell for Test #6.  
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temperature at a given pressure, but also it has been explicitly correlated with 

temperature. The hot CO2 with the lowest temperature among the three tests yields the 

largest swelling factor of 1.059 at the end of the diffusion test. It is essential that 

optimizing CO2 temperature and soaking time be required to achieve a fast diffusion and 

a large oil swelling for hot CO2 injection in a heavy oil reservoir. 
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CHAPTER 5 ENHANCED HEAT AND MASS TRANSFER 
FOR C3H8-CO2-HEAVY OIL SYSTEMS AT 
HIGH PRESSURES AND ELEVATED 
TEMPERATURES  

 

5.1 Introduction 

In this chapter, by extending the heat and mass transfer from single gas component 

to multi-component of gas phase, the methodology developed in Chapter 4 has been 

modified and improved to couple heat and mass transfer for hot CO2-heavy oil systems 

with addition of C3H8 under reservoir conditions (Zheng et al., 2016b). Experimentally, a 

visualized PVT experimental setup is used to perform diffusion tests for a hot CO2-heavy 

oil system and two hot C3H8-CO2-heavy oil systems with different solvent 

concentrations under a constant pressure, respectively. The volume change of liquid 

phase with time is continuously captured by a digital cathetometer, while the 

compositions of C3H8-CO2 mixtures at the beginning and end of the diffusion 

measurements are measured through the gas chromatography method, respectively. 

Theoretically, a 2D heat and mass transfer model incorporating the volume-translated PR 

EOS with a modified alpha function has been developed to describe the heat and mass 

transfer for hot C3H8-CO2-heavy oil systems under high pressures and elevated 

temperatures. Both the apparent diffusion coefficients of gas mixtures and the individual 

diffusion coefficient of each component in a gas mixture in heavy oil are determined 

once the discrepancy between the measured and calculated swelling factors of heavy oil 

during the diffusion test has been minimized. Furthermore, the temperature profile and 

distribution of each gas component in liquid phase during heat and mass transfer process 

are correspondingly determined based on the determined diffusion coefficients. 
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5.2 Experimental 

5.2.1 Materials 

The Lloydminster heavy oil sample with molecular weight of 482 g/mol and 

specific gravity of 0.9997 tested in this chapter is the same one used in Chapter 3. The 

compositional analysis of this oil sample can be found from Table 3-2, which is provided 

by the Saskatchewan Research Council (SRC). As can be seen, the heavy components 

(C60+) account for 15.02 mol%, whereas no hydrocarbon component lighter than C9 

exists in this oil sample. The viscosity of the heavy oil with temperature is given by 

Equation [3-5]. The CO2 and C3H8 with purities of 99.998 mol% and 99.99 wt% (Praxair, 

Canada), respectively, are used in this study. 

 

5.2.2 Experimental setup 

All the diffusion tests for hot CO2-solvent-heavy oil systems are performed by 

using a mercury-free DBR PVT system (PVT-0150-100-200-316-155, DBR, Canada). 

The schematic of the PVT system for the hot CO2-C3H8 diffusion tests is shown in 

Figure 5-1. The pressure of PVT cell can be readily controlled by using a high pressure 

DBR pump, while the temperature of the cell can be accurately adjusted and maintained 

through an air-bath system. The detailed description regarding the PVT system can be 

found in Chapter 4. 

 

5.2.3 Experimental procedure 

The molecular diffusion tests have been conducted for one hot CO2-heavy oil 

system, and two hot C3H8-CO2-heavy oil systems with different solvent concentrations  
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Figure 5-1: Schematic of PVT experimental system for hot CO2-C3H8 diffusion tests.
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under a constant pressure of 5500 kPa, respectively. The experimental procedure for the 

CO2-C3H8-heavy oil systems is briefly described as follows. CO2-C3H8 mixture is firstly 

prepared in a transfer cylinder. More specifically, C3H8 is firstly injected into a clean and 

vacuumed transfer cylinder at a certain pressure based on the expected concentration. 

Subsequently, CO2 is discharged into the cylinder, resulting in the increase of mixture 

pressure. The gas transfer cylinder is then rocked several times and left undisturbed for 

at least 12 h to homogenize the C3H8-CO2 mixture. Then, a pre-vacuumed gas sampler 

(Swagelok, Canada) is used to collect the gas mixture for compositional analysis. 

Meanwhile, another transfer cylinder containing heavy oil is placed at the environment 

with a lower temperature of 295.65 K for 12 h. The PVT cell and tubing are thoroughly 

cleaned with kerosene, flushed with solvent, and then evacuated with a vacuum pump 

prior to experiments. The pre-mixed C3H8-CO2 mixture is discharged from the transfer 

cylinder to the bottom of the PVT cell. Subsequently, the pressure of the PVT cell is 

maintained to a constant pressure of 5500 kPa and the air-bath is set to the desired test 

temperature at least 12 h for reaching thermal equilibrium. 

After the temperature of the PVT cell filled with the C3H8-CO2 mixture becomes 

stable, a certain amount of heavy oil is quickly introduced into the bottom of PVT cell 

from the transfer cylinder by using a syringe pump (500HP, Teledyne ISCO Inc., USA). 

The inlet valve of the cell is then closed immediately to initiate the diffusion test. During 

the diffusion process, both the gas-phase volume and liquid-phase volume are captured 

by monitoring the upper interface between the floating piston and gas as well as the 

lower interface between gas and heavy oil.    
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The volume changes are recorded up to 45 h, though the mass equilibrium cannot 

be achieved due to the slow nature of diffusion process. The measured time-dependent 

volume is sufficient for performing the theoretical calculation as heat transfer has 

completed. The mass transfer between gas and liquid phases are then accelerated by 

using the magnetic mixer at the bottom of the PVT cell. Equilibrium state can be 

considered to achieve after the volumes of both gas and liquid do not change for 12 h. 

The residual C3H8-CO2 mixture is then sampled for compositional analysis by reversing 

the PVT cell so that the sample fluids are above the floating piston while the hydraulic 

oil is at the bottom of the cell and connecting a pre-vacuumed gas sampler to sample the 

gas mixture after the gas rises up and the heavy oil falls down. 

The experimental procedure of the diffusion test hot CO2-heavy oil system is 

similar to that of C3H8-CO2-heavy oil systems except the gas mixture preparation and 

compositional analysis. The pure CO2 is directly injected into the thoroughly cleaned and 

pre-vacuumed PVT cell. The pressure of PVT cell is kept at a constant value of 5500 kPa 

and air-bath temperature is maintained at 330.95 K for CO2-heavy oil system (Sun et al., 

2014). The heated and CO2 diluted heavy oil cannot be stirred because the viscosity of 

such heavy oil is still higher than the minimum viscosity under which the magnetic 

mixer can function properly. As a result, the mass equilibrium of CO2 in heavy oil 

cannot be achieved throughout the diffusion test. The initial compositions and operating 

conditions for three tests are shown in Table 5-1. 

 

 

 



133 
 

Table 5-1 Compositions and operating conditions for three diffusion tests 

Test 
No. 

Gas composition 
Initial composition in the system 

 mol% T  
K 

p 
kPa 

CO2 C3H8 Heavy oil 

7* Pure CO2 78.21 0 21.79 330.95 

5500 8* 
79.75 mol% CO2 
20.25 mol% C3H8 

62.91 15.97 21.12 331.15 

9 
64.90 mol% CO2 
35.10 mol% C3H8 

48.61 26.28 25.11 329.25 

*Note: Collected from literature (Sun et al., 2014)  
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5.3 Mathematical Formulation 

5.3.1 Heat and mass transfer equations 

The heat and mass transfer between gas phase and liquid phase takes place in the 

closed PVT cell whose temperature is maintained constant through the air-bath system, 

while the pressure is kept as constant through the DBR pump. A schematic of the 

diffusion cell for hot C3H8-CO2-heavy oil systems is shown in Figure 5-2. The heat and 

mass transfer model for hot CO2-heavy oil systems developed in Chapter 4 can be 

improved and extended to such hot solvent-CO2-heavy oil systems. Consequently, due to 

the similar experimental conditions, the same assumptions made in Chapter 4 are utilized 

for modeling heat and mass transfer of the C3H8-CO2-heavy oil systems inside the PVT 

cell in this chapter. The energy conservation equation, i.e., Equation [4-2], presented in 

Chapter 4 can be also used to describe the heat transfer of aforementioned systems, while 

the mass transfer can be expressed as, 

, ,
i i i

i x i y

c c c
D D

t x x y y

                 
                            [5-1] 

where ic  is the concentration of the ith component in liquid phase, ,i xD  and ,i yD  are the 

diffusion coefficients of ith component in x and y directions, respectively.  

The correlations proposed by Kesler and Lee (1976) can be used to determine the 

heat capacity of liquid phase, which are presented in Chapter 4 (Equations [4-3] and [4-

4]), while the correlation proposed by Riazi et al. (1990) incorporating the One-Third 

rule (Vargas and Chapman, 2010) are used to estimate the thermal conductivity of liquid 

phase (see Equations [4-5] to [4-7]). 
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Figure 5-2: Schematic of the hot C3H8-CO2 diffusion cell.  
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At the beginning of diffusion, the concentration of solvents in heavy oil is equal to 

zero, and no energy transfers to heavy oil. Correspondingly, the initial and boundary 

conditions defined in Chapter 4 can be applied to formulating sufficient mathematical 

description of the heat and mass transfer of solvent-CO2 mixture into heavy oil. It is 

worthwhile noting that the concentration of each component of the gas mixture is 

determined by performing two-phase flash calculations with the PR EOS model. 

 

5.3.2 Volume-translated PR EOS 

The phase behavior properties of solvent-CO2-heavy oil systems are predicted with 

the PR EOS (Peng and Robinson, 1976). The volume translation scheme proposed by 

Peneloux et al. (1982) is employed to improve the volumetric prediction of the PR EOS. 

The detailed description about the volume-translated PR EOS can be found in Chapter 3. 

As for the Lloydminster heavy oil sample examined in this chapter, the three well-

characterized pseudocomponents are capable of well representing such oil sample with a 

large amount of heavier compounds. The volume-translated PR EOS with the tuned BIP 

correlations are able to provide reliable calculations of the saturation concentration at the 

gas-liquid interface as well as accurate estimation of the oil swelling due to heat and 

mass transfer because the BIP correlations have been tuned with the experimentally 

measured saturation pressure data and validated with the measured swelling factors.  

The detailed heavy oil characterization and BIP tuning processes can be also found 

in Chapter 3. According to the tuned coefficients of the BIP correlations, the BIP matrix 

for propane-CO2-pseudocomonents can be obtained (see Table 5-2). 
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Table 5-2 BIP matrix for C3H8-CO2-pseudocomponents 

Component CO2 C3H8 PC1 PC2 PC3 
CO2 0 0.135000 0.087882 0.108158 0.149956
C3H8 0.135000 0 0.022704 0.032820 0.056815
PC1 0.087882 0.022704 0 0 0 
PC2 0.108158 0.032820 0 0 0 
PC3 0.149956 0.056815 0 0 0 

Note: PC represents pseudocomponent 

  



138 
 

5.3.3 Numerical solution 

Because the heat and mass transfer equations for hot CO2-heavy oil systems in 

Chapter 4 have been successfully applied and solved, the same numerical solution 

strategies are employed in this chapter for the hot solvent-CO2-heavy oil systems. In 

summary, the two-dimensional equations of heat and mass transfer equations are 

discretized by using the finite volume method (FVM) in this chapter. A structured grid 

system with the cell-centered algorithm is defined for discretization. The alternating 

direction implicit (ADI) algorithm is applied to solvent two-dimensional difference 

equations. The detailed derivations can be found in Chapter 4.   

 

5.3.4 Diffusion coefficient determination  

The diffusion coefficient of CO2 or solvent-CO2 mixtures into heavy oil is 

determined once the objective function (i.e., the discrepancy between the measured and 

calculated dynamic swelling factors) has been minimized. As for the CO2-heavy oil 

system, the diffusion coefficient of CO2 in heavy oil is determined by using the one-

dimensional exhaustive search. As for the C3H8-CO2-heavy oil systems, the individual 

diffusion coefficient of each component in a gas mixture in heavy oil is determined 

through the GA. The detailed description regarding the GA can be found in Chapter 3. 

 

5.4 Results and Discussion  

5.4.1 Diffusion coefficients 

As shown in Table 5-1, Test #7 is hot CO2-heavy oil system, and Tests #8 and #9 

are hot C3H8-CO2-heavy oil systems with different compositions. More specifically, the 
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initial fractions of CO2 and C3H8 in gas phase for Test #8 are 79.75 mol% and 20.25 

mol%, respectively, while the fractions of CO2 and C3H8 in gas phase for Test #9 are 

64.90 mol% and 35.10 mol%, respectively. 

As for the hot CO2-heavy oil system, the diffusion coefficient CO2 is assumed as a 

constant and determined by conducting one-dimensional exhaustive search to minimize 

the objective function. The diffusion coefficient for hot CO2 with temperature of 330.95 

K at constant pressure of 5500 kPa is determined to be 15.7610-10 m2/s. As for the hot 

C3H8-CO2-heavy oil systems, the apparent diffusion coefficients as well as the individual 

diffusion coefficient of each component for a mixture are considered as constants and 

determined in this study. The so-called apparent diffusion coefficient for a C3H8-CO2 

mixture, which assumes that each component of the gas mixture has the same diffusion 

coefficient in heavy oil, is also determined through the one-dimensional exhaustive 

search once the discrepancy between the measured and calculated swelling factors has 

been minimized. Consequently, the constant apparent diffusion coefficients of C3H8-CO2 

mixtures for Tests #8 and #9 are determined to be 11.9910-10 m2/s and 16.3010-10 m2/s, 

respectively. It is worthwhile noting that the mole fraction of C3H8 in gas mixture for 

Test #9 is higher than that of C3H8 in gas mixture for Test #8. Therefore, the composition 

of C3H8 in C3H8-CO2 mixture is increased from 20.25 mol% to 35.10 mol%, leading to a 

higher apparent diffusion coefficient in this study.  

GA is applied to simultaneously determine two individual constant diffusion 

coefficients for a C3H8-CO2 mixture by minimizing the objective function. The 

individual constant diffusion coefficients of CO2 and C3H8 for Test #8 with temperature 

of 331.15 K and under constant pressure of 5500 kPa are determined to be 10.0010-10 
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m2/s and 14.4110-10 m2/s, respectively. Similarly, as for Test #9, the individual 

diffusion coefficients of CO2 and C3H8 with temperature of 329.25 K and under constant 

pressure of 5500 kPa are determined to be 9.3610-10 m2/s and 22.3710-10 m2/s, 

respectively. 

 

5.4.2 Comparison 

As for comparison purpose, diffusion coefficient data for C3H8 and gas mixtures in 

heavy oils determined from this study and the data published in literature are 

summarized in Table 5-3. Together with the summary of diffusion coefficient of CO2 in 

Table 4-3, it can be seen, under similar conditions, CO2 diffusion coefficients for the 

Athabasca bitumen documented in literature are much lower than that (i.e., 15.7610-10 

m2/s) determined from Test #7. This is due mainly to the fact that the viscosity of the 

Lloydminster heavy oil used in this study is much lower than those of the Athabasca 

bitumen in literature (Schmidt, 1989; Upreti and Mehrotra, 2002; Etminan, 2010; Fadaei 

et al., 2011). It can also be found that the determined diffusion coefficient of CO2 in this 

study is higher than those of CO2 in another two Lloydminster heavy oil samples 

available in literature (Tharanivasan, 2006; Yang and Gu, 2006). This is attributed to the 

lower viscosity of the Lloydminster heavy oil used and the higher operating temperature 

of this study. Therefore, lower viscosity of heavy oil and higher temperature facilitate the 

diffusion of CO2 into heavy oil.  

By using the correlation CO2 diffusivity in bitumen proposed by Upreti and 

Mehrotra (2002), the diffusion coefficient of CO2 at 330.95 K is determined to be in the 

range of 0.41–4.4010-10 m2/s at pressure ≤ 4000 kPa or in the range of 0.5–22.3710-10  
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Table 5-3 Comparison of the measured molecular diffusion coefficients in different oils 

Gas 
composition 

Crude oil 
Viscosity 

cp 
p 

kPa 
T 
K 

Diffusion 
coefficient 
10-10 m2/s 

Source 

C3H8 

Lloydminster 
heavy oil 

23000@ 
297.05 K 

400–900 297.05 0.90–6.80 
Yang and Gu 

(2006) 

Lloydminster 
heavy oil 

20267@ 
297.05 K 

3500–4200 297.05 7.90–11.00 
Tharanivasan et 

al. (2006) 
Lloydminster 

heavy oil 
24137@ 
297.05 K 

200–800 297.05 0.53–4.90 Luo et al. (2007) 

Lloydminster 
heavy oil 

13144@  
290 K 

400–600 298.00 2.12–3.59 Ganapathi (2009) 

MacKay 
bitumen 

127868@ 
297.05 K 

413.7 
297.15 

0.26 Etminan et al. 
(2014) 827.4 4.17 

Cactus Lake 
heavy oil 

724.15@ 
299 K 

400–600 303.00 6.95–8.93 
Marufuzzaman 

(2010) 

84.38 mol% 
CO2 

15.62 mol% 
C3H8 

Lloydminster 
heavy oil 

12854@ 
294.55 K 

3799–3349 294.55 

1.05 (CO2)  
13.70 (C3H8) Test #2 

3.77* 
4.06 (CO2)  

13.34 (C3H8) 
Li and Yang 

(2016) 
4.63* 

79.75 mol% 
CO2 

20.25 mol% 
C3H8 

Lloydminster 
heavy oil 

12854@ 
294.55 K 

5500 331.15 

10.00 (CO2) 
14.40 (C3H8) Test #8 

11.99* 

64.90 mol% 
CO2 

35.10 mol% 
C3H8 

Lloydminster 
heavy oil 

12854@ 
294.55 K 

5500 329.25 

9.36 (CO2)  
22.37 (C3H8) Test #9 

16.30* 

70 mol% CO2 
30 mol% C3H8 

Lloydminster 
heavy oil 

23000@ 
297.05 K 

1003–3005 297.05 0.82–8.20* 
Yang and Gu 

(2006) 

*Note: Apparent diffusion coefficient of gas mixture 
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m2/s at pressure ≤ 8000 kPa. Since the operating pressure of this study is 5500 kPa and 

the lower viscosity of the Lloydminster heavy oil, the diffusion coefficient of CO2 

determined in this study (i.e., 15.7610-10 m2/s) is in the range of the value estimated 

through the correlation of Upreti and Mehrotra (2002), confirming the reliability of the 

diffusion coefficient determined from this study. 

Although the same experimental data are used, it is worthwhile noting that the 

diffusion coefficient of CO2 for Test #7 and the apparent diffusion coefficient of C3H8-

CO2 for Test #8 determined from this study are close to but slightly different from those 

constant diffusion coefficients presented elsewhere (Sun et al., 2014). This is mainly 

attributed to the facts: 1) heavy oil is characterized as three pseudocomponents in this 

study other than a single pseudocomponent reported in the literature (Sun et al., 2014), 

while BIP correlations have been tuned with the experimentally measured saturation 

pressures for the same heavy oil sample, improving the accuracy in predicting phase 

properties of the solvent-CO2-heavy oil systems with the volume-translated PR EOS; and 

2) a 2D heat transfer model is developed to describe the thermal conduction from both 

gas-liquid interface and PVT cell boundaries to bulk liquid phase in this study other than 

a 1D heat transfer model that only considered the heat transfer from gas-liquid interface 

to liquid phase in the literature (Sun et al., 2014). Therefore, the diffusion coefficients 

determined from this study shall be more accurate to represent the mass transfer of 

solvent-CO2 in heavy oil, confirmed by a much better agreement between the measured 

and calculated swelling factors as discussed subsequently. 

The experimental data for the diffusion coefficient of C3H8 in heavy oil under high 

pressures and elevated temperatures are scarce in literature. As can be seen from Table 
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5-3, for the same heavy oil sample, both the apparent diffusion coefficients and 

individual diffusion coefficients under higher temperatures and pressures (i.e., Tests #8 

and #9) are higher than that of Test #2 of Chapter 3 under the condition with a lower 

temperature and pressure. The diffusion coefficients of C3H8 for Tests #8 and #9 under 

condition of 5500 kPa and about 330 K in this study are considerably larger than those 

measured data in the literature (Tharanivasan et al., 2006; Yang and Gu, 2006; Luo et al., 

2007; Ganapathi, 2009; Etminan et al., 2014). This is attributed to three facts: 1) the 

viscosity of the heavy oil used in this study is lower than those of heavy oil/bitumen 

samples excluding the Cactus Lake heavy oil (Marufuzzaman, 2010); 2) the operating 

temperature is higher; and 3) a higher operating pressure is used in this study. At a given 

concentration and pressure, the diffusivity of gas in heavy oil/bitumen increases with 

temperature due to the increased kinetic energy of the gas and liquid molecules as well 

as the reduced viscosity of heavy oil/bitumen that facilitates mass transfer (Upreti and 

Mehrotra, 2002). It is also well-recognized that, at a given temperature, a higher pressure 

but lower than its dew point pressure results in a higher diffusion coefficient of C3H8 in 

heavy oil (Yang and Gu, 2006; Luo et al., 2007; Li, 2013). Therefore, solvent-CO2 

mixtures tend to diffuse faster under higher temperatures and pressures in a heavy oil 

with a lower viscosity.  

The presence of CO2 in the C3H8-CO2 mixture can not only maintain reservoir 

pressure, but also make the dew point pressure of the C3H8-CO2 mixture significantly 

larger than that of pure C3H8. Therefore, injection of hot C3H8-CO2 mixture in heavy oil 

reservoirs is able to heat reservoir as well as contribute to an enhanced mass transfer, 

which is beneficial for viscosity reduction and oil swelling. 



144 
 

5.4.3 Dynamic swelling factors 

Oil swelling due to the dissolution of solvent is beneficial for oil recovery. The 

measured dynamic swelling factors and the calculated ones based on the determined 

individual diffusion coefficients and apparent diffusion coefficients are shown in Figure 

5-3. The calculated dynamic swelling factors based on either individual diffusion 

coefficients or apparent diffusion coefficients are in good agreement with the measured 

ones. It can be seen from Figure 5-3a that the C3H8-CO2-heavy oil systems (Tests #8 and 

#9) achieve larger swelling factors during the diffusion process comparing with the CO2-

heavy oil system (Test #7). Although the three tests are under the same pressure and 

similar temperature, C3H8-CO2 mixtures tend to accelerate the swelling of heavy oil, 

resulting in a larger swelling factor over the same diffusion period. Comparing with Test 

#8, Test #9 with a higher composition of C3H8 in initial C3H8-CO2 mixture yields a larger 

degree of swelling effect than that of Test #8. The addition of C3H8 into hot CO2 stream 

contributes to such enhanced swelling effect during the coupled heat and mass transfer 

process, indicating the superior potential of injecting hot C3H8-CO2 mixture into heavy 

oil reservoirs for enhancing oil recovery. By treating heavy oil as multiple pseudo-

components, there exists a much better agreement between the measured and calculated 

dynamic swelling factors compared to those of single pseudocomponent (Sun et al., 

2014). 

 

5.4.4 Temperature profiles 

Once the heavy oil with a lower temperature is displaced into the PVT cell, heat 

starts to transfer from gas phase and boundaries to heavy oil. The thermal equilibrium of 
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(a) 

 
(b) 

Figure 5-3: Measured and calculated dynamic swelling factors based on (a) individual 

diffusion coefficients for Tests #7–9 and (b) apparent diffusion coefficients for Tests #8 

and #9, respectively.  



146 
 

liquid phase achieves at about 18 min, 12 min, and 14 min for Tests #7–9, respectively. 

As for the same experimental data, the thermal equilibrium of liquid phase for Tests #7 

and 8 were respectively determined to achieve at 40 min and 7 min by Sun et al. (2014). 

Although the amounts of heavy oil in the PVT cell for these two tests are close (i.e., 

about 3.4 cm for Test #7 and 2.2 cm for Test #8), it can be found that there exists a large 

difference in their determined time for reaching thermal equilibrium. Such inconsistence 

indicates that heat transfer in the PVT cell may not be accurately described by Sun et al. 

(2014) because they only considered the one-dimensional heat transfer from gas-liquid 

interface to the bulk liquid phase without taking the heat transfer from cell boundaries to 

liquid phase into account. By contrast, the 2D heat transfer model incorporating thermal 

conduction from both gas-liquid interface and cell boundaries to liquid phase developed 

in this study shall be more accurate to describe the heat transfer for hot solvent-CO2-

heavy oil system as well as to determine the diffusion coefficients of solvent and CO2 

during such coupled heat and mass transfer process.  

In comparison to heat transfer, the mass equilibrium has not been achieved over 

the experimental period (i.e., 45 h), indicating that heat transfer proceeds much faster 

than mass transfer to reach thermal equilibrium state in a short period, which has also 

been confirmed by the larger thermal diffusivity than diffusion coefficient. Due to the 

fast heat transfer, the difference between boundary temperature and the temperature of 

the inner part of heavy oil is less than 2°C after 10 min. Consequently, the calculated 

temperature profiles in liquid phase within the first 10 min for three tests are plotted in 

Figures 5-4 to 5-6, respectively. As can been seen, the temperature at the bottom, left 

and right boundaries and gas-liquid interface is much higher than the temperature inside  
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                                (a)                                                                   (b) 

 

                               (c)                                                                     (d) 

 
 
 
 
 
 
 
 
 
 
 
Figure 5-4: Calculated temperature profile in liquid phase for Test #7: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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                                (a)                                                                    (b) 

 

                                (c)                                                                    (d) 

 
 
 
 
 
 
 
 
 
 
Figure 5-5: Calculated temperature profile in liquid phase for Test #8: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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                                 (a)                                                                   (b) 

 

                               (c)                                                                     (d) 

 
 
 
 
 
 
 
 
 
 
Figure 5-6: Calculated temperature profile in liquid phase for Test #9: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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the liquid phase at initial stage. Due to the fast heat transfer, the temperature inside the 

liquid phase is increased quickly. As for the three tests, the deep red colour of 

temperature profile at 10 min indicates that the inner liquid has been heated significantly, 

leading to a minor temperature difference between the boundaries and the inner part of 

liquid phase.  

In consideration of the fast heat transfer, the state of thermal equilibrium can be 

used to divide the entire process into two stages. The coupled heat and mass transfer 

occurs at the first stage, leading to a rapid oil swelling due to the synergistic effects of 

gas dissolution and heat conduction into heavy oil. Once the thermal equilibrium is 

achieved, the second stage process is dominated by mass transfer. Correspondingly, the 

heavy oil swells slowly due to the sole contribution of mass transfer at the second stage. 

 

5.4.5 Composition profiles 

Figure 5-7 uses colour to depict the change of CO2 composition in the two-

dimensional liquid phase with time based on the determined diffusion coefficient of CO2 

for hot CO2-heavy oil system (Test #7). As can be seen, due to the one-way mass transfer 

from gas phase to heavy oil, the composition of CO2 at the gas-liquid interface is the 

highest, while there is the lowest CO2 composition at the bottom of liquid phase. The 

composition gradient is still high even after 1060 min (about 18 h) because of the slow 

nature of mass transfer. As more CO2 diffuses into heavy oil, CO2 can reach the bottom 

of the liquid phase and the average composition of CO2 in liquid phase increases 

gradually. Examining the 2D composition profiles, no composition difference at the 

same level in liquid phase has been found, though there exists a temperature gradient in x  
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                               (a)                                                                     (b) 

 
                                (c)                                                                     (d) 

 
                                (e)                                                                     (f) 
 

Figure 5-7: Calculated CO2 mole fraction in liquid phase for Test #7: (a) t=7 min, (b) 

t=60 min, (c) t=220 min, (d) t=1060 min, (e) t=1660 min, and (f) t=2700 min. 
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direction prior to thermal equilibrium. 

Figure 5-8 shows the mole fractions of CO2 and C3H8 along the height of the 

liquid phase for Test #8 based on the individual diffusion coefficients of C3H8 and CO2. 

Both C3H8 and CO2 have the highest composition at the gas-liquid interface, and the 

compositions of C3H8 and CO2 in liquid phase gradually increase with more gas 

dissolution in heavy oil. Due to the higher initial composition of CO2 in the gas phase, 

the composition of CO2 at the gas-liquid interface is higher than that of C3H8. Although 

the small fraction of C3H8 in gas phase, because of the faster dissolution of C3H8 in 

heavy oil, the composition gradient of C3H8 in liquid phase is reduced reasonably fast to 

approach an even composition distribution.  

Similarly, two-dimensional mole fractions of CO2 and C3H8 in liquid phase for 

Test #9 can also be presented with colour on the basis of the individual diffusion 

coefficients (see Figures 5-9 and 5-10). It is similar as Test #8 that both CO2 and C3H8 

diffuse from gas-liquid interface into heavy oil, leading to an increasing solvent mole 

fraction in liquid phase. However, the diffusion of C3H8 in Test #9 is more prominent 

than Test #8 due to the higher initial fraction of C3H8 in gas phase. Comparing Figure 5-

9 with Figure 5-10, it can be found that the increase of C3H8 composition in liquid phase 

is much faster than that of CO2, confirming the higher value of the diffusion coefficient 

of C3H8 determined from Test #9. Consequently, more C3H8 can reach the bottom of the 

PVT cell, resulting in an almost even composition distribution profile at the end. It can 

also found from Figures 5-8 to 5-10 that the height of liquid phase is increased with an 

increase of the compositions of CO2 and C3H8 in liquid phase, demonstrating the 

contribution of the mass transfer of C3H8-CO2 to oil swelling.   
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(a) 

 
(b) 

 

Figure 5-8: Calculated mole fractions along the height of liquid phase for Test #8 based 

on the individual diffusion coefficients for (a) CO2 and (b) C3H8.  
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                              (a)                                                                    (b) 

 
                               (c)                                                                   (d) 

 
                               (e)                                                                     (f) 
 

Figure 5-9: Calculated C3H8 mole fraction in liquid phase for Test #9: (a) t=5 min, (b) 

t=55 min, (c) t=270 min, (d) t=720 min, (e) t=1440 min, and (f) t=2700 min.    
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                               (a)                                                                     (b) 

 
                              (c)                                                                     (d) 

 
                              (e)                                                                      (f) 
 

Figure 5-10: Calculated CO2 mole fraction in liquid phase for Test #9: (a) t=5 min, (b) 

t=55 min, (c) t=270 min, (d) t=720 min, (e) t=1440 min, and (f) t=2700 min. 
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5.5 Summary 

A generalized methodology has been developed to examine the effect of C3H8 in 

hot C3H8-CO2-heavy oil systems and determine both the individual diffusion coefficient 

of each solvent and the apparent diffusion coefficients of C3H8-CO2 mixtures in heavy oil. 

The phase behaviour of solvent-CO2-heavy oil systems can be accurately described by 

using the PR EOS with a modified alpha function incorporating three characterized 

pseudocomponents and the tuned BIP matrix. A 2D model is developed to couple heat 

and mass transfer from either a hot CO2 or C3H8-CO2 mixtures to heavy oil. The thermal 

conduction proceeds much faster than mass transfer of gas solvents into heavy oil. It 

takes about 18 min, 12 min, and 14 min for Tests #7–9 to achieve the thermal 

equilibrium state, respectively. Consequently, the entire diffusion tests can be divided 

into a shorter coupled heat and mass transfer stage from beginning to the time of 

achieving thermal equilibrium and a subsequent longer mass transfer dominated stage. 

C3H8 in a C3H8-CO2 mixture has a higher individual diffusion coefficient than that of 

CO2. In comparison with hot CO2 injection, the addition of C3H8 into hot CO2 stream 

contributes to both a faster mass transfer and an enhanced swelling effect of heavy oil. A 

higher concentration of C3H8 in the C3H8-CO2 mixture tends to accelerate gas dissolution 

to heavy oil and induce a stronger oil swelling. 
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CHAPTER 6 DETERMINATION OF INDIVIDUAL 
DIFFUSION COEFFICIENTS OF C3H8-n-
C4H10-CO2-HEAVY OIL SYSTEMS AT HIGH 
PRESSURES AND ELEVATED 
TEMPERATURES BY DYNAMIC VOLUME 
ANALYSIS (DVA)  

 

6.1 Introduction 

In this chapter, by coupling heat and mass transfer for C3H8-n-C4H10-CO2-heavy 

oil systems as well as by treating heavy oil as multiple pseudocomponents, a new 

technique together with its computational scheme has been developed to determine 

individual diffusion coefficients of alkane solvents and CO2 in heavy oil at high 

pressures and elevated temperatures by dynamic volume analysis (DVA) (Zheng and 

Yang, 2016). Experimentally, well-designed diffusion tests have been conducted for an 

n-C4H10-heavy oil system, an n-C4H10-CO2-heavy oil system, and a C3H8-n-C4H10-CO2-

heavy oil system by using a visualized PVT setup, respectively. The volume change of 

liquid phase is monitored and recorded during the measurements, while the gas 

chromatography method is employed to determine the compositions of gas mixtures at 

the beginning and the end of the diffusion tests, respectively. Theoretically, the 2D heat 

and mass transfer model developed in the Chapter 5 has been extended to describe the 

heat and mass transfer for such C3H8-n-C4H10-CO2-heavy oil systems under high 

pressures and elevated temperatures. The alternating direction implicit (ADI) algorithm 

is applied to solve the two-dimensional difference equations into which a moving gas-

liquid interface has been successfully incorporated. The discrepancy between the 

measured and calculated dynamic volume change and the discrepancy between the 
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measured and calculated gas compositions at the end of diffusion tests have been 

minimized to determine the individual diffusion coefficients.   

 

6.2 Experimental 

6.2.1 Materials and experimental setup 

The heavy oil sample in the diffusion tests of this chapter is the same one used in 

previous diffusion tests of this dissertation study, which is collected from the 

Lloydminster area of Saskatchewan, Canada, with molecular weight and specific gravity 

are 482 g/mol and 0.9997, respectively. The CO2, C3H8, and n-C4H10 with purities of 

99.998 mol%, 99.99 wt%, and 99.5 wt% (Praxair, Canada), respectively, are used in this 

study. The compositional analysis for the heavy oil sample can be found from Table 3-2. 

A mercury free DBR PVT system (PVT-0150-100-200-316-155, DBR, Canada) is 

used to conduct the three diffusion tests in this chapter. The PVT system consists of four 

sub-systems, including injection system, PVT cell, temperature control system, and data 

acquisition system. The high pressure and high temperature PVT cell is the core 

component of this system, while the height of liquid in the PVT cell is monitored and 

recorded through a digital cathetometer. The details for the PVT system can be found in 

Chapter 4 of this dissertation.   

 

6.2.2 Experimental procedure 

While maintaining pressure constant, well-designed diffusion tests are conducted 

for an n-C4H10-heavy oil system, an n-C4H10-CO2-heavy oil system, and a C3H8-n-C4H10-

CO2-heavy oil system, respectively. The initial compositions of gas phase, overall 
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compositions in the entire systems, and initial conditions for the three diffusion tests 

(Tests #10–12) are tabulated in Table 6-1. As for comparison purpose, the diffusion test 

of CO2-heavy oil system at 317.65 K and 5400 kPa (i.e., Test #5) in Chapter 4 is added 

in this chapter. It is worthwhile noting that the overall composition in the entire system 

will not change during the diffusion tests because the PVT cell is a closed system. The 

compositions of gas mixtures and liquid phase, however, will change due to the diffusion 

of gas components from gas-liquid interface into liquid phase. The experimental 

procedure for the C3H8-n-C4H10-CO2-heavy oil system is briefly described as follows. 

The C3H8-n-C4H10-CO2 mixture is firstly prepared by using transfer cylinders. 

More specifically, n-C4H10 is first injected into clean and vacuumed transfer cylinders at 

a certain pressure based on the expected concentration due to its low saturation pressure. 

Subsequently, C3H8 and CO2 are transferred into the cylinder that contains n-C4H10 in 

sequence with a syringe pump. The transfer cylinder containing the C3H8-n-C4H10-CO2 

gas mixture is then rocked several times and left undisturbed for at least 12 h to 

homogenize the mixture. Then, a pre-vacuumed gas sampler is used to collect the gas 

mixture for compositional analysis with gas chromatography (GC). The PVT cell and 

tubing are thoroughly cleaned, flushed with CO2, and then evacuated with a vacuum 

pump prior to experiments. The prepared C3H8-n-C4H10-CO2 mixture is discharged from 

the transfer cylinder to the PVT cell. Subsequently, the pressure of the cell is maintained 

to a constant pressure of 5540 kPa and the air-bath is set to the desired test temperature 

at least 12 h. 

A certain amount of heavy oil with a lower temperature (i.e., room temperature) is 

quickly introduced into the PVT cell from the inlet valve at the bottom of the cell after  
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Table 6-1 Compositions and operating conditions for four diffusion tests 

Test 
No. 

Initial composition 
of gas phase  

Overall composition in the entire system 
 mol% T 

K 
p 

kPa 
CO2 C3H8 n-C4H10 Heavy oil 

5 CO2 73.94 0 0 26.06 317.65 5400 

10 n-C4H10  0 0 30.71 69.29 329.65 529 

11 
90.29 mol% CO2  

9.71 mol% n-C4H10 
65.86 0 7.09 27.05 329.15 5520 

12 
80.55 mol% CO2 
13.88 mol% C3H8  

5.57 mol% n-C4H10 
61.32 10.57 4.24 23.87 329.25 5540 

Note: Initial temperature of heavy oil is 294.65 K 
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the temperature of the PVT cell stabilizes. The inlet valve of the cell is then closed 

immediately to initiate the diffusion test. The volume change of liquid phase is 

monitored and recorded up to 96 h. Although the mass equilibrium cannot be achieved 

after 96 h measurement due to the slow nature of diffusion process, the measured time-

dependent volume is sufficient for performing the theoretical calculation as heat transfer 

has completed (Sun et al., 2014). At the end of diffusion process, the PVT cell is 

reversed gradually. A clean and vacuumed gas sampler is then used to collect the gas 

phase in the PVT cell for GC analysis when the liquid phase completely slips down. 

The experimental procedures for the diffusion tests of n-C4H10-heavy oil system, 

and n-C4H10-CO2-heavy oil system are similar to that of C3H8-n-C4H10-CO2-heavy oil 

system. As for n-C4H10-heavy oil system and CO2-heavy oil system, gas mixture 

preparation and GC analysis are exempt since only one component (i.e., either CO2 or n-

C4H10) in the gas phase.   

 

6.3 Mathematical Formulation 

6.3.1 Governing equations 

While keeping the pressure is kept as constant through a high-precision and high-

pressure syringe pump, the diffusion tests are conducted in the closed PVT cell whose 

temperature is maintained constant through the air-bath system. Figure 6-1 shows the 

image of the PVT cell and a schematic of the diffusion cell. 

Since the sample fluids are contained in the transparent glass tube that is held 

within an overburden cell whose temperature can be accurately maintained through the 

air-bath system, there exists a uniform higher temperature at the cylindrical boundary  
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(a) 
 
 

 

  (b) 
 
 
 
 

Figure 6-1: (a) Image of PVT cell and schematic of diffusion cell and (b) Cell-centered 

control volumes.  
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and the top and bottom boundaries of the PVT cell. Heat will transfer from the 

boundaries to the liquid phase once the heavy oil sample with a lower temperature is 

injected into the PVT cell. It is reasonable to simplify the heat transfer occurred in the 

PVT cell as a 2D heat transfer in such a symmetric model. Thermal conduction is 

assumed to be the mechanism of heat transfer in the PVT cell (Sun et al., 2014). 

Therefore, the 2D heat transfer model developed in Chapters 4 and 5 can used to 

describe the heat transfer for such C3H8-n-C4H10-CO2-heavy oil systems in the PVT cell. 

It is assumed that heavy oil is non-volatile and only one-way mass transfer is from 

gas-liquid interface to liquid phase in the PVT cell. Since all boundaries of the liquid 

phase (i.e., left, right, and bottom boundaries) and the gas-liquid interface have a 

constant temperature that is higher than the initial temperature of heavy oil, thermo-

diffusion is not considered in this study. Because the pressure is maintained as constant 

during the diffusion tests in this study, the pressure throughout the PVT cell is assumed 

to be uniform and the pressure diffusion is neglected. Due to the high density and high 

viscosity of this heavy oil sample, it can be assumed that the gravity-driven convection 

will not occur in this study because the density of alkane solvents-CO2 diluted heavy oil 

mixture is less than that of the original heavy oil. Consequently, molecular diffusion is 

assumed to be the only mechanism of mass transfer (Upreti and Mehrotra, 2002; Sun et 

al., 2014). For an n-component system, Fick’s diffusion coefficients form a square 

matrix of dimension of ( 1) ( 1)n n   , which includes the “main term” diffusion 

coefficients and “cross-term” diffusion coefficients (Taylor and Krishna, 1993; Cussler, 

2009). The cross-diffusion terms are generally non-zero, however, as for non-interacting 

alkane solvent(s)-CO2-heavy oil systems, the cross-diffusion terms are often found to be 
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10% of the main terms or less (Cussler, 2009; Li and Yang, 2016). In addition, the cross-

diffusion effect can be negligible because of a small concentration gradient when one 

component is present large excess in a mixture (Taylor and Krishna, 1993). Examining 

the compositions for Tests #11 and #12, CO2 accounts for a large proportion in the gas 

phase, while the mole fractions of alkane solvents in the systems are very low. Therefore, 

it is reasonable to assume that alkane solvents and CO2 diffuse independently in heavy 

oil by neglecting the cross-diffusion coefficients for alkane solvent(s)-CO2-heavy oil 

systems in this study. As a result, by assuming that the “main term” diffusion 

coefficients are constant, the mass transfer of alkane solvents and CO2 in heavy oil can 

also be expressed based on the Fick’s second law (see Equation [5-1] ). 

Since there is no gas component in heavy oil and heavy oil has a lower initial 

temperature, the initial conditions for the C3H8-n-C4H10-CO2-heavy oil systems are same 

as the initial conditions in Chapter 5. Similarly, due to the rigid and impermeable 

boundaries of PVT cell, the boundary conditions are also the same. Therefore, the initial 

and boundary conditions that are developed in Chapter 5 can be used to model the heat 

and mass transfer for C3H8-n-C4H10-CO2-heavy oil systems. For the sake of brevity, the 

equations for heat and mass transfer and the initial and boundary conditions are not 

presented here, which can be found from Chapters 4 and 5. 

 

6.3.2 Volume-translated PR EOS 

Due to its accuracy and simplicity, the PR EOS (Peng and Robinson, 1976) is 

employed to predict the phase behavior properties of C3H8-n-C4H10-CO2-heavy oil 

systems at high pressures and elevated temperatures. Since the dynamic volume change 
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is used to determine the individual diffusion coefficient of alkane solvents and CO2 in 

heavy oil, the volume translation strategy proposed by Peneloux et al. (1982) is used to 

accurately predict the dynamic volume of liquid phase in the PVT cell.  

Oil characterization is a crucial step in modeling phase behaviour of heavy oil 

systems with equation of state (EOS). The heavy oil sample contains a large percentage 

of heavier compounds (C61+). As for this heavy oil sample, an exponential molar 

distribution is employed to split the plus fraction. The properties of each SCN, such as 

critical temperature and pressure, critical volume, acentric factor, and Rackett factor, are 

estimated through the well-examined correlations. The lumping method recommended 

by Danesh et al. (1992) is used to lump the SCN fractions into several 

pseudocomponents, while the properties of the pseudocomponents are determined 

through the mixing rule proposed by Wu and Batycky (1988), which incorporates the 

molar-based mixing rule and weight-based mixing rule. Details for characterization of 

this heavy oil sample can be found in Chapter 3. 

 

6.3.3 Numerical solution 

The partial differential equations are solved by using the finite volume method 

(FVM) in this study. A structured grid system with the cell-centered algorithm is defined 

(see Figure 6-1b). The temperature or concentration at the cell P is taken to be the 

characteristic mean value of the control volume. The cell is surrounded by its four faces 

(i.e., w, e, n, and s). Accordingly, other four cells adjacent to the cell P are W, E, N, and 

S, respectively. x and y represent the dimension of control volume in x and y 

directions, respectively. The alternating direction implicit (ADI) algorithm is applied to 
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solve the 2D difference equations. The height of gas-liquid interface and the dimension 

of grid size are updated at each time step because of the moving boundary (i.e., oil 

swelling) caused by alkane solvent(s) and/or CO2 dissolution. In order to achieve 

reasonable time and space intervals for both computational cost and accuracy, a similar 

method used by Sun et al. (2014) is applied to determine the time interval and space 

interval. More specifically, a small time interval (t1) and a small initial space interval in 

y direction (y1) are assumed to run the initial calculation. Due to the swelling effect, the 

space interval in y direction will change during diffusion process once the number of 

node in y direction is determined. The space interval in x direction is assigned to equal 

the initial space interval in y direction. The new time interval and space intervals are 

increased to be 1.5 times of their previous values to perform a new calculation. 

Following such a manner, three time intervals, tn-1, tn (1.5tn-1), tn+1 (1.5tn), and 

three initial space interval in y direction, yn-1, yn (1.5yn-1), yn+1 (1.5yn) are used to 

solve the equation matrix, while SFn-1, SFn, SFn+1 are the corresponding calculated 

swelling factors at the end of diffusion tests. If 3
1 10n nSF SF 
   and 

3
1 10n nSF SF 
    , it can be considered that the calculation result by using tn and yn 

are independent of the discretization and the tn and yn are reasonable intervals for both 

the computational accuracy and efficiency. The details for the numerical solution can be 

found in from Chapter 4. 

The swelling effect of heavy oil due to solvent dissolution can be quantified by a 

swelling factor. Conventionally, the equilibrium swelling factor is defined as the volume 

of crude oil saturated with CO2/solvent at saturation temperature and pressure divided by 

the volume of oil at saturation temperature and atmospheric pressure (Welker and 
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Dunlop, 1963; Teja and Sandler, 1980). The diffusion test is a dynamic process to 

approach equilibrium condition, while the volume of liquid phase is increased with time 

during such process. Consequently, the dynamic swelling factor is used to present the 

dynamic volume change. The molar volumes of heavy oil and solvent-diluted heavy oil 

are used to determine such dynamic swelling factor. It is worthwhile noting that the 

molar volumes are calculated by using the volume-translated PR EOS. Therefore, the 

effect of temperature on oil swelling has also been taken into account.  

 

6.3.4 Diffusion coefficient determination 

The diffusion coefficient of CO2 or alkane solvent-CO2 mixtures into heavy oil is 

determined once the objective functions have been minimized. The first objective 

function is the root-mean-squared relative error (RMSRE) between the measured and 

calculated dynamic swelling factors of heavy oil during the diffusion measurements. The 

second objective function is the RMSRE between the measured and calculated gas 

compositions at the end of diffusion measurements. They can be expressed by, 
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where O1 and O2 are the values of RMSRE for the first and second objective function, 

respectively, ND is the number of data points for dynamic swelling factor obtained from 

the experiment, exp,iSF  and cal,iSF  are the measured and calculated dynamic swelling 

factors of the ith data point, respectively, Ng is the number of gas phase components in 
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the system, exp, jy  and cal, jy  are the measured and calculated mole fractions of the jth 

component in gas phase, respectively.  

Genetic algorithm (Matlab R2012a) is applied to optimize the two defined 

objective functions. It should be aware that the minimums of two objective functions 

may not be achieved simultaneously. Therefore, the optimal individual in populations, 

i.e., the individual diffusion coefficient of each component of solvent(s)-CO2 mixture in 

heavy oil, can be determined once the following combined objective function has been 

minimized. 
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where  1min O  is the minimum of the first objective function among all individuals. 

A flowchart for determining individual diffusion coefficient of each component of 

an alkane solvent(s)-CO2 mixture is shown as Figure 6-2. The procedure for determining 

the individual diffusion coefficient is briefly described as follows: 

1) Characterize heavy oil sample as three pseudocomponents and tune the BIP 

correlations for alkane solvent-pseudocomponent pairs and CO2-

pseudocomponent pairs based on the measured saturation pressures, which are 

the inputs for determining diffusion coefficients;  

2) Assign an initial diffusion coefficient for each component of a gas mixture;  

3) Determine saturation concentration of each component at the gas-liquid 

interface by performing two-phase flash calculation;  
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Figure 6-2: Flowchart for determining diffusion coefficient.  
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4) Calculate temperature and composition distributions in liquid phase through heat 

and mass transfer calculation;  

5) Update the dynamic swelling factor by using the volume-translated PR EOS 

based on the determined temperature and composition distributions in liquid 

phase;  

6) Repeat Steps #3–5 until reaching the test duration; and  

7) At the end of the diffusion tests, there is a need to examine whether the combined 

objective function with the current diffusion coefficients has achieved its 

minimum. If the minimum has been achieved, terminate the calculation and 

consider the current diffusion coefficients as the optimal ones; otherwise, new 

diffusion coefficient for each component should be updated for the next iteration 

by repeating Steps #3–7. 

It is worthwhile mentioning that, as for n-C4H10-heavy oil system and CO2-heavy 

oil system, n-C4H10/CO2 is the only component in gas phase at the beginning and the end 

of the diffusion experiment (i.e., 100 mol% n-C4H10 or CO2). The information of 

compositional change is not available to determine the diffusion coefficient in Tests #5 

and #10. However, more than 40 dynamic volume data points are recorded without 

physical intrusion by using a digital cathetometer with a measurement precision of 

±0.002 cm during the diffusion tests, which can provide sufficient information for the 

volume change caused by mass transfer of one gas component in liquid phase. Therefore, 

it is reasonable that only the discrepancy between the measured and calculated dynamic 

swelling factors is minimized to determine the diffusion coefficient of n-C4H10 and CO2 

in heavy oil for Tests #5 and #10 by one-dimensional (1D) exhaustive search, 
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respectively. Similarly, the apparent diffusion coefficient of a gas mixture is determined 

once the discrepancy between the measured and calculated dynamic swelling factors 

(i.e., first objective function) has been minimized. 

 

6.4 Results and Discussion 

6.4.1 Heavy oil characterization and BIP matrix 

Based on the experimentally measured SCN fractions with carbon number from 

C15 to C60, the heavy oil sample has been well characterized as multiple 

pseudocomponents in Chapter 3. As mentioned previously, it has been examined to 

characterize heavy oil using three and more pseudocomponents, i.e., four and five 

pseudocomponents. As for the characterization schemes with four and five 

pseudocomponents, the (AARDs) in predicting saturation pressures and equilibrium 

swelling factors for the 28 feeds are somewhat better but very close to the 

characterization scheme with three pseudocomponents. However, computational cost is 

another factor that we have to consider in this study. In addition to the computational 

cost for phase behavior calculation with the PR EOS for each grid at every time step, it 

will also take much longer time in the optimization process for determining the diffusion 

coefficients with more pseudocomponents in the systems. Comparing with the 

characterization scheme with three pseudocomponents, although the accuracy of 

predicting phase properties is slightly improved with four or five pseudocomponents, the 

computational cost will be increased significantly when the number of 

pseudocomponents is increased from three to four or five. Therefore, it is reasonable to 

accurately characterize heavy oil with three pseudocomponents, while achieving a high 
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computational efficiency. Since the same heavy oil sample is used in this study, the same 

three pseudocomponents from the previous study can be used for characterizing the 

heavy oil sample. The properties of three pseudocomponents can be found in Table 3-3. 

The BIPs for a system with CO2, C3H8, n-C4H10, and heavy oil that is characterized 

as three pseudocomponents form a 66 BIP matrix. Since C3H8-CO2 pair and n-C4H10-

CO2 pair are typical hydrocarbon-nonhydrocarbon pairs, their BIPs are not tuned but set 

to be 0.135 and 0.130, respectively (CMG 2011; Li et al., 2013a; b). As for the BIPs for 

pseudocomponent pairs, they are set to be zero due to the similarity of the 

pseudocomponent (Li et al., 2013b). BIP correlations for alkane solvent-

pseudocomponent pairs and CO2-pseudocomponent pairs are tuned based on 

experimentally measured saturation pressure data for the same heavy oil sample (Li et al., 

2013a; Li and Yang, 2013). The compositions and corresponding operating conditions of 

these experiments for being used to tune the BIP correlations can be found in Chapter 3. 

Consequently, the optimal coefficients of BIP correlations for alkane solvent-

pseudocomponent pairs and CO2-pseudocomponent pairs are determined to be 0.192 and 

0.314, respectively. As a result, the BIP matrix for alkane solvent-CO2-

pseudocomponents is tabulated in Table 6-2. 

 

6.4.2 Diffusion coefficient 

As for n-C4H10-heavy oil diffusion system (Test #10), there is only one component 

(i.e., n-C4H10) in gas phase at the beginning and the end of the diffusion test. As 

mentioned previously, the diffusion coefficient of n-C4H10 is determined once the 

discrepancy between the measured and calculated dynamic swelling factors has been  
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Table 6-2 BIP matrix for alkane solvents, CO2, and pseudocomponents 

Component CO2 C3H8 n-C4H10 PC1 PC2 PC3 
CO2 0 0.135000 0.130000 0.087882 0.108158 0.149956
C3H8 0.135000 0 0.000830 0.022704 0.032820 0.056815

n-C4H10 0.130000 0.000830 0 0.015434 0.024319 0.046741
PC1 0.087882 0.022704 0.015434 0 0 0 
PC2 0.108158 0.032820 0.024319 0 0 0 
PC3 0.149956 0.056815 0.046741 0 0 0 
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minimized. 1D exhaustive search is used to minimize such discrepancy. Accordingly, the 

diffusion coefficient of hot n-C4H10 with temperature of 329.65 K at constant pressure of 

529 kPa is determined to be 7.0110-10 m2/s. Similarly, as for Test #5, the diffusion 

coefficient of hot CO2 with temperature of 317.65 K and 5400 kPa is determined to be 

14.9710-10 m2/s.  

As for n-C4H10-CO2-heavy oil system (Test #11), the apparent diffusion 

coefficient, which assumes that each component of the gas mixture has the same 

diffusion coefficient in heavy oil (i.e., 
4 10 2C H COnD D  ), is first determined. The 

discrepancy between the measured and calculated dynamic swelling factors has been 

minimized to determine the apparent diffusion coefficient. The apparent diffusion 

coefficient for hot n-C4H10-CO2 mixture into heavy oil with temperature of 329.65 K at 

pressure of 5520 kPa is determined to be 23.8010-10 m2/s. Similarly, as for C3H8-n-

C4H10-CO2-heavy oil system (Test #12), the apparent diffusion coefficient (i.e., 

2 3 8 4 10CO C H C HnD D D   ) is determined to be 14.7810-10 m2/s. 

As aforementioned, individual diffusion coefficients of gas components of an 

alkane solvent(s)-CO2 mixture in heavy oil can be determined once the combined 

objective function has been minimized, where the measured dynamic swelling factors 

during the diffusion tests and the gas composition at the end of the test are used. The 

individual diffusion coefficients of CO2 and n-C4H10 for Test #3 with temperature of 

329.65 K at constant pressure of 5520 kPa are determined to be 19.5010-10 m2/s, and 

27.5010-10 m2/s, respectively. Similarly, the individual diffusion coefficients of CO2, 

C3H8, and n-C4H10 for Test #4 with temperature of 329.25 K at pressure of 5540 kPa are 

determined to be 7.0210-10 m2/s, 26.5310-10 m2/s, and 29.0410-10 m2/s, respectively. It 
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is found that, as for alkane solvent(s)-CO2 mixtures, alkane solvents diffuse faster into 

heavy oil than CO2. The presence of alkane solvents in the mixtures accelerates the mass 

transfer. It is a complex process to inversely determine the diffusion coefficients with the 

experimentally measured data. The diffusion coefficients cannot be simply related to the 

experimental parameters with a definite function. As a result, the estimated error in the 

final diffusion coefficients can hardly be provided. In this study, however, the 

experiments have been well designed and performed, mathematical models have been 

developed to accurately describe the heat and mass transfer in the PVT cell, and 

numerical procedures have been carefully conducted to solve the equations. Therefore, 

the determined diffusion coefficients are reliable and accurate to represent the diffusion 

of alkane solvent(s) and CO2 in heavy oil at high pressures and elevated temperatures. 

The measured dynamic swelling factors and the calculated ones based on the 

determined individual diffusion coefficients and apparent diffusion coefficients are 

shown in Figure 6-3. It is obvious that, compared to n-C4H10-heavy oil system (Test 

#10), higher dynamic swelling factors have been obtained from the alkane solvent(s)-

CO2-heavy oil systems (Tests #11 and #12). The dynamic swelling factors for n-C4H10-

CO2-heavy oil system and C3H8-n-C4H10-CO2-heavy oil system are measured to be 1.111 

and 1.118, respectively, at end of diffusion tests. Correspondingly, dynamic swelling 

factors for n-C4H10-heavy oil system and CO2-heavy oil system are measured to be only 

1.055 and 1.052, respectively, at the end of the diffusion test. As for n-C4H10-heavy oil 

system, the low dynamic swelling factor can be attributed to its lower operating pressure. 

At a given temperature, a higher pressure generally not only accelerates a faster 

molecular diffusion of alkane solvent(s)-CO2 mixture into heavy oil, but also results in a  



176 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-3: Dynamic swelling factors based on the individual and apparent diffusion 

coefficients for Tests #5 and 10–12.  
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higher equilibrium solubility of the alkane solvent(s)-CO2 mixture in heavy oil (Hayduk 

and Chen, 1971; Li et al., 2013a). Consequently, a higher pressure has potential to 

contribute to better performance for heavy oil recovery due to the more effective and 

efficient swelling effect and enhanced viscosity reduction at a higher operating pressure. 

Compared to n-C4H10-heavy oil system, the dynamic swelling factors for CO2-heavy oil 

system are much lower, though its operating pressure is higher. Examining the 

compositions and dynamic swelling factors for Tests #5 and #10, it can be found that n-

C4H10 has a stronger ability to enhance heavy oil swelling than CO2.  

It is difficult to maintain reservoir pressure by using alkane solvents alone (e.g., 

C3H8 and n-C4H10) due to their lower dew-point pressures. It is worthwhile noting that 

the dew-point pressure of a gas mixture can still be high when a certain amount of alkane 

solvents are introduced to CO2 stream. It has also been found that the addition of alkane 

solvents into CO2 can contribute to enhancing swelling effect and viscosity reduction (Li 

et al., 2013a). In addition to maintaining reservoir pressure, such alkane solvent(s)-CO2 

mixtures are able to enhance swelling effect and viscosity reduction, which are beneficial 

for oil recovery. 

At the end of diffusion tests, gas samples for alkane solvent(s)-CO2-heavy oil 

systems are collected and analyzed through the GC method. No heavy hydrocarbon 

components are found in the gas phase at the end of the diffusion tests, confirming the 

assumption of one-way mass transfer from gas phase to heavy oil in this study. The 

measured and calculated mole fractions of alkane solvent(s)-CO2 mixtures at the end of 

diffusion tests based on the individual diffusion coefficients are also shown in Table 6-3. 

As can be seen, although there exist some disagreements between the calculated and  
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Table 6-3 Compositions of gas phase at the beginning and the end of diffusion tests 

Test 
No. 

Initial composition of gas 
phase  

Final composition of gas phase  
Measured Calculated 

5 CO2 – – 
10 n-C4H10 – – 

11 
90.29 mol% CO2  

9.71 mol% n-C4H10 
91.76 mol% CO2 

8.24 mol% n-C4H10 
97.15 mol% CO2 

2.85 mol% n-C4H10 

12 
80.55 mol% CO2 
13.88 mol% C3H8  

5.57 mol% n-C4H10 

91.22 mol% CO2 
7.22 mol% C3H8 

1.56 mol% n-C4H10 

90.64 mol% CO2 
7.74 mol% C3H8 

1.62 mol% n-C4H10 
   

   



179 
 

measured gas compositions at the end of diffusion test for the n-C4H10-CO2 mixture, the 

individual diffusion coefficients are able to provide accurate prediction of the mole 

fractions of alkane solvent(s)-CO2 mixtures at the end of diffusion tests. Such deviation 

is probably due mainly to the complicated gas sampling process at the end of diffusion 

tests. The gas sample in the PVT cell has to be collected and transferred for the GC 

analysis at the beginning and end of each diffusion test. In order to collect the gas sample 

at the end of the diffusion tests, the PVT cell is slowly reversed upside down so that the 

sample fluid is at the top and the hydraulic oil is at the bottom in the PVT cell. It is 

assumed that the gas composition in the PVT cell will not be changed with the reverse of 

the PVT cell. Then, a clean and vacuumed gas sampler is connected to the inlet valve of 

the PVT cell to collect the gas sample once the heavy oil falls down and the gas rises up. 

The pressure in the PVT cell will decrease once the valve is opened for sampling. Since 

the sampling is quickly completed, it is assumed that the gas sample is not affected by 

the gas evolution from the liquid phase due to the pressure reduction in the PVT cell. 

The gas sampling process is well-designed and performed carefully, though experimental 

error may be introduced during such a complicated process, resulting in that two 

objective functions may not be achieved minimum simultaneously, e.g., there exists a 

minor deviation between the measured and calculated gas compositions for Test #11. 

The individual diffusion coefficients can not only achieve a better agreement between 

the measured and calculated dynamic swelling factors, but also provide accurate 

prediction of gas compositions at the end of the diffusion tests. In practice, it is essential 

to evaluate the preferential diffusion for each component in a mixture in a numerical 
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simulation model to accurately predict the performance of alkane solvent(s)-CO2 

enhanced oil recovery (EOR) projects. 

 

6.4.3 Comparison  

As for comparison purpose, diffusion coefficients for CO2, C3H8, n-C4H10, and gas 

mixtures in heavy oils determined from this study and the data published in literature are 

summarized in Table 6-4. The experimental data for the diffusion coefficient of n-C4H10 

in heavy oil under high pressures and elevated temperatures are scarce in literature. The 

determined diffusion coefficient of n-C4H10 from Test #10 of this study (i.e., 7.0110-10 

m2/s) is much higher than the values documented in literature (Ganapathi, 2009). This is 

because the operating pressure and temperature in this study are much higher than those 

in the literature. Similarly, the determined individual diffusion coefficients of n-C4H10 in 

gas mixtures at higher operating temperatures and pressures (i.e., Tests #11 and #12) are 

also much higher than the documented values. Examining Table 6-4, under similar 

conditions, CO2 diffusion coefficients determined from this study are higher than those 

for the Athabasca bitumen documented in the literature. This is due mainly to the fact 

that the viscosity of the Lloydminster heavy oil used in this study is much lower than 

those of the Athabasca bitumen in the literature (Schmidt, 1989; Upreti and Mehrotra, 

2002; Etminan, 2010; Fadaei et al., 2011). It can also be found that the determined 

diffusion coefficients of CO2 in this study are higher than those of CO2 in another two 

Lloydminster heavy oil samples available in literature (Tharanivasan, 2006; Yang and 

Gu, 2006). This is attributed to the lower viscosity of the heavy oil sample and the higher  
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Table 6-4 Comparison of molecular diffusion coefficients in different oils 

Gas system Crude oil 
Viscosity 

cp 
p 

kPa 
T 
K 

Diffusion 
coefficient 
10-10 m2/s 

Sources 

CO2 

Lloydminster 
heavy oil 

12854@ 
 294.55 K 

3741–3371 294.55 4.30 Test #1 

5400 317.65 14.97 Test #5 

Athabasca 
bitumen 

361700@  
293.15 K 

5000 
323.15 5.00 

Schmidt (1989) 
348.15 7.10 

Athabasca 
bitumen 
(SYN) 

821000@  
298.15 K 

4000 
323.15 2.20–3.10 

Upreti and Mehrotra 
(2002) 

348.15 3.40–4.90 

8000 
323.15 3.60–5.20 
348.15 6.90-8.90 

Athabasca 
bitumen 
(SCF) 

224500@ 
298.15 K 

4000 
323.15 2.20–3.30 
348.15 3.51–5.02 

8000 323.15 5.42–7.28 
Athabasca 
bitumen 

100000 @  
323.15 K 

3805 323.15 3.60 Etminan et al. (2010) 

Athabasca 
bitumen 

~2000000@ 
 294 K 

3100–5600 294.15 1.20–2.40 Fadaei et al. (2011) 

Lloydminster 
heavy oil 

20267@  
297.05 K 

3500–4200 297.05 4.60–5.30 
Tharanivasan et al. 

(2006) 

Lloydminster 
heavy oil 

23000@  
297.05 K 

3000 

297.05 

2.30 

Yang and Gu (2006) 
4000 2.80 
5000 3.20 
6000 5.50 

C3H8 

Lloydminster 
heavy oil 

23000@  
297.05 K 

400–900 297.05 0.90–6.80 Yang and Gu (2006) 

Lloydminster 
heavy oil 

20267@  
297.05 K 

500–730 297.05 7.90–11.00 
Tharanivasan et al. 

(2006) 
Lloydminster 

heavy oil 
24137@ 

 297.05 K 
200–800 297.05 0.53–4.90 Luo et al. (2007) 

Lloydminster 
heavy oil 

13144@  
290 K 

400–600 298.00 2.12–3.59 Ganapathi (2009) 

MacKay 
bitumen 

127868@  
297.05 K 

413.7 
297.15 

0.26 
Etminan et al. (2014) 

827.4 4.17 

Cactus Lake 
heavy oil 

724.15@  
299 K 

400–600 303.00 6.95–8.93 Marufuzzaman (2010) 

n-C4H10 
Lloydminster 

heavy oil 
13144@ 
290 K 

100–150 298 1.10–1.84 Ganapathi (2009) 

n-C4H10 
Lloydminster 

heavy oil 
12854@  
294.55 K  

529 329.65 7.01 Test #10  

70 mol% CO2  
30 mol% C3H8 

Lloydminster 
heavy oil 

23000@  
297.05 K 

1003–3005 297.05 0.82–8.20* Yang and Gu (2006) 

84.38 mol% CO2 
15.62 mol% C3H8 

Lloydminster 
heavy oil 

12854@  
294.55 K  

3799–3349 294.55 

1.05 (CO2)  
13.70 (C3H8) Test #2 

3.77* 
4.06 (CO2)  

13.34 (C3H8) 
Li and Yang 

(2016) 
4.63* 

88.33 mol% CO2  
11.67 mol% 

 n-C4H10 

Lloydminster 
heavy oil 

12854@  
294.55 K 

1128–982 294.55 

1.01 (CO2) 
15.30 (n-C4H10) Test #3 

4.90* 
1.92 (CO2) 

13.41 (n-C4H10) 
Li and Yang 

(2016) 
2.88* 

90.29 mol% CO2 
9.71 mol% n-C4H10 

Lloydminster 
heavy oil 

12854@  
294.55 K 

5520 329.15 

19.50 (CO2) 
27.50 (n-C4H10) Test #11 

23.80* 

80.55 mol% CO2 
13.88 mol% C3H8 

5.57 mol% n-C4H10 

Lloydminster 
heavy oil 

12854@  
294.55 K 

5540 329.25 

7.02 (CO2) 
26.53 (C3H8) 

29.04 (n-C4H10) Test #12 

14.78* 

*Note: Apparent diffusion coefficient of gas mixture   
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operating temperature of this study. Therefore, a lower viscosity and a higher operating 

temperature facilitate the diffusion of CO2 into heavy oil. 

As can be seen from Table 6-4, the diffusion coefficients of C3H8 for Test #3 under 

condition of 5540 kPa and 329.25 K in this study are considerably larger than those 

measured data in the literature (Tharanivasan et al., 2006; Yang and Gu, 2006; Luo et 

al., 2007; Ganapathi, 2009; Etminan et al., 2014). This is attributed to three facts: 1) the 

viscosity of the heavy oil used in this study is lower than those of heavy oil/bitumen 

samples excluding the Cactus Lake heavy oil (Marufuzzaman, 2010); 2) the operating 

temperature is higher; and 3) a higher operating pressure is used in this study. Such 

results are in accordance with the fact that, at a given concentration and pressure, the 

diffusivity of gas in heavy oil/bitumen increases with temperature due to the increased 

kinetic energy of the gas and liquid molecules as well as the reduced viscosity of heavy 

oil/bitumen that facilitates mass transfer (Upreti and Mehrotra, 2002).  

CO2 could diffuse faster in heavy oil than alkane solvents under certain conditions. 

As can be seen from Table 6-4, when the operating pressure is in the range of 2000 kPa 

to 6000 kPa (Yang and Gu, 2006), the measured CO2 diffusion coefficients (i.e., 2.00–

5.5010-10 m2/s) are larger than the C3H8 diffusion coefficient of 0.9010-10 m2/s (Yang 

and Gu, 2006), 0.53–4.9010-10 m2/s (Luo et al., 2007), and 2.12–3.5910-10 m2/s 

(Ganapathi, 2009) because of the much higher operating pressures of the CO2-heavy oil 

systems. Based on the determined individual diffusion coefficients from literature (Li 

and Yang, 2016) and this study, it can be found that alkane solvents preferentially diffuse 

into heavy oil than CO2 at the same conditions for alkane solvent(s)-CO2-heavy oil 

systems. The faster diffusion of alkane solvents (i.e., C3H8 and n-C4H10) than that of CO2 



183 
 

in the alkane solvents-CO2-heavy oil systems may be ascribed to the fact that the alkane 

solvents are more preferentially soluble than CO2 in heavy oil and that alkane solvents 

are superior to CO2 in lowering heavy oil viscosity, resulting in the reduced viscosity 

that facilitates the mass transfer of solvents molecules in heavy oil (Hayduk and Cheng, 

1971; Upreti and Mehrotra, 2002). Therefore, addition of alkane solvents into CO2 

stream is able to not only accelerate mass transfer, but also contribute to an enhanced 

swelling effect. It can also be seen from Table 6-4 that the determined diffusion 

coefficient of CO2 for CO2-heavy oil system (i.e., 14.9710-10 m2/s) is much higher than 

the one (i.e., 4.3010-10 m2/s) from Test #1. This can be attributed to the fact that, 

although the same heavy oil sample is used, the operating pressure in this study is a 

higher and constant pressure rather than a decaying pressure is used. In addition, a higher 

temperature imposes a greater impact on oil viscosity reduction, though it hinders the 

solubility of CO2 in heavy oil. It is worthwhile mentioning that the individual diffusion 

coefficients for alkane solvent(s)-CO2 mixture into heavy oil are determined by 

characterizing heavy oil as multi-pseudocomponent, while heat transfer is coupled with 

mass transfer in this study. Compared with the previous research (Li and Yang, 2016) 

where heavy oil is treated as one pseudocomponent and temperature is set to be constant, 

improvements have been achieved in the newly developed methodology because the 

heavy oil has been characterized as multiple pseudocomponents and heat transfer has 

been included. The generalized methodology developed in this study can be integrated 

with the existing compositional reservoir simulator for quantifying preferential 

contribution of each component of an alkane solvent(s)-CO2 mixture during the EOR 

processes with the hybrid alkane solvent(s)-CO2 injection.  
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6.4.4 Temperature profiles  

Once the heavy oil with a lower temperature is displaced into the PVT cell, heat 

starts to transfer from gas-liquid interface and boundaries to heavy oil contained in the 

PVT cell. Four tests almost take the same time of 20 min to achieve the thermal 

equilibrium state. This is ascribed to the fact that a similar amount of heavy oil and 

operating temperatures are applied in the four diffusion tests. By contrast, the mass 

equilibrium has not been achieved over the experimental period (i.e., 96 h), confirming 

that heat transfer proceeds much faster than mass transfer to reach thermal equilibrium 

state in a shorter period. Due to the fast heat transfer, the difference between boundary 

temperature and the temperature of the inner part of heavy oil is less than 2°C after 10 

min. Consequently, the calculated temperature profiles in liquid phase within the first 10 

min for Test #10 are plotted in Figure 6-4. For the sake of brevity, the temperature 

profiles for other three tests are not presented because they are very similar as those of 

Test #10. As can been seen from Figure 6-4, the temperature at the bottom, left and right 

boundaries and gas-liquid interface is much higher than the temperature inside the liquid 

phase at the initial stage. Due to the fast heat transfer, the temperature inside the liquid 

phase is increased quickly. The deep red colour of temperature profile at 600 s (i.e., 10 

min) indicates that the inner liquid has been heated significantly, leading to a minor 

temperature difference between the boundaries and the inner part of liquid phase. In 

consideration of the fast heat transfer, the state of thermal equilibrium can be used to 

divide the entire process into two stages: 1) the initial coupled heat and mass transfer 

stage; and 2) the subsequent mass-transfer dominant stage. At the first stage, a rapid oil 

swelling is achieved due to the synergistic effects of gas dissolution and heat conduction 
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                                            (a)                                                                  (b) 

 
                                              (c)                                                                   (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-4: Calculated temperature profile in liquid phase for Test #10: (a) t=60 s, (b) 

t=150 s, (c) t=300 s, and (d) t=600 s.  
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into heavy oil. Once the thermal equilibrium has been achieved, mass transfer is the 

dominant factor to cause the subsequent oil swelling. Correspondingly, the heavy oil 

swells slowly due to the contribution of alkane solvent(s)-CO2 dissolution at the second 

stage. 

 

6.4.5 Composition distributions 

The composition distributions in liquid phase can be calculated based on the 

determined individual diffusion coefficients. Figure 6-5 uses color to represent the 

change of n-C4H10 mole fraction in the 2D liquid phase with time based on the 

determined diffusion coefficient for hot n-C4H10-heavy oil system (Test #10). As can be 

seen, n-C4H10 only exists at the top of the liquid phase in the first several hours because 

there is no n-C4H10 in heavy oil before the diffusion test and n-C4H10 diffuses from gas-

liquid interface into the heavy oil. Due to the slow nature of mass transfer, the 

composition of n-C4H10 at the bottom of the liquid phase is still very low after 10 h. As 

more n-C4H10 transfers into heavy oil, the composition of n-C4H10 in heavy oil increases 

gradually. It can be seen that much more n-C4H10 has reached the bottom at the end of 

the diffusion test. In addition, the moving gas-liquid interface can also be observed from 

Figure 6-5.  

Since it is assumed that the gas-liquid interface is flat during the diffusion test and 

there is no composition variation along the interface, each component has the same 

composition at the same height in the liquid phase. Therefore, the composition 

distribution of a gas component in the 2D liquid phase can be presented by curves which 

depict the change of composition along the height of the liquid phase.  
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                                (a)                                                                     (b) 

 
                                (c)                                                                    (d) 

 
                                (e)                                                                    (f) 
Figure 6-5: Calculated n-C4H10 mole fraction in liquid phase for Test #10: (a) t=1 h, (b) 
t=5 h, (c) t=10 h, (d) t=50 h, (e) t=75 h, and (f) t=96 h.  
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Figure 6-6 shows the composition distribution of CO2 in heavy oil for n-C4H10-

CO2-heavy oil system (Test #11) based on the individual diffusion coefficients. As can 

be seen, the mole fraction of CO2 at the bottom still keeps very low until 30 h. Gas-liquid 

interface has the highest CO2 mole fraction, while the average mole fraction of CO2 in 

liquid phase increases gradually as more CO2 diffuses into heavy oil. At the end of 

diffusion test, a much even CO2 distribution in liquid phase has achieved. The n-C4H10 

distribution in liquid phase for Test #11 is shown in Figure 6-7 to easily and accurately 

retrieve the value of n-C4H10 mole fraction. It can be seen from Figure 6-7 that, 

compared to the distribution of CO2 in liquid phase, n-C4H10 already reaches the bottom 

of the liquid at 5 h due to the faster diffusion. As more n-C4H10 diffuses into heavy oil, 

the average mole fraction of n-C4H10 in liquid phase is increased and the value at the 

bottom is almost equal to that at the top.  

Similarly, the CO2 mole fraction liquid phase for Test #12 has been intuitively 

described with colour in Figure 6-8, while the mole fractions of C3H8 and n-C4H10 in 

liquid phase are presented with curves in Figure 6-9. It can be found the C3H8 and n-

C4H10 mole fractions at the bottom are slightly higher than those at the top of the liquid 

phase. It is worthwhile noting that Figure 6-9 shows the C3H8 and n-C4H10 mole 

fractions in the liquid phase rather than molar concentrations. The C3H8 and n-C4H10 

mole fractions represent the relative quantities of C3H8 and n-C4H10 among the 

components in the liquid phase. Due to the low fractions of C3H8 and n-C4H10 in the 

initial gas phase (i.e., 91.22 mol% CO2, 7.22 mol% C3H8  and 1.56 mol% n-C4H10), the 

mole fractions of C3H8 and n-C4H10 at the top of liquid phase are always small compared 

to the mole fractions of CO2 and heavy oil. Although CO2 gradually diffuses into heavy  
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                                (a)                                                                    (b) 

 
                                (c)                                                                    (d) 

 
                                (e)                                                                    (f) 
Figure 6-6: Calculated CO2 mole fraction in liquid phase for Test #11: (a) t=1 h, (b) t=5 
h, (c) t=10 h, (d) t=30 h, (e) t=50 h, and (f) t=96 h. 
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Figure 6-7: Calculated n-C4H10 mole fraction in liquid phase for Test #11. 
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                                (a)                                                                    (b) 

 
                                (c)                                                                   (d) 

 
                                 (e)                                                                   (f) 
Figure 6-8: Calculated CO2 mole fraction in liquid phase for Test #12: (a) t=1 h, (b) t=5 
h, (c) t=10 h, (d) t=30 h, (e) t=50 h, and (f) t=96 h. 
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(a) 

 
(b) 

Figure 6-9: (a) Calculated C3H8 mole fraction and (b) Calculated n-C4H10 mole fraction 

in liquid phase for Test #12, respectively.  
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oil with time, more C3H8 and n-C4H10 can reach the bottom of the liquid at the later stage 

because the dissolution of C3H8 and n-C4H10 in heavy oil are much faster than CO2. By 

contrast, the quantity of CO2 at the bottom of the liquid phase at the later stage is 

relatively small due to the slow diffusion of CO2 in heavy oil. Consequently, the relative 

quantities of C3H8 and n-C4H10 (i.e., mole fractions of C3H8 and n-C4H10) at the bottom 

of liquid phase can be slightly higher than those at the top of liquid phase at the later 

stage of diffusion tests. 

 

6.5 Summary 

By treating heavy oil as multiple pseudocomponents, a generalized methodology 

has been developed to not only couple heat and mass transfer for n-C4H10-C3H8-CO2-

heavy oil systems, but also determine the individual diffusion coefficients of alkane 

solvents and CO2 in heavy oil at high pressures and elevated temperatures by dynamic 

volume analysis (DVA). The volume-translated PR EOS with three characterized 

pseudocomponents and the tuned BIP matrix is able to accurately predict the phase 

behaviour properties of alkane solvent(s)-CO2-heavy oil systems. A 2D model 

incorporating the PR EOS is developed to couple heat and mass transfer from alkane 

solvent(s)-CO2 mixtures to heavy oil.  Since it takes about 20 min for four tests to 

achieve the thermal equilibrium state, the thermal conduction proceeds much faster than 

mass transfer of gas solvents in heavy oil. Consequently, the entire diffusion tests can be 

divided into a shorter coupled heat and mass transfer stage from the beginning to the 

time of achieving thermal equilibrium and a subsequent longer mass transfer dominated 

stage. The diffusion coefficients of n-C4H10 and CO2 for n-C4H10-heavy oil system and 
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CO2-heavy oil system are determined to be 7.0110-10 m2/s and 14.9710-10 m2/s, 

respectively. The individual diffusion coefficients of CO2 and n-C4H10 in n-C4H10-CO2-

heavy oil system are determined to be 19.5010-10 m2/s and 27.5010-10 m2/s, 

respectively, while the individual diffusion coefficients of CO2, C3H8, and n-C4H10 for 

C3H8-n-C4H10-CO2-heavy oil system are 7.0210-10 m2/s, 26.5310-10 m2/s, and 

29.0410-10 m2/s, respectively. As for alkane solvent(s)-CO2 mixtures, alkane solvents 

diffuse faster into heavy oil than CO2. Alkane solvent(s)-CO2 mixtures are able to 

generate larger dynamic swelling factors than n-C4H10/CO2 alone. Among the four 

diffusion tests, the largest dynamic swelling factor at the end of diffusion test is 

measured to be 1.118 from the C3H8-n-C4H10-CO2-heavy oil system (Test #12). 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS  

 

7.1 Conclusions 

The major contributions of current research can be summarized as follows: 

1) An experimental and theoretical framework has been developed to couple heat 

and mass transfer for hot alkane solvent(s)-CO2-heavy oil systems at high 

pressures and elevated temperatures by both taking into swelling effect into 

account and treating heavy oil as multiple pseudocomponents. The effects of 

temperature and addition of alkane solvent(s) into hot CO2 stream have been 

examined in such coupled heat and mass transfer processes, while both the 

apparent diffusion coefficient of alkane solvent(s)-CO2 mixtures and the 

individual diffusion coefficient of each component of the mixtures in heavy oil 

can be accurately quantified.  

2) A heavy oil characterization scheme has been examined and applied to well 

characterize the heavy oil sample as multiple pseudocomponents to accurately 

predict the equilibrium phase behaviour properties of alkane solvent(s)-CO2-

heavy oil systems. The BIP correlations for alkane solvent-CO2-pseudo-

components are tuned based on the experimentally measured saturation 

pressures for the same heavy oil sample. The volume-translated PR EOS with a 

modified alpha function incorporating the well characterized multiple 

pseudocomponents together with the validated tuned BIP correlations can be 

used to accurately predict the saturation pressure and swelling factor for the 

aforementioned systems. 
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3) By characterizing heavy oil as multiple pseudocomponents, a generalized 

methodology has been developed to determine both the apparent diffusion 

coefficient of a gas mixture and the individual diffusion coefficient of each 

component of a gas mixture in heavy oil with consideration of swelling effect 

under the conditions of a constant temperature and a decaying pressure. The 

preferential diffusion of either a solvent or CO2 in heavy oil can be examined 

during such pressure decay processes at a constant temperature. 

The major conclusions that can be drawn from the thesis research work are 

summarized as follows: 

1) As for the 1D and one-way mass transfer model for describing the diffusion of 

alkane solvent-CO2 into heavy oil at a constant temperature, it is found that the 

alkane solvents (i.e., C3H8 and n-C4H10) diffuse faster than CO2 in pressure 

decay systems. Consequently, the diffusion coefficient of alkane solvent in 

heavy oil is significantly larger than that of CO2 in heavy oil under the 

conditions of decaying pressure and constant temperature. The diffusion 

coefficients of CO2, C3H8, n-C4H10 for the pressure decay tests are determined 

to be 4.3010-10 m2/s, 13.3410-10 m2/s, and 15.3010-10 m2/s, respectively. In 

comparison with pure CO2, addition of C3H8 into the CO2 stream tends to 

accelerate the swelling of heavy oil, resulting in a larger degree of swelling 

effect after a given diffusion time. 

2) The coupled heat and mass transfer of hot CO2-heavy oil systems with and 

without addition of solvent (i.e., C3H8) have been experimentally investigated 

and theoretically described with a 2D heat transfer and one-way mass transfer 
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model. It is revealed that the thermal conduction proceeds much faster than 

mass transfer of either CO2 or C3H8 in heavy oil. It takes about 20 minutes to 

achieve the thermal equilibrium, while the entire diffusion tests can be divided 

into the initial coupled heat and mass transfer stage and the subsequent mass 

transfer-dominant stage. Due to the synergistic effect of gas dissolution and heat 

conduction, a rapid oil swelling is achieved at the first stage. By contrast, the 

heavy oil swells slowly due to the sole contribution of CO2 dissolution at the 

second stage. 

3) As for the hot CO2-heavy oil systems under three different temperatures and a 

constant pressure, not only does CO2 diffusion coefficient in heavy oil increase 

with temperature at a given pressure, but also it has been explicitly correlated 

with temperature. Since the hot CO2-heavy oil systems turns to the dissolution-

dominant process once the thermal equilibrium has achieved, among three tests 

under a constant pressure of 5400 kPa (i.e., Tests #4–6), the hot CO2-heavy oil 

system with the lowest temperature yields the largest swelling factor of 1.058 at 

the end of the diffusion test. 

4) The diffusion coefficient of C3H8 in heavy oil is considerably larger than that of 

CO2 in heavy oil under high pressures and elevated temperatures. The addition 

of C3H8 into the hot CO2 stream not only enhances mass transfer, but also 

accelerates oil swelling, ensuring that the C3H8-CO2 mixture with a higher C3H8 

concentration achieves a faster dissolution and a stronger swelling effect of 

heavy oil. 
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5) As for C3H8-n-C4H10-CO2-heavy oil systems, C3H8 and n-C4H10 are found to 

diffuse faster than CO2 in heavy oil at the same conditions, while yielding larger 

dynamic swelling factors at high pressures and elevated temperatures. Among 

the n-C4H10-heavy oil system, n-C4H10-CO2-heavy oil system, and C3H8-n-

C4H10-CO2-heavy oil system, lower dynamic swelling factors are obtained from 

the n-C4H10-heavy oil system due to the lower operating pressure, while the 

largest dynamic swelling factor of 1.118 at the end of diffusion test is achieved 

for the C3H8-n-C4H10-CO2-heavy oil system. The molecular diffusion 

coefficient of n-C4H10 is determined to be 7.0110-10 m2/s for n-C4H10-heavy oil 

system (i.e., Test #10). 

In summary, experimental and theoretical techniques have been successfully 

proposed to study the enhanced heat and mass transfer for alkane solvent(s)-CO2-heavy 

oil systems at high pressures and elevated temperatures. Thermal conduction proceeds 

much faster than mass transfer, achieving thermal equilibrium in a shorter period. High 

temperature facilitates mass transfer; however, the amount of CO2 dissolved in heavy oil 

can be inhibited by such a high temperature. Alkane solvents (i.e., C3H8 and n-C4H10) 

have larger diffusion coefficients than CO2 under similar conditions. The addition of 

alkane solvents into CO2 stream is beneficial for both accelerating the mass transfer and 

achieving a larger degree of swelling effect. Consequently, hot alkane solvent(s)-CO2 

injection is a promising technique to recover heavy oil resources where other EOR 

techniques are inefficient or uneconomical. 
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7.2 Recommendations 

Addition of light alkane solvents (i.e., C3H8 and n-C4H10) into hot CO2 stream can 

enhance mass transfer and achieve larger dynamic swelling factors for alkane solvent(s)-

CO2-heavy oil systems, indicating that hot alkane solvent(s)-CO2 injection is a promising 

technique to recover heavy oil resources where other recovery techniques are 

uneconomical or inefficient. Therefore, it is necessary to conduct the following research 

and possible field pilot tests to effectively and economically recover heavy oil resources 

with such hot alkane solvent(s)-CO2 injection technique.   

1) The optimal type of alkane solvents has not been screened in the present study. 

The diffusion coefficient and mixing quality for different alkane solvents at high 

pressures and elevated temperatures are different, while the phase behaviour 

properties of different alkane solvents-CO2-heavy oil systems are different from 

each other. Therefore, it is necessary conduct comprehensive experiments to 

evaluate and screen optimal alkane solvents to add them into hot CO2 stream for 

enhancing heavy oil recovery, while the concentrations for alkane solvents-CO2 

mixtures should be optimized under reservoir conditions;    

2) Steam is commonly used to pre-heat reservoir fluids or alkane solvent(s)-CO2 

mixtures in oilfields. Also, water is an important component in the formation. 

The heat and mass transfer for alkane solvents-CO2-heavy oil systems in the 

presence of steam (water) is not elaborated in this study. The experimental and 

theoretical techniques, therefore, should be developed to model heat and mass 

transfer for alkane solvents-CO2-water-heavy oil systems at high pressures and 

elevated temperatures. More accurate EOS-based thermodynamic models need 
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to be developed to quantify the phase behaviour properties of alkane solvents-

CO2-water-heavy oil systems under reservoir conditions. Experimental and 

theoretical models should be developed to examine the effect of steam (water) 

on heat and mass transfer of alkane solvents-CO2 in heavy oil; and 

3) The present study focuses on the heat and mass transfer in a bulk liquid phase. 

Since heavy oil reservoir is a typical porous media, it is of fundamental and 

practical importance to extend the existing study for the alkane solvents-CO2-

heavy oil systems in porous media. Diffusion tests of alkane solvents-CO2 

mixtures in porous media with heavy oil need to be conducted, while the 

theoretical models should be developed to couple heat and mass transfer with 

consideration of the properties of porous media, such as porosity, permeability, 

and tortuosity. The individual diffusion coefficient of each component for a gas 

mixture in porous media containing heavy oil needs to be determined.  

In order to evaluate the performance of hot alkane solvents-CO2 injection in a 

heavy oil reservoir, field-scale reservoir simulation incorporating the experimental and 

theoretical results should be conducted in a comprehensive manner for economic 

analysis with consideration of oil price, solvent costs, solvent recycle, and solvent 

retention during production. Furthermore, possible pilot tests in a field will be valuable 

to further evaluate the performance of hot alkane solvents-CO2 injection for heavy oil 

recovery while acquiring crucial and valuable field data. 
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