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Abstract 

The main objective of this research is to study the diffusion process of liquid and gaseous 

solvents in heavy oil and bitumen, with the aim of obtain the diffusion coefficient. The 

diffusion of n-hexane, n-heptane and octane in liquid phase and the diffusion of gaseous 

propane and carbon dioxide was monitored using x-ray computed tomography. 

The concentration and density profiles were obtained from the x-ray measurements and 

the data was used as entry for the slopes and intercepts model and for the non-iterative 

finite volume method to obtain the diffusion coefficients. The results show a strong 

dependency of the diffusion coefficient on the concentration of solvent in the system. The 

data obtained agree with the literature of less complex systems. The diffusion of carbon 

dioxide differs from the diffusion of hydrocarbon solvents. The diffusion coefficient can 

be both, an increasing or decreasing function of concentration depending on the nature of 

the diffusing solvent. 

Predictions of the diffusion coefficients of the systems studied here were also performed 

using the Vignes model. The model successfully predicts the diffusion coefficient for 

hydrocarbon solvents in heavy oil. However the accuracy of the Vignes equation 

diminishes as the viscosity of the oil phase increases. 

The results of this study can be applied in the simulation and understanding of the solvent 

based enhanced recovery processes for heavy oil and bitumen reservoirs. 

i i i 
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Chapter One: Introduction 

In 2004, Alberta's Oil Sands were recognized by international media, for the first time, as 

part of global oil reserves. This established Canada as second only to Saudi Arabia in the 

hierarchy of potential oil producing nations. While oil sands extraction is more expensive 

than conventional sources, continuing technological advances are reducing the 

importance of those cost differences. Moreover, conventional oil production in Canada is 

declining, underscoring the importance of the oil sands as a vital source of North 

American supplies (Timilsina et al., 2005). 

With an estimated initial volume in-place of approximately 0.25 trillion cubic meters of 

crude bitumen, Alberta's oil sands are one of the largest hydrocarbon deposits in the 

world. About 11 percent (i.e., 28.3 billion cubic meters) of this volume is recoverable 

under current economic conditions.  Of these 28.3 billion cubic meters of recoverable 

bitumen, 19 percent is accessible through surface mining technologies while the other 81 

percent will require in situ recovery methods. At current rates, these initial established 

reserves of 28.3 billion cubic meters would be sufficient to satisfy Canadian crude oil 

demand for approximately 250 years (Timilsina et al., 2005). Additionally Alberta has 

2.1 billion cubic meters of conventional Heavy Oil of this volume just 17.7% is 

recoverable under the actual recovery technologies (Petroleum Technology Alliance 

Canada, 2006). 

To recover these resources steam injection is widely used for heavy oil and bitumen 

reservoirs. The advantage of the process is its high recovery factor and its high oil-
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production rate. However, the high production rate is associated with excessive energy 

consumption approximately 1 million BTU/barrel, C O 2 generation, and expensive post

production water treatment. Additionally the steam injection has operational restrictions 

that do not allow its application in all types of reservoirs (Jiang, 1997; Sedaee et al., 

2004; Nasr and Ayodele, 2005; Zhao, 2007). 

In order to overcome the problems associated to the steam injection additional techniques 

have been developed to recover the heavy oil and bitumen. Among those techniques the 

vapor injection process (VAPEX), the cyclic solvent injection and the co-injection of 

steam and solvent (SAS, SAP, ES-SAGD and LASER) are the ones with the most 

promising future, thanks to the viscosity reduction of the oil phase, the change in absolute 

and relative permeability due to organic matter dissolution or mechanical removal of 

debris and the upgrading of the oil phase (Mokrys and Butler 1993; Das and Buttler 

1995; Das, 1996; Jiang 1997; Nghiem et al, 2001). 

The above processes involve the injection of solvent into the oil reservoir. The objective 

of the solvent is mainly to reduce the viscosity of the heavy oil or bitumen by mixing 

with it. This mixing process is a mass transfer process and its velocity is controlled by the 

diffusion coefficient. Therefore the diffusion coefficient is one of the most important 

parameters for the proper characterization of the solvent based recovery processes. 

The main objective of this work was to determine the diffusion coefficient from 

experimental concentration and density profiles obtained from computerize tomography. 

-
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First a reinterpretation of data for diffusion of hexane, heptane and octane in heavy oil 

obtained by Salama (2006) was performed. Second, data for diffusion of propane and 

carbon dioxide in four different oils was obtained in the laboratory and the diffusion 

coefficient obtained from the density profiles. Third, a simple equation was used to 

predict diffusion coefficient obtained from experiments. And finally a simulation to 

observe the differences between constant diffusion coefficient and the concentration 

dependant one was performed. 
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Chapter Two: The diffusion coefficient 

2.1 Diffusion 

Diffusion is the process by which matter is transported (flux) from one part of a system to 

another as a result of random molecular motions (Crank, 1975). The diffusion process 

considered in this work refers to the net transport material in the absence of mixing (by 

mechanical means or convection), and it is only due to concentration gradients 

(potential). The proportionality constant between the flux and the potential is named the 

Diffusion Coefficient (D) and it has dimensions of (length)2. (time)"1 (Reid et «/.,1987). 

There exist three important definitions of the diffusion coefficient depending on the 

nature of the diffusion process: 

2.1.1 Mutual Diffusivity 

It is denoted by DAB, and it refers to the diffusion of one constituent in a binary system (A 

and B). For liquids, it is common to refer to the limit of infinite dilution of A in B using 

the symbol, D0

AB (Perry et al., 1999). 

2.1.2 SelfDiffusivity 

It is denoted by  D A A

 a n ^ is the measure of mobility of a species in itself. Also when we 

have a binary system where A and B are the less mobile and more mobile components 

respectively, their self-diffusion coefficients can be used as rough lower and upper 

bounds of the mutual diffusion coefficient in some systems. That is, DA'A <  D a b < DB'B 

(Perry et al., 1999). 
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2.1.3 Tracer Diffusivity 

Denoted by DA-b is related to both mutual and self-diffusivity. It is evaluated in the 

presence of a second component B, using a tagged isotope of the first component. In the 

dilute range, tagging A merely provides a convenient method for indirect composition 

analysis. As concentration varies, tracer diffusivities approach mutual diffusivities at the 

dilute limit, and they approach self-diffusivities at the pure component limit (Perry et al., 

1999). 

2.2 Fick's laws 

Transfer of heat by conduction is also due to random molecular motions, and there is an 

obvious analogy between the two processes mass and heat transfer. This was recognized 

by Fick (1855), who first put diffusion on a quantitative basis by adopting the 

mathematical equation of heat conduction derived some years earlier by Fourier (1822). 

The mathematical theory of diffusion in isotropic substances is therefore based on the 

hypothesis that the rate of transfer of diffusing substance through unit area of a section is 

proportional to the concentration gradient measured normal to the section (Crank, 1975). 

OX (2-1) 

In some cases the diffusion coefficient can be reasonably taken as constant (e.g. dilute 

solutions) while, in some others it depends very markedly on concentration (e.g. diffusion 

in high polymers) (Crank, 1975). We have to take into account that the equation (2-1) is 

only consistent for isotropic media. 



The equation (2-1) is called Fick's first law. Fick also derived a second equation named 

Fick's second law used in non-steady or continually changing state diffusion and is given 

by: 

dc _Dd2c 

dt dx2 (2_2) 

This equation can be applied only for isotropic media and when the potential for diffusion 

is only given by concentration gradients. 

Many of the methods to measure and calculate the diffusion coefficient have their basis 

on Fick's laws. 

2.3 The diffusion coefficient as a function of concentration 

The diffusion coefficient can be considered constant in many occasions especially when 

we refer to the diffusion of gases. However when we move to complex and more dense 

fluids the assumption of constant diffusion coefficient may become unreal (Crank, 

1975). 

The assumption of constant diffusion coefficient for the solvent/heavy oil or bitumen 

systems should be based on three important conditions that need to be fulfilled in order to 

support the hypothesis. If one of the three conditions is not fulfilled it is highly expected 

that the diffusion coefficient will be function of concentration. The three conditions are: 
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2.3.1 Dimensions and shape 

The molecular diameter and molecular shape should be similar for the diffusing 

components. That means in this case that the molecular diameter and shape of the solvent 

should be similar to those of the heavy oil and bitumen. We know that large hydrocarbon 

chains are present in heavy oil and bitumen. Thus the assumption of similar size and 

shape is not valid especially when we take into consideration that the solvents used in the 

recovery process are light gases and small hydrocarbons molecules. 

2.3.2 Molecular interactions 

The molecular interactions between the diffusing components should be negligible. That 

means the attraction and repulsion forces should not interfere in the diffusion process. 

However, it has been shown that the repulsive forces play the most important role in the 

diffusion process (Coelho et al., 2001).. 

2.3.3 Non reacting environment 

There should be a non-reacting environment in the system. That means no 

transformations of any kind due to the components on the system and/or the system 

conditions (pressure and temperature). However the interaction of solvent with heavy oil 

or bitumen may in some cases cause organic deposition, mainly asphaltenes. 

2.4 The diffusion coefficient in the recovery processes 

As was stated above the diffusion coefficient controls the velocity of the mixing process; 

however the importance of the diffusion coefficient goes beyond this factor. Upreti et al., 
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(2007) state that accurate diffusion data for solvent/heavy oil and bitumen systems 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 undergo 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. 

Accurate diffusion data are important in the simulation of the recovery process (Das, 

2005; Alkindi et al., 2008). Taking into account that the simulation is one of the first 

steps in an enhanced recovery project, the diffusion coefficient becomes a fundamental 

variable in any engineering project involving solvents. 

The measurement of the diffusion coefficient becomes an essential part of any solvent 

based recovery project. However in spite of the importance of this parameter the data 

available in the literature are scarce compared with other common systems of interest in 

the industry. This could be due to the difficulty in the experimental techniques and also 

because such measurements are time consuming mainly due to the small values of the 

diffusion coefficient of solvents into bitumen. 

2.5 Measurement and calculation of the diffusion coefficient in solvent/ heavy oil 
bitumen systems 

In the literature, there are several experimental methods for measuring solvent diffusion 

coefficient in heavy oil. These experimental methods can be roughly categorized into 

intrusive and non-intrusive methods. Intrusive methods involve compositional analysis of 
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liquid samples taken from the heavy oil-solvent mixtures at different times and locations 

during a diffusion test. These methods are expensive, intrusive and time-consuming, 

especially  i f the diffusion test is conducted at a high pressure (Fu and Phillips, 1979; 

Schmidt et al., 1982). In addition, compositional analysis of the heavy oil solvent 

mixture is prone to large experimental error. Non-intrusive methods measure the change 

of a property of the heavy oil-solvent system during the molecular diffusion process. This 

property can be the volume of the gas dissolved in oil (Denoyelle and Bardon, 1983; 

Rojas and Farouq Ali, 1988; Nguyen, 1997), oil-gas interface position (Grogan et al., 

1988; Das and Butler, 1996), laser light intensity of the heavy oil-gas mixture (Oballa 

and Butler, 1989), gas pressure (Hoeffel et al., 1996), and shape of a pendant heavy oil 

drop surrounded by a gaseous solvent (Yang and Gu, 2006b). 

In particular among the non-intrusive methods, the decaying gas pressure has become the 

"standard" technique to measure the diffusion coefficient. The technique is based on the 

measurement of the decaying pressure of the diffusion cell. This drop in pressure is 

caused by the molecular diffusion of the solvent into heavy oil within a closed high

pressure diffusion cell. This method has been applied to measure the diffusivities of 

methane, ethane, propane, nitrogen and carbon dioxide in crude oils (Zhang et al., 1998, 

2000; Upreti and Mehrotra, 2002; Tharanivasan, 2004; Tharanivasan et al., 2006; 

Sheikha et al., 2005; 2006a; 2006b). This non-intrusive method requires a relatively 

simple experimental set-up. Also, determination of the diffusion coefficient from the 

measured decaying pressure is quite straight-forward depending on the mass transfer 

model implemented. However, the pressure decay method is time consuming and 

-
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generally it takes several days or weeks to complete a single diffusivity measurement. 

Additionally in order to use the pressure data a mass transfer model has to be 

implemented in order to related pressure drop to mass transfer. Differences in the mass 

transfer model implemented may lead to different answers for the diffusion coefficient 

(Civan and Rasmussen, 2002; 2006). Moreover, the effect of pressure on the diffusion 

coefficient cannot be easily examined by using this experimental method because the gas 

pressure keeps decaying during the diffusivity measurement. 

More recently, some state-of-the-art techniques have been applied to estimate the 

diffusion coefficients of hydrocarbon solvents in heavy oil and bitumen, such as magnetic 

resonance imaging (MRI) (Fisher et al., 2000), nuclear isotope tracking (Creux et al., 

2005), low-field nuclear magnetic resonance (NMR) spectra (Wen, 2004) and X-ray 

computed tomography (CAT) scanning (Wen and Kantzas, 2005; Salama and 

Kantzas, 2005a; Salama, 2006; Zhang and Shaw 2007; Luo et al., 2007; 2008). 

In the past 30 years more than 30 works have been published in the subject of diffusion 

of solvents in heavy oil and bitumen. However the research in the area has became 

stronger in the last 10 years where around 20 works have been published. From the total 

amount of works just a handful of them take the diffusion coefficient as function of 

concentration. Researches that pertain to the subject of non-constant diffusion coefficient 

are briefly described below: 
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Schmidt et al., (1982) obtained values for the molecular diffusion coefficient for 

CC^/bitumen system. A cell with ten partitions was used and the concentration profiles 

were estimated by measuring the amount solvent in each partition. The partition cell 

consisted of a stainless steel body with ten stainless steel ball valves connected in series 

with a total length of 27.4 cm and a cross sectional area of 1.6 cm2. The CO7 was placed 

in contact with the bitumen at the top of the cell; the experiments ran for 8 days. At the 

end the concentrations were measured in each partition and the diffusivities were 

calculated taking into account for swelling. The experiments were carried out on 

Athabasca bitumen at temperatures from 19.5 to 200 degrees Celsius. They concluded 

that the diffusivity of CO2 into Athabasca bitumen is in the order of that observed in most 

liquid systems. In the range from 19.5 to 200°C the diffusivity increased by a factor of 

five and there was found a clearly indication that the diffusivity of CO2 into bitumen is 

concentration dependent. Also Schmidt (1988) showed additional measurements of CO2 

average diffusion coefficient into bitumen from temperatures from 20 to 200°C at 5MPa. 

Additionally, data for the diffusivity of methane and ethane into bitumen was presented 

by Schmidt (1989). 

The diffusion in a bitumen-toluene system was studied by Oballa and Butler (1989) by a 

free diffusing method, using a vertical cell with closely spaced flat windows. The 

concentration of bitumen in the vertical direction was measured in situ by an optical 

method. A pulsed GaAIAs semiconductor diode was used as a source of monochromatic 

light, the intensity of the transmitted light was measured by a silicon detector. They 

showed that the concentration distribution curves differed markedly from the normal S-
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shape associated with constant diffusivity. The overall diffusion coefficient was 

calculated as a function of concentration which increased from 0.05x10"9m2/s at infinite 

dilution of toluene to a peak value of 0.45x10~9m2/s at 0.4 volume fraction of toluene, and 

then dropped constantly. The model employed to solve for the diffusion coefficient was 

the Boltzmann-Mathano method. 

Upreti and Mehrotra (2000; 2002) improved the pressure decay method and presented 

experimental data for the diffusivity of carbon dioxide, methane, ethane and nitrogen in 

Athabasca bitumen, the data is in the range 25-90°C at 4-8MPa. The diffusivity of these 

gases was determined as a function of gas concentration in bitumen. The experimental 

apparatus primarily consists of a closed cylindrical pressure vessel used to hold gas over 

a layer of bitumen. A pump supplied the gas at desired pressure into the vessel. The 

vessel was submerged in a constant temperature water bath, the pressure vs. time data 

were recorded by a pressure sensor. Using the logged pressure versus time data, the 

experimental mass of a given gas diffused into the bitumen was determined. The gas 

diffusivity was then calculated by fitting the calculated mass of the gas diffused into 

bitumen (given by a mass transfer model) to the experimental mass. The tuning parameter 

was the diffusion coefficient. Additionally a correlation was provided for the average 

diffusivity as a function of temperature. They also concluded that the diffusivity of those 

gases was a unimodal function of gas concentration in bitumen and at any given 

concentration and pressure the diffusivity increased with increasing temperature and with 

the exception of methane at temperatures equal or below 75°C the diffusivity increased 

with increasing pressure for a given concentration and temperature. 
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Wen (2004) and Wen and Kantzas (2005) measured the diffusion coefficient of liquid 

solvents in bitumen by two nondestructive methods, low-field nuclear magnetic 

resonance (NMR) and X-ray computed tomography (CT). Both techniques allow the 

measurement of the concentration profile as the solvent diffuses into the bitumen. The 

N M R measured the shift in the signal as the solvent mix with the bitumen whereas the 

CT measured the change in density as the solvent diffuses both measurements can be 

easily correlated to the concentration. Concentration profiles were used to calculate 

diffusion coefficients; they used both an analytical method (Boltzmann-Mathano) and a 

numerical method. The diffusion coefficients were considered either as constants or as 

functions of solvent concentration. The fact that the methods provide measurements of 

the concentration profiles with time is a huge advantage since the Fick's second law is 

the relation between the change of concentration with time and distance as was show in 

the equation (2-2). Wen (2004) matched her profiles to an arbitrary polynomial or non

linear function and solved for the diffusivity. 

Salama and Kantzas (2005) and Salama (2006) used the X-ray CT to measure the 

diffusion of pentane, hexane, heptane and octane in heavy oil. The concentration 

gradients were obtained from analysis of bulk density maps as function of the location 

and time. They analyzed the data by means of Fick's second law using a similar 

procedure than that was presented by Wen (2004) and the Boltzmann-Mathano model. 

The diffusion was easily calculated in both forms dependent and independent of 

concentration. Additionally measurements of diffusion in presence of sand were reported. 






The Appendixes A and B includes tables for the diffusion coefficients of solvent 

heavy oil and bitumen found in the literature. 
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Chapter Three: Diffusion of liquid solvents: Theory and experimental 
measurements 

The injection of a miscible solvent in the reservoir implies a mass transfer process which 

is governed by the diffusion coefficient. Consequently the measurement of the diffusion 

coefficient is important. This, however, presents significant challenges in the laboratory 

and in the data analysis, mainly because of the viscous and opaque nature of the heavy oil 

and bitumen and the dependence of the diffusion coefficient on concentration. The 

Matano-Boltzmann method has been used in the past to obtain the concentration 

dependency of the diffusion coefficient of solvents in heavy oil. Although the method 

successfully shows that such dependency exists, the results exhibit abnormal trends. 

The Matano-Boltzmann method was first used by Oballa and Butler (1989). In order to 

use this method the concentration profile has to be determined and the Mathano interface 

calculated then the equation (3-1) has to be solved. 

Where c¡ can be any concentration between O and the concentration at the equilibrium ce. 

Equation (3-1) is a particular solution of the second Fick law (equation (2-2)). Although 

Oballa and Butler (1989) found that the diffusion coefficient depends on the 

concentration, the dependency does not resemble that of more simple hydrocarbons. The 

diffusion coefficient for toluene in Peace River bitumen (Oballa and Butler, 1989) can 

be observed in Figure 3.1. 

(3-1) 
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Figure 3.1: Toluene in Peace River bitumen (Oballa and Butler 1989) 

The same Matano-Boltzmann method used by Oballa and Butler (1989) was used by 

Wen and Kantzas (2005), Salama and Kantzas (2005a) and Salama (2006). Again they 

obtained a dependency of the diffusion coefficient on the concentration but experienced 

the same problems with the trend of the curve. It did not resemble the behavior observed 

in simple hydrocarbons. The diffusion coefficient for heptane in Cold Lake bitumen 

(Wen, 2004) is shown in Figure 3.2. It is clearly seen in Figure 3.2 that overall the 

diffusion coefficient decreases as the concentration of the solvent increases. However 

Salama (2006) obtained a different trend for the hexane in heavy oil system, the overall 

diffusion coefficient seems to increase as the concentration of the solvent increases in the 

system as can be appreciated in Figure 3.3. 
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Figure 3.2: Heptane in Cold Lake bitumen (Wen, 2004) 

It seems then that there is still not a clear idea of what can be expected in the case of 

diffusion coefficient as a function of concentration in solvent heavy oil and bitumen 

systems. It is advisable in these cases to observe less complex systems to have a better 

understanding of what can be expected. 
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Figure 3.3: Hexane in heavy oil (Salama, 2006) 

3.1 The diffusion of less complex hydrocarbons 

Due to the scarce understanding of the diffusion coefficient as function of concentration 

in complex hydrocarbons systems involving liquid hydrocarbon solvents in heavy oil and 

bitumen, there is a need to observe the results of previous works in less complex 

hydrocarbons such as n-alkanes to get a better idea of what can be expected. 

Surprisingly, the research and data for the diffusion coefficient as function of 

concentration even in less complex systems is also scarce. However there are some works 

that clearly show an insight on what the behavior of the diffusion coefficient with 

concentration should be. 

 - — 
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Works involving liquid n-alkanes have shown a consistent result. The diffusion 

coefficient increases as the composition of the component with higher self diffusion 

coefficient increases (Van Geet and Adamson, 1964; Bidlack and Anderson, 1964; 

Lo, 1974; Alizadeh and Wakeham, 1982; Marbach and Hertz, 1996; Marbach et al., 

1995; Hsu and Chen, 1998). For our particular case the solvent will always have higher 

self-diffusion coefficient that means the diffusion coefficient should increase with solvent 

concentration as was shown in Figure 3.3. However the trend in less complex systems 

does not exhibit the wavy behavior.  A n example of the behavior for a system of n-octane 

in dodecane (Van Geet and Adamson, 1964) can be observed in Figure 3.4. 

Although mutual diffusion coefficients remain poorly defined functions of composition 

(Reid et al., 2001) in simple and complex systems, they are bounded by data and by 

theory at both composition extremes. From theory the diffusion coefficient of a system is 

bounded by the self-diffusion coefficients of the components. The mutual diffusion 

coefficient cannot be higher than the highest self-diffusion coefficient or lower than the 

lowest self-diffusion coefficient. The green and blue dots in the Figure 3.4 mark the self

diffusion coefficient of each component, higher for the n-octane than the dodecane. The 

mutual diffusion coefficient lies between the two self-diffusion coefficients. The end 

points of the red curve mark the diffusion coefficients at infinite dilution. The infinite 

dilution coefficient D0

BA represents the diffusion of B (dodecane) in a medium consisting 

essentially of A (solvent-octane). Similarly D0

AB is the diffusivity of Ain essentially 

-
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pure B. At the same time, those boundaries can not be outside the zone that the self

diffusion coefficients of each component delimit. 
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Figure 3.4: n-octane in dodecane (Van Geet and Adamson, 1964) 

The self-diffusion coefficients of pure n-alkanes can be found in the literature (Van-Geet 

and Adamson, 1965) while the self-diffusion coefficients for the heavy oil or bitumen 

depend on composition. Values for close fluids like viscous lubricants, long alkane chains 

and bituminous compounds can be found in the literature (Hermansson et al., 1996; 

Sharma and Stipanovic, 2003; Desando et al., 1999; Harmandaris et al., 2002; Singer 

and Mitchell, 1997; Tripadus et al., 2004). 

Based on the work in less complex hydrocarbons we should expect at least an increasing 

diffusion coefficient with solvent concentration when working with heavy oil and 

-
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bitumen. The question is then why did in the past the diffusion coefficient remain a 

poorly defined function of composition? Aside from the fluids employed in the past 

works the other point in common is the model employed to obtain the diffusion 

coefficient the namely Matano-Boltzmann method. 

The Matano-Boltzmann method was conceived in 1933 (Matano, 1933). Since then 

additional methods to obtain the diffusion coefficient as function of concentration have 

been developed. Each method has its advantages and disadvantages (Hall, 1953; Balluffi, 

1960; Tsang and M a m m a r s t r o m . 1986; Kailasam et al, 1999; Stenlund, 2005). Many 

of them however assume a particular functional form for the diffusion coefficient in order 

to solve it (Shampine, 1973; Lin, 1979). Additionally the Matano-Boltzmann method 

was criticized due to the sensitivity that the results have on the determination of the 

Matano interface (Hall, 1953; Kailasam et al., 1999). Also it has been noticed that the 

method shows erroneous results when the diffusion lengths are small (Mitra et al., 1991). 

3.2 The slopes and intercepts analytical method 

Part of the probable solution to the anomalous trend obtained for the concentration

dependant diffusion coefficient may lay in the use of another method to obtain the 

diffusion coefficient. 

Hall (1953) in an examination of a semi-probability plot of concentration against distance 

suggested that an analytical solution for the diffusion coefficient can be easily obtained at 

-
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low concentrations of any of the components in the diffusion pair. His solution is 

presented in equation (3-2). 

D  - L + ^ ( « ^ ( « ) (3-2) 
Ah2 Ih2 v  r J 

His solution proves to be more accurate than the Matano-Boltzmann method at the 

extremes of the concentration profile where it was applied (Hall, 1953). 

Sarafianos (1986) showed that the Hall method could be easily extended at intermediate 

concentrations in order to establish an analytical expression determining variable 

diffusion coefficients over the whole concentration range. 

Starting from Fick's Second Law: 

dc d fDdc^ 

dt dx (2-2) 

The equation is solved assuming constant concentration at the interface and semi-infinite 

system. Making use of the following set of relations (3-3) to (3-7), equation (2-2) can be 

solved for the diffusion coefficient. A more in deep step by step explanation of the 

solution to the equation (2-2) is given by Sarafianos (1986). 

— = -erfc(u) 
ce 2 (3-3) 

 =
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erfciu)  \-erf(u) (3-4) 

u  hx + k (3-5) 

erf{u)  —¡JY fexp( -u2 )du 
TT * 

(3-6) 
O 

A X 

i4~t (3-7) 

Sarafianos (1986) derived the solution at the low concentration region and at the high 

concentration region and found that the solution was the same regardless the region of 

interest: 

At the intermediate compositions the variation of the concentration as a function of the 

penetration depth is not linear (Hall, 1956; Sarafianos, 1986). This means that the 

parameters h and k which may be constant in the regions of high and low concentrations, 

in the intermediate concentration are varying with distance. Therefore Sarafianos (1986) 

proposed that equation (3-8) can be used to solve at the intermediate concentration region 

i f the h and k at each point can be determined. 

(3-8) 

Then based on the above explanation the best way to approach the problem is first by 

fitting the data of u against x using a polynomial relation, and then derive the 

 =

 =

 =

 = 
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polynomial equation to obtain the values of h (slope) and k (intercept) using the relation 

given by equation (3-5). 

3.3 The diffusion of hexane, heptane and octane in heavy oil 

In order to test the slopes and intercepts model the data reported by Salama (2006) was 

re-analyzed using the Sarafianos technique. Salama (2006) obtained the concentration 

profiles for the diffusion of hexane, heptane and octane in heavy oil. Computed 

tomography was used to obtain the data. 

3.3.1 Experimental equipment and procedure 

In order to calculate the diffusion coefficient, the concentration profile of the solvent in 

the heavy oil should be known. For that matter X-ray CT is an attractive tool for 

measuring the properties of reservoir fluids in a non-intrusive way (Kantzas, 1990). The 

diffusion process was monitored using a GE9800 CT scanner (Salama, 2006). 

The X-ray CT scanner collects and reconstructs the data of x-ray transmission through a 

two-dimensional slice of an object, in this case the diffusion cell, to form cross-sectional 

images (CT images) without interference from overlaying and underlying areas of the 

object. The CT image represents the point-by-point linear attenuation coefficients in the 

slice, which depend on the physical density of the material (solvent, oil and mixture) the 

effective atomic number of the material under study and the x-ray beam energy. 

Substances with low atomic numbers absorb less X-ray radiation. The CT image is un-
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obscured by other regions of the test piece and is highly sensitive to small density 

differences (<1%) between structures (Li, 2004). 

The basic quantity measured in each pixel of a C A T image is the linear attenuation 

coefficient, Ac, which is defined from Beer's Law as (Vinegar, 1986): 

 exp(  Ac tp ) (3-9) 

The scanner produces a CT number array of each image (Kantzas, 1990).  CT attenuation 

data are normally presented in an internationally standardized scale called a Hounsfield 

unit, which is defined by air at -1000H and water at OH. These units are calculated using 

the following equation (Cromwell et al, 1984): 

C T n XOWxjAc-Ac») ( 3 1 0

The x-ray attenuation factors are also dependent on both bulk density and atomic number 

as shown in equation (3-11), hence the produced CT numbers are proportional to the 

density of the scanned sample. 

M  p{a + bZyi IEy2) (3-11) 

— =  

i _ ) 

= 
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A series of calibration tests for liquid and solid samples of known densities were 

performed, in order to correlate the CT numbers generated by the scanner to densities. In 

Figure 3.5 the calibration curves for liquid samples is shown. Using this calibration 

curve, the densities of the scanned samples can be back calculated. 

1200 i 1 
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Figure 3.5: Liquid calibration curve for the GE9800 CT scanner 

The oil used in these experiments had a density of 0.978 g/cm3 at 25°C. The hydrocarbon 

solvents considered here are hexane, heptane and octane. The experiments were 

conducted in sealed plastic and glass vials 125cm3 in volume (diameter: 4cm and height: 

10cm). The conditions of the experiments were atmospheric pressure and room 

temperature 25°C. The diffusion process was monitored using the GE9800 C A T scanner. 

The procedure for this set of experiments is as follows: 

1. The vial was filled with a predetermined amount of bulk heavy oil. 

2. The vial was then scanned. 
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3. Appropriate amount of a solvent was then added, and the vial was properly sealed to 

prevent solvent weight losses. 

4. The vial was then scanned every 30 minutes for the first three hours and then every 

three hours for at least seven days. 

A more detailed description of the experimental procedure can be found elsewhere 

( Salama. 2006) 

3.3.2 Diffusion coefficient calculation, results and discussion 

The concentration profiles were calculated using the densities obtained by the X-ray 

measurements using the following equation (Salama, 2006). 

Q  Pmix  Pb 

Psoi-Pb (3-12) 

The evolution with time for the concentration profile is shown in Figures 3.6 to 3.8 for 

the system hexane/heavy oil, heptane/heavy oil and octane/heavy oil respectively. Based 

on previous works there are three zones defined in the diffusion process (Sheikha et al., 

2005; Sheikha et al., 2006(b), Nguyen, 1997; Li-Sheng and Chang-Yu, 1997), first the 

early time period which can be identified by a lower slope in the curve of mass diffused 

against VF  Second the intermediate region which is bonded by the time were the slope 

changes in the curve mass diffused against Vr and the time at which the diffusive front 

reaches the physical boundary of the diffusion cell. And the third and last zone covers all 

the times after the physical boundary of the cell is reach and consequently, the 

assumption of infinite cell does not apply anymore. There is not mass diffused available 

for this experiment however times can be infer base on the previous works. It is been 

 _  ~ 

-
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highly recommended not to use the data of the early time zone because it may be affected 

from interface phenomena (Nguyen, 1997; Li-Sheng and Chang-Yu, 1997). The early 

time zone for heavy oil systems could be assumed to finish after the first 20 hours of the 

experiment based on the data published by Nguyen (1997). The slopes and intercepts 

cannot be applied in the third zone due to its main assumption of semi-infinite system. 

Therefore the analysis was performed in a profile taken between 24 and 30 hours for all 

systems. 

0 1 2 3 4 5 

Distance, cm 

Figure 3.6: Concentration profile for hexane in heavy oil 

Thus using the relations given by equations (3-3), (3-4) and (3-6) the value of u was 

calculated and plotted against distance, u is function of the concentration.  As for every 

concentration there is one distance, that means that for each u there is one value x, Thus 
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u as function of x was fitted with a polynomial equation and then by deriving it with 

respect to x and using the relation given by the equation (3-5) the values of h and k 

were calculated at each point and then used in equation (3-8). 

Distance, cm 

Figure 3.7: Concentration profile for heptane in heavy oil 

Figure 3.8: Concentration profile for octane in heavy oil 
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The value of the diffusion coefficient as function of concentration was obtained using the 

equation (3-8). The results for the n-hexane, n-heptane and n-octane in heavy oil were 

obtained using the profile at 28.15 hr. The results are sown in Figure 3-9 for the n

hexane, n-heptane and n-octane. The data was extrapolated from 0.8 to 1 solvent 

concentration. The model gave erratic behaviour at this interval because fluctuation in the 

measured density at high solvent concentration ratios. This fluctuation at high solvent 

ratio can be observed in the Figures 3.6 to 3.8. The fluctuation is occasioned at the 

interface due to the movement of the fluids inside the diffusion cell while scanning. 
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Figure 3.9: Diffusion coefficient for n-hexane, n-heptane and n-octane in heavy oil at 
25°C 
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The results for the diffusion coefficients shown in Figure 3.9 follow the same trend with 

concentration that was found by other researches in hydrocarbon mixtures (Van Geet 

and Adamson, 1964; Bidlack and Anderson, 1964; Lo, 1974; Alizadeh and 

Wakeham, 1982; Marbach and Hertz, 1996; Marbach et al., 1995; Hsu and Chen, 

1998). That means the higher the concentration of the component with greater self

diffusion coefficient, the higher the mutual diffusion coefficient. The diffusion 

coefficient is an increasing function with concentration of solvent. The values are in the 

same range as the values found by other authors for solvents-heavy oil systems (Wen 

and Kantzas 2005; Salama and Kantzas, 2005; Zhang and Shaw, 2007; Luo et al., 

2007). 

It is also clear from Figure 3.9 that the diffusion coefficient is higher for the system with 

the lighter n-alkane which is in agreement with previous works (Wen and Kantzas 

2005; Salama and Kantzas, 2005; Hsu and Chen, 1998). This is also in agreement with 

the fact that the self-diffusion coefficients of the n-alkanes decrease as the carbon number 

increases (Van-Geet and Adamson, 1965). 

The results obtained with the slopes and intercepts are close to the expected behaviour for 

diffusion in hydrocarbon binary systems. The theory predicts that the mutual diffusion 

coefficient should be bounded by the self-diffusion coefficients of the solvent and heavy 

oil. Table 3.1 presents the self-diffusion coefficients for the n-alkanes studied here and a 

range of what can be expected for the heavy oil self-diffusion coefficient base on 
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previous published data. There is clear from the Table 3.1 that the systems studied here 

agree with the expected behaviour in terms of the self-diffusion coefficient. 

Component Self-Diffusion Coefficient [cm2/s] 

n-hexane 4.23* IO"5 

n-heptane 3.49* IO"5 

n-octane 2.96* IO"5 

Heavy Oil / Bitumen 5+10^-9^0"* 

Table 3.1: Self-diffusion coefficients 

The slopes and intercepts method (S-I) was shown to be a powerful technique to obtain 

the diffusion coefficients dependent on concentration as can be observed in Figure 3.9, 

obtaining a much better performance than the Matano-Boltzmann method (B-M) 

(Salama, 2006). A comparison between the two methods for the n-hexane-heavy oil 

system is presented in Figure 3.10. 

The fluctuations with concentration for the diffusion coefficient disappear using the S-I 

method as shown in Figure 3.10. The methods differ considerably after a solvent 

concentration of 0.5 where the B - M method predicts a lower diffusion coefficient. 

Consequently there is a significant improvement in the results when we compared the 

data obtained in this work with the data obtained using the Matano-Boltzmann method 
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were no clear relation between diffusion and concentration was found (Salama and 

Kantzas, 2005). 
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Figure 3.10: Diffusion coefficient for the n-hexane/heavy oil system 

Additionally it is important to emphasize that processes which modelling depend on the 

diffusion coefficient such as simulations of enhance oil recovery process may be greatly 

affected by the value of the assumed diffusion coefficients (Das, 2005). For example in a 

process like the V A P E X usually the high concentration of solvent will dominate at the 

interface (Jiang, 1997), thus it is somehow correct to assume that the diffusion 

coefficient at infinite dilution can be used to model the process. However the modeling of 

processes that involve long diffusion distances and time contact, like, cyclic solvent 

injection (Lechtenberg et al, 1971; Lim et al, 1995; Miller et al, 1994), steam injection 
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assisted with solvent (Zhao, 2007) or gas flooding (Khatib et al., 1981) will need the 

incorporation of the whole diffusion coefficient spectra. 

Table 3.2 shows the diffusion coefficients at infinite dilution for the three systems studied 

here. 

System D0

AB [cm2/s] D0

BA [cm2/s] 

n-hexane/heavy oil 7.81*10"' 1.71*10° 

n-heptane/heavy oil 4.37*10"' 1.50* IO"5 

n-octane/heavy oil 2.98*10"' 1.36* IO"5 

Table 3.2: Diffusion coefficients at infinite dilution 
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Chapter Four: The diffusion of gases: Theory and experimental measurements 

The injection of gas solvents into the reservoir is an option for solvent based enhanced oil 

recovery techniques. The injection of liquid solvents can be very expensive while the use 

of gases as methane, C O 2 , and propane, can reduce those cost and surface separation of 

the solvent form the produce oil will be easier. 

The measurement of the diffusion coefficients for gases in heavy oil and bitumen has the 

same challenges that the measurement of the coefficient in liquid systems. In fact the 

laboratory measurements become more complicated in terms of avoiding any leaks, and 

the measurement of the concentration profiles become troublesome due to the slow 

diffusion rates and the dependency of the diffusion coefficient on the saturation (Schmidt 

et al, 1982). 

As mention earlier the diffusion coefficient to be considered constant there are three key 

factors that have to be achieved: 

1. The molecular diameter and shape of the molecules involved in the diffusion 

process should be similar. 

2. The inter-molecular forces should be negligible within the diffusing mixture. 

3. There should be a non reacting environment (no reactions between the diffusion 

pair or environment and non-association between the components). 
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The gas solvent/heavy oil system fulfils only the third condition (for the systems studied 

here) but there are some cases where asphaltene deposition can occur and then none of 

the above conditions would be reached (Luo et al., 2009). 

Although the pair of solvent/heavy oil can not be treated as a system with constant 

diffusion coefficient, most of the work in the literature accept it (Fu and Phillips, 1979; 

Denoyelle and Bardon, 1983; Rojas and Farouq Ali, 1988; Grogan et al., 1988; Das 

and Butler, 1996; Nguyen, 1997; Zhang et al., 1998, 2000; Tang, 2001; Civan and 

Rasmussen, 2002; 2006; Tharanivasan et al., 2004; 2006; Creux et al., 2005; Yang 

and Gu, 2005; 2006a; 2006b; Sheikha et al., 2005; 2006a; 2006b). 

Again there is scarce data available that consider the diffusion coefficient of gases in 

heavy oil or bitumen as composition dependant and in fact there are only three works in 

the literature (Schmidt et al., 1982; Das and Buttler, 1996; Upreti and Mehrotra, 

2000; 2002). Additionally the diffusion of gases in hydrocarbons in less complex systems 

not assuming constant coefficient are even less common with only two published works 

(Wang and Sun, 1997; Zabala et al., 2008) 

The propane in heavy oil and bitumen is one of the more important systems for the 

solvent base recovery processes, in spite of that there is only one work done in the 

determination of the concentration dependant diffusion coefficient. Therefore it is the 

great importance to produce additional data for this particular system. Here the diffusion 

of propane in heavy oil, extra heavy oil and bitumen will be studied. 
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In addition the injection of C O 2 in heavy oil reservoirs and bitumen is an option that has 

been explored for more than 30 years (Stright et al, 1977; Patton et al, 1980; Khatib, 

et al, 1981; Sanner et al, 1986; Luo et al, 2005). Works for diffusion of C O 2 as 

function of concentration for heavy oil and bitumen are only two (Schmidt et al, 1982; 

Upreti and Mehrotra, 2000). Therefore it is also important to obtain more data for the 

C O 2 systems not only because of the lack of it in the literature, but also because the 

applications involving C O 2 injection in very viscous oil reservoirs is increasing 

dramatically. 

4.1 Diffusion of propane and carbon dioxide in high viscous oil systems 

Das and Buttler (1996) use the data of V A P E X experiments in a Hele-Shaw cell to obtain 

empirical correlations of the diffusivities of propane in Peace River bitumen. The 

diffusivities were "assumed to decline exponentially with the viscosity". 

Figure 4.1 shows the diffusion coefficient for propane in Peace River bitumen. It is seen 

from the Figure 4.1 that the diffusion coefficient increases as the composition of solvent 

increases in the mixture, following the same trend obtained for liquid hydrocarbons. 

However in order to get the diffusion coefficient Das and Buttler (1996) assumed an 

exponential relation between diffusion and mixture viscosity. 
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Figure 4.1: Diffusion of propane in Peace River bitumen (Das and Butler, 1996) 

The diffusion of CO2 in bituminous and viscous oil systems has been studied since 1982. 

Schmidt et al. (1982) used a compartalized cell to measure the amount of mass diffusing 

in each compartment. They results are presented in Figure 4.2. It is clear that the 

diffusion coefficient decreases with mass diffusing in each cell, which also means that the 

diffusion coefficient decreases with the concentration of the CO2 in the bituminous phase. 

This behavior is the opposite of what has been observed in hydrocarbon solvents. 

Therefore the peak of maximum diffusivity is reached at low solvent concentrations 

instead of high. 

Upreti and Mehrotra (2000) obtained the diffusion coefficient for CO2 in Athabasca 

bitumen. They used an improved pressure decay model to obtain the diffusion coefficient 
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as function of concentration. Their results are shown in Figure 4.3. It is clear again that 

the diffusion coefficients decrease as the concentration of C O 2 increases. The maximum 

peak is reached quickly as the CO2 concentration raised and then decreases monotonically 

to a constant value. 
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Figure 4.2: Diffusion of carbon dioxide in Athabasca bitumen, 200°C and 4.8 Mpa in 
(Schmidt et al, 1982) 

The trend observed in systems involving CO2 is the total opposite from systems involving 

hydrocarbon solvents. Thus there is necessary to look for works of CO2 in less complex 

hydrocarbons. Wang and Sun (1997) measured the diffusion coefficient of CO2 in 

tetradecane. Their result follows the same trend observed in the works of Schmidt et al, 

(1982) and Upreti (2000). The diffusion coefficient diminishes as the concentration of 

CO2 increases. Zabala et al, (2008) used molecular simulation to obtain the diffusion 
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coefficient of CO7 in «-octacosane and found that the diffusion coefficient decrease as the 

concentration of the gas increases. 

Therefore there is an agreement in the experimental data and molecular simulation that 

the diffusion coefficient should decrease as the concentration of carbon dioxide increases 

in the hydrocarbon. 
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Figure 4.3: Diffusion of carbon dioxide in Athabasca bitumen, 25°C and 4.0 Mpa 
(Upreti, 2000) 

In the last chapter the slopes and intercepts method showed successfully the diffusion as 

function of the concentration and the results follow the same trend that has been observed 
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in less complex hydrocarbon systems. However in spite of the success of this technique it 

possesses a huge drawback imposed for the need of the concentration profile. 

For liquid hydrocarbons the relation given in the equation (3-12) was used to get the 

concentration profiles. However this relation is not recommended for gases in 

hydrocarbons. To measure the relation between density and composition for gases in 

viscous oil and bitumen will increase the amount of sample use, cost and time; in addition 

it is not an easy task. The CT scanner is able to give accurate density measurement 

(Kantzas, 1990). Thus this wil l be convenient to obtain the diffusion coefficient using 

the density profile. 

4.2 Non-iterative finite volume method (NIFVM) 

Chang et al; (2006) developed a finite volume approach for the inverse estimation of 

thermal conductivity in one-dimensional domain. Here the same method is used to 

convert the differential equation governing the mass diffusion into a system of linear 

equations in matrix form using the density data at the discrete grid points. The unknown 

diffusion coefficients are obtained by solving the system equations directly. 

The main advantages of the technique are that no prior information about the functional 

form of the diffusion coefficient is required and no iterations in the calculation process 

are needed. The fact that the method does not need previous knowledge of the functional 

form make it the perfect method to corroborate the result been obtained in the past for 

diffusion in systems with CO2. The accuracy and robustness of the method was showed 
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by Chang et al., (2006). The main disadvantages of the method are that is accuracy 

diminish with the decrease of measured points and with the error associated to the 

measurement. 

Thus starting from Fick's Second Law: 

Ea=—io-
dt dx I dx J 

(2-2) 

The equation can be written in terms of density as follows. 

dp oc f 

dt dp dx \ dx dp 
D dp dc 

(4-1) 

Here an important assumption has to be made in order to continue with the solution; 

because the functional form of the density with composition is unknown, a dependency 

has to be assumed in order to solve the equation. Here a lineal approach to this 

dependency was proposed based on the small composition gradients expected for the 

diffusion process of gases in heavy oil and bitumen.. Additionally support for this 

assumption can be found in Upreti (2000) where it is shown that the density of gas/heavy 

oil bitumen systems is well represented by a lineal equation as function of the original oil 

density and the gas content. 

Thus 



43 

dpô (Ddp\ 
dt dx V dx) 

(4-2) 

Now the medium domain is discretized with mesh size Axand time step At, grid 

pointsX1[  i X AX(Í  0,1, ...,NandN * Ax= 1) and tn  n* At(n  0,1,2,...). 

A P - I 
n 

P 
p+1 
n 

B 
U 
i - l 

U 
i i+l 

J 

Figure 4.4: Domain of the one dimensional mass transfer 

Assuming constant concentration in the boundary A and no flux condition in the 

boundary B. The discretization equations are as follows: 

Internal points 

Pi - PM Pi-\ 12 + \PM - Pi PM I 2  {Pi - Pi ) 
At (4-3) 

Boundary A 

{Pi -PAPA+ [PM ~Pi PMII = — [Pi ~Pi ) 
At 

Boundary B 

(4-4) 

=  =  =  =

 = — 
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Ax2 

ipr-p-) (4-5) 
Ai 

By arranging the discretization equations within the medium domain and at the boundary 

surfaces, the equations can be written in matrix form as Mx=b. Matrix M can be 

constructed from the discretization governing equations. Vector b is composed of the 

density measurement at specified grid locations along the medium and boundary 

conditions. The components of vector*: are the unknown diffusion coefficients. The 

diffusion coefficients can be obtained by solving the system of linear equations. 

In order to verify the accuracy of the model an initial prediction is performed in a 

synthetic system of known diffusion coefficient given by a polynomial function. The 

results shown in Figure 4.5 were compared against the slopes and intercepts method. It is 

seen from the figure that the finite volume method is able to get an accurate prediction of 

the diffusion coefficient as a function of the concentration. 
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Figure 4.5: NIFVM technique vs. slopes and intercepts technique 

4.3 Experimental equipment and procedure 

In order to calculate the diffusion coefficient, the density profile of the gas in the heavy 

oil should be known. For that matter X-ray CT was used. In this work, the diffusion 

process was monitored using a GE9800 CAT scanner. 

A series of calibration tests for samples of known densities were performed, in order to 

correlate the CT numbers generated by the scanner to densities. In Figure 4.6 the 

calibration curve is shown. Using this calibration curve, the densities of the scanned 

samples can be back calculated. 

° 
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Figure 4.6: Calibration curve for the GE9800 CT scanner 

Four different oils were used for this experiments (named N i , E2, M3 and L4) their 

densities ranges between 969kg/m3 and 1033 kg/m3 measured at atmospheric pressure 

and 23°C. Table 4.1 shows the density of the oil samples. Their viscosity variation with 

temperature is shown in Figure 4.7. Propane and carbon dioxide in gas phase were 

selected as the gaseous solvents. The experimental conditions for each experiment are 

detailed in Table 4.2. 

Property Nl E2 M3 L4 

Density, kg/m3 969 995 998 1033 
Table 4.1: Heavy oil and bitumen densities 

 - I 
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Figure 4.7: Viscosity with temperature for the heavy oil and bitumen samples 

The experiments were conducted in sealed aluminium cells (diameter: 5.1cm and height: 

10cm). The diffusion process was monitored using the GE9800 C A T scanner. A 

simplified schematic of the set-up is shown in Figure 4.8. The procedure for this set of 

experiments is as follows: 

1. Diffusion cell and all connections were pressurized with nitrogen and tested for 

leakage to 500psig. 

2. The viscous oil phase was transfer into the diffusion cell. 

3. The system was evacuated to extract air. 

4. Gas was injected into the system at atmospheric pressure. But not into the 

diffusion cell. 
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5. The remaining air from the diffusion cell was purged by introducing the test gas 

into the diffusion cell at atmospheric pressure and applying vacuum. This was 

repeated 5 times. 

6. The diffusion cell was filled with test gas at atmospheric pressure. The pressure 

was smoothly raised to a target experimental pressure of 0.62MPa for the propane 

and2.41MPafor C O 2 . 

7.  As the pressure in the diffusion cell decreased due to the diffusion process gas 

was supplied from the gas tank to keep the pressure constant. 

8. The cell was scanned every 6 hours for the first 12 hours and then every 12 hours 

until 48 hours. 

N l E2 M3 L4 

P,MPa T, 0C P, MPa T, 0C PMPa T, 0C P.MPa T, 0C 

Propane 0.62 23 0.62 23 0.62 23 0.62 23 

C O 2 N / A N / A 2.41 23 2.41 23 2.41 23 

Table 4.2: Experimental conditions 

t 
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Figure 4.8: Experimental set-up (simplified) 

4.4 Diffusion of propane: Results and discussion 

The density profiles were calculated using the densities obtained by the X-ray 

measurements. The evolution with time for the density profile is shown in Figures 4.9 to 

4.12 for diffusion in N i , E2, M3 and L4 respectively. Base on previous works (Nguyen, 

1997; Wang and Sun, 1997; Sheikha et al., 2005; Sheikha et al., 2006(b)) it is assumed 

that the early time zone will finish after the first 20hours. 



50 

980 T 

920 I , , , , J 
0 0.4 0.8 1.2 1.6 2 

Distance,  cm 

Figure 4.9: Density profile for propane in heavy oil (Ni) 
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Figure 4.10: Density profile for propane in extra-heavy oil (E2) 
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Figure 4.11: Density profile for propane in extra-heavy oil (M3) 
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Figure 4.12: Density profile for propane in bitumen (L4) 
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From Figures 4.9 to 4.12 we can observe how the density profile becomes more concave 

as the viscosity of the viscosity and density of the original oil phase increases. This is 

caused because of a higher decrease in density with concentration as the density of oil 

increases, similar to the effect caused by the temperature in the oil. It is clear that the 

biggest change in density occurs in the bitumen and the smallest change in the heavy oil. 

It can be observed that there is a big change in the profile measure at 12 hours and the 

one measured at 24 hours for all the systems studied here. This change is caused by what 

was called the early time zone. This early time zone is affected by interfacial effects and 

diffusion resistance; that is why is not recommended to use the data prior to 24 hours to 

obtain the diffusion coefficient. 

Using the equations (4-2) to (4-5) and the density profiles of the studied systems shown 

in Figures 4.9 to 4.12, the diffusion coefficients in function of the concentration were 

obtained. The results are presented in the Figures 4.13 and 4.14 for the N1-E2 and M3-L4 

systems. 

It is clear that the diffusion coefficients follow a similar trend in the systems containing 

heavy oil and extra-heavy oil, although the change with concentration decreased as the 

viscosity in the oil phase increases. This behavior is caused because the maximum 

solubility decreases as the oil phase becomes more viscous (Luo et al., 2009., 

Badamchi-Zadeh et a.,, 2009) therefore there is less change in concentration as there is 
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less solvent absorbed and consequently the effects are not as strong as in less viscous 

systems. 
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Figure 4.13: Diffusion coefficient vs. concentration for propane/heavy oil systems 

The behavior in the bitumen is a slightly different as can be appreciated in Figure 4.14 for 

the L4 system. The diffusion coefficient can be considered almost constant for 

concentrations beyond 0.5 C/Ce. The concavity of the curve for the L4 seems to change 

when compared to the other studied systems. However the change is not that much in the 

concavity but in the fact that the diffusion coefficient does not increase at high values of 

concentration. 

Additionally there is a significant difference in the diffusion coefficient at infinite 

dilution for the propane in bitumen when compared to the less viscous systems; this is 

 

"  
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caused by the small value of the self-diffusion coefficient in bitumen when set again 

more fluid phases. 

3.E-06 

O.E+00 

Figure 4.14: Diffusion coefficient vs. concentration for propane/extra-heavy oil
bitumen systems 

It is important to notice that there is a major decrease in the diffusion coefficient as the 

viscosity of the oil increases. The difference between the L4 system and the  N l is of two 

orders of magnitude. 

The diffusion coefficients at the maximum concentration are shown in Table 4.3. The 

coefficients follow the same trend as observed in the liquid systems shown in Table 3.2. 

Higher end diffusion coefficient De

B

n

A

d (diffusion coefficient at maximum solvent 

concentration in the system) in the system with overall lower viscosity. 
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System D0

AB [cm2/s] DZD [cm2/s] 

propane/Nl 4.0*10"' 6.8*10"b 

propane/E2 2.1*10"' 4.3* IO"0 

propane/M3 1.8*10"' 2.3*10"b 

propane/L4 5.0*10'y 3.1*10"' 

Table 4.3: Diffusion coefficients at infinite di ution for propane in oil 

4.5 Diffusion of carbon dioxide: Results and discussion 

The density profiles were calculated using the densities obtained by the X-ray 

measurements. The evolution with time for the density profile is shown in Figures 4.15 

to 4.17 for diffusion in E2,  M3 and L4 respectively. The early time zone is assumed to 

finish after the first 20 hours. 
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Figure 4.15: Density profile for carbon dioxide in extra-heavy oil (E2) 
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Figure 4.16: Density profile for carbon dioxide in extra-heavy oil (M3) 
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Figure 4.17: Density profile for carbon dioxide in bitumen (L4) 
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From Figures 4.15 to 4.17 we can appreciate the density profile from carbon dioxide 

diffusion in extra-heavy oil and bitumen. The profile is concave downwards for all the 

systems studied here. This behavior differs from the upward concave profiles of the 

propane in the same oils Figures 4.9 to 4.12. 

It is clear that the change with time for the density profiles is smaller than the change for 

the propane system. This is an early indication of slower diffusion process and supported 

by the fact that the diffusing distance is also smaller. 

The fluctuations observed in the measured densities are caused by the small distance 

diffused. Fortunately the GE9800 CAT scanner can give a resolution of 0.05cm that 

allows getting enough data to calculate the diffusion coefficient by running the 

experiment for just 48hours. To solve the fluctuation problem all profiles were fitted to a 

polynomial function before using the finite volume method. 

Using the equations (4-2) to (4-5) and the density profiles of the studied systems Figures 

4.15 to 4.17, the diffusion coefficients in function of the concentration were obtained. 

The results are presented in the Figure 4.18. 
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Figure 4.18 Diffusion coefficient vs. concentration for carbon dioxide/extra-heavy oil 
 bitumen systems. 

The diffusion coefficient of C O 2 in extra heavy oil and bitumen has a complete opposite 

trend that the one for propane in the same oils. The diffusion coefficient of CO2 decreases 

as its concentration increases in the system. This same behavior was observed by Schmidt 

et al, (1982), Wang and Sun. (1997), Upreti (2000) and Zabala et al, (2008). There is 

also a very distinctive peak at low values of concentration in all the studied systems, this 

same peak was observed by Upreti (2000). The value of the peak increases as the original 

viscosity of the oil decreases. Additionally the peak appears at lower concentration values 

for the less viscous oils. 

-
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It is important to notice that the diffusion coefficient although overall decreases with 

concentration it tends to became constant and this constant behavior appears faster in the 

less viscous systems. This behavior was observed again by Upreti (2000), as shown in 

Figure 4.3. 

For the L4 system the propane diffusion coefficient can be considered almost constant at 

medium to high values of concentration, while for the C O 2 that assumption could not be 

made since the diffusion coefficient shows a lineal decreasing behavior at medium to 

high concentrations. 

The diffusion coefficients at the end points of the curve for the systems CO2Zheavy oil

bitumen are in agreement with the literature. The highest end point diffusion coefficient 

is for the low viscosity heavy oil while the lowest is for the bitumen. The end point 

diffusion coefficients are shown in Table 4.4. Where A represents the C O 2 and B 

represents the oil phase. 

System D0

AB [cm2/s] DZD [cm2/s] 

C0 2 /E2 1.1 * 10 8 6.8*10"8 

C 0 2 / M 3 1.0* IO"8 4.3* IO"8 

C 0 2 / L 4 7*10"y 9.9* IO v 

Table 4.4: Diffusion coefficients at infinite dilution for carbon dioxide in oil 

-
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4.6 Implications in modelling and simulation 

The results presented here of interest not just for the proper characterization and 

understanding of any carbon dioxide or propane based process but also to acquire better 

knowledge of the diffusion processes in heavy oil and bitumen systems. 

Among the solvent based enhance oil recovery processes, cyclic solvent injection and 

V A P E X , are the most used techniques and the ones with the most promising future 

respectively. 

The cyclic solvent injection is a process characterized by a large diffusion zone (several 

meters around the wellbore) and a large contact time since the solvent will be in contact 

with the oil phase during the whole soaking time, which can vary from days to months. 

Therefore based on the results obtained in chapters three and four an important and 

significant difference between the C O 2 based processes and the hydrocarbon solvent 

based ones arises in terms of the proper value of the diffusion coefficient in order to 

perform a modeling or reservoir simulation of the process. A process like hexane cyclic 

injection in a heavy oil reservoir needs to be modeled taking into account the whole 

spectra for the diffusion coefficient with concentration. The same process but with C O 2 

as solvent can be modeled assuming a constant diffusion coefficient since the diffusion 

became constant at values beyond 0.07C/Ce for low viscous heavy oil systems. Table 4.5 

presents the functional form that the diffusion coefficient may take for cyclic solvent 

injection based on the solvent nature, oil phase viscosity and the physics of the process. 
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On the other hand the V A P E X process is characterized for its narrow diffusion zone and 

for its renewing interface due to oil production (Jiang, 1997). Those two factors lead to 

fact that the mixing zone will be dominated by high solvent concentrations. Therefore  i f 

an extra-heavy oil reservoir undergoes a V A P E X process, the assumption of constant 

diffusion coefficient can be made for the C O 2 solvent systems since the diffusion 

coefficients became constant at high values of concentration, Figures 4.3 and 4.17. If the 

same process is performed with a hydrocarbon solvent for example propane the same 

assumption can be made and the diffusion coefficient at the maximum solvent 

concentration can be used or a lineal function that relates high concentration values to the 

diffusion coefficient can be used. Table 4.5 presents the functional form that the diffusion 

coefficient may take for V A P E X processes based on the solvent nature, oil phase 

viscosity and the physics of the process. 

Oil Phase 

Cyclic solvent injection VAPEX 

Oil Phase Hydrocarbon 

solvent 
Carbon Dioxide 

Hydrocarbon 

solvent 
Carbon Dioxide 

Heavy oil Full spectra N/A Constant I Lineal Constant 

Extra heavy oil Full spectra Constant Constant I Lineal Constant 

Bitumen Constant I Lineal Constant / Lineal Constant Constant I Lineal 

Table 4.5: Functional form of the diffusion coefficient for enhance oil recovery 
modelling 
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Chapter Five: Diffusion coefficient: A theoretical calculation 

5.1 Introduction 

A n important part of any experimental work is the derivation of theoretical models to 

predict the data obtained in the laboratory. The derivation or validation of a model is 

important in order to use it to perform predictions, save money and time. 

There are several correlations available for the prediction of the diffusion coefficient and 

those can be divided into two classes, in the first class theoretical correlations based on 

the works of Einstein and Eyring. In the second class correlations based on empirical 

works, although empirical they are very similar to those derived theoretically specially 

those of Eyring (Kamal and Canjar, 1962). 

The Einstein's approach is based on the kinetic theory and Brownian motion, the Stokes

Einstein equation (5-1) is maybe the most familiar equation to predict in a theoretical way 

the diffusion coefficient. However this equation is most suitable for the prediction of the 

infinite dilution coefficients instead the mutual diffusion as it does not predict diffusion 

with concentration. 

RT 
D A B T (5-1) 

6nfiBrA 

The Eyring work employs the hole theory for the liquid state and the activation energy to 

obtain an expression for the diffusion coefficient. However most of the assumptions of 

-

= 
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the Eyring theory are in contradiction with the experimental facts of liquids as was shown 

by Hildebrand (1971,1978). 

In addition to the works of Einstein and Eyring, the use of thermodynamics to predict the 

diffusion coefficient has become an important theoretic ramification. Teja (1985) 

proposed a generalized procedure to predict diffusion coefficients by use a generalized 

corresponding states principle. Mehrotra et al, (1987) used Teja's procedure to predict 

the diffusivity of C O 2 into bitumen and found that the model predicts an increasing 

diffusion coefficient with concentration which is the opposite from what is now known 

from experimental data. This has been the only attempt to calculate the diffusion 

coefficients in systems involving bitumen. Another thermodynamic model to predict 

diffusion coefficients was presented by Hsu and Chen (1998). They developed a 

correlative UNIDIF model using statistical thermodynamics and the absolute reaction rate 

theory. The model proved to be good to predict results in binary alkanes mixtures. 

However its application to complex systems such as reservoir fluids is almost impossible 

due to the extensive amount of molecular parameters involved. 

The empirical correlations have shown good results in the calculation of D especially in 

simple and non-hydrocarbon systems (Reid, 1987). 

The Wilke-Chang (1955) equation is the best know correlation for the prediction of D. 

However the equation was developed just for diluted systems and at lower viscosities 

which is far from the environment found in bitumen reservoirs. Mehrotra et al, (1987) 
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compared the Wilke-Chang equation with other correlations and showed poor results. 

The same observation was made also by Hayduk and Cheng (1971). 

In most of the available correlations the viscosity of the system is one of the important 

variables  i f not the only one. Hayduk and Cheng (1971) showed the simplest relation 

between viscosity and diffusivity: 

D  GJUB (5.2) 

Where G and B are constants that depend on the diffusing component and JU is the oil 

viscosity. Hiss and Cussler (1973) presented a particular equation that has the same form 

that equation (5-2). The equation was derived for hydrocarbon systems with a moderate 

high viscosity. 

However because it was shown that the diffusion of the solvents studied here is a strong 

function of the concentration it is imperative to use a method that allows the inclusion of 

such dependency. In the literature several models have been reported (all with different 

grades of success) aside from Tej a's to predict the diffusion coefficient taking into 

account the concentration of the components. However all those models have been made 

based on simple fluids (Van-Geet and Adamson, 1964; Vignes, 1966; Leffler and 

Cullinan, 1970; Dullien and Asfour 1985; Li and Yue, 1990; He, 1995). 

 =
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5.2 The Vignes equation 

It is important to state at this point that the data for the prediction of the diffusion 

coefficient is limited in terms of the data available from the heavy oil and bitumen. 

Additional experimental work to determine additional data such as molecular volume, 

boiling point, molecular weight and molecular diameters will be as hard to get as the 

experimental calculation of the diffusion coefficient itself. Thus the model will be chosen 

based on its capabilities to predict the diffusion coefficient in simple hydrocarbon 

systems and in its simplicity based on the entry data such as density, viscosity, or self

diffusion coefficients. 

From the models mentioned above to calculate the diffusion coefficient as function of 

concentration the Vignes' equation (equation 5.3), was chosen to make the predictions 

based on the good performance that has been reported for n-alkanes mixtures (Vignes, 

1966, Dui lien, 1971; Hsu and Chen, 1998; Medvedev and Shapiro, 2004; Bosse and 

Bart, 2006) and its simplicity. 

The diffusion coefficients at infinite dilution are used here as entry data. Additionally the 

variation of the thermodynamic activities is included to represent the departure from 

ideality of the solution. If the solution is assumed ideal the thermodynamic correction 

factor can be assumed equal to one. Due to the lack of thermodynamic data from the 

studied systems here the thermodynamic parameter will be assumed equal to 1 from now 

(5-3) 

-
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on. It is important to take into account that the Vignes model is empirical and that the 

thermodynamic parameter may or may not express the real deviation from ideality of the 

system. 

In order to calculate the diffusion coefficients using the Vignes equation, the diffusion 

coefficients at infinite dilution presented in Tables 3.2, and 4.3.Calculation for the carbon 

dioxide systems was not performed because it was evident from the data in Table 4.4 and 

the equation (5-3) that the calculated diffusion coefficient will be an increasing function 

with concentration. 

The results for the n-hexane, n-heptane and n-octane in heavy oil are presented in Figure 

5.1. 

1.81E-05 

1.61E-05 

2.10E-06 

1.00E-07 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

• n-hexane 
• n-heptane 
* n-octane 

-e  n-hexane • Vignes 
e  n-heptane  Vignes 

-e  n-octane Vignes 

0.9 

Solvent Concentration [Fraction] 

Figure 5.1 Predictions using the Vignes' model for hydrocarbon solvents in heavy oil 
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It can be seen clearly from the Figure 5.1 that the prediction of the diffusion coefficient 

using the Vignes model was successful. This is the first time in the literature that a 

prediction of the diffusion coefficient as a function of the concentration in heavy oil 

systems has reached that degree of accuracy. There has been only one additional attempt 

to do it (Mehrotra et al., 1987) and the predictions showed low success when compared 

against the experimental data. 

The Vignes model seems to slightly under predict the diffusion coefficient for the n

hexane and n-heptane but reached accuracy in the n-octane system. The assumption of 

thermodynamic parameter equal to 1 did not affect negatively the calculations or at least 

that is what can be appreciated in Figure 5.1. 

At this point it is important to introduce the coefficient of determination R2, which in 

this case means the proportion of the variation in the diffusion coefficient that is 

accounted by the variation in concentration. This gives information about the goodness 

of fit of a model, and it tells how well the regression line approximates the real data 

points. R2 varies between 0 and 1, zero meaning not relation between the correlation and 

the measure points and one indicating that the regression line perfectly fits the data. 

Normally a model with R2 >0.9 means good model and i?2<0.5 is an indication of an 

unacceptable model. 

The R2 for the systems in Figure 5.1 are close to the unity. The values for the R2 are 

presented in the Table 5.1. 

-
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System R2 at dina,/a In ¢,,=1 

n-hexane/heavy oil 0.986 

n-heptane/heavy oil 0.965 

n-octane/heavy oil 0.997 

Table 5.1: Coefficient of determination for the Vignes' model: case of liquid 
hydrocarbons 

It is clear from the Table 5.1 that the Vignes' equation is a very good model to predict the 

diffusion coefficients in heavy oil and liquid hydrocarbon solvent systems, the values for 

R show that the fit between the correlation and the experimental data is almost perfect 

and there is not much deviation. The best fit was obtained for the n-octane while the n

heptane was the least good. However all the R2 values are in very close range meaning 

that the equation is equally good for all of the studied systems. 

The Vignes model was applied to the diffusion of propane in heavy oil, extra-heavy oil 

and bitumen. The results are shown in Figure 5.2. 

The Figure 5.2 shows again that the Vignes equation predicts the diffusion coefficient 

quite well for the less viscous system, as the viscosity increases the Vignes accuracy 

diminishes. As the viscosity increases also the non-ideal behaviour of the mixture 

increases. The system at molecular level becomes more heterogeneous. Here the 

inclusion of the activity correction factor could be the key to improve the predictions of 

-
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the Vignes method. However there is not a proof that the inclusion of this parameter will 

lead to a better correlation. Nevertheless the prediction can be considered good for the 

systems N I , E2 and M3. The coefficient of determination is presented in Table 5.2. 
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Figure 5.2 Predictions using the Vignes' model for propane in heavy oil and 
bitumen 

It is clear from Table 5.2 that the ability of the Vignes equation to predict the diffusion 

coefficient diminishes as the viscosity of the oil phase increases. Therefore the Vignes 

model is not recommended to be used in bitumen. Its capabilities in the extra-heavy oil 

systems are still good but are accuracy decreases as the viscosity increases. The model is 

highly recommended to be use for systems involving solvent hydrocarbons and heavy oil 

as can be appreciated from Tables 5.1 and 5.2 . 

— 
— 

-
— 
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System R2 at a In aA/d\ncA=l 

Propane/Nl 0.994 

Propane/E2 0.923 

Propane/M3 0.832 

Propane/L4 0.000 

Table 5.2: Coefficient of determination for the Vignes' model: Propane in heavy oil 
and bitumen 

5.3 The Vignes equation in simulation 

The Vignes equation is an impressive tool to obtain the diffusion coefficient as function 

of the concentration for systems involving hydrocarbon solvents and heavy oil/extra 

heavy oil. Thanks to its good performance this equation can be incorporated into every 

day reservoir simulation to obtain the adequate concentration profiles. 

It is important to see what is the effect of using a constant diffusion coefficient and the 

Vignes equation on the prediction of the concentration profiles. To perform this 

comparison the diffusion equation (2-2) was solved using the Vignes equation as the 

function for the diffusion coefficient and compared against the average diffusion 

coefficient (average of the function), the infinite dilution coefficients and the 

experimental profiles obtained for n-hexane, n-heptane and n-octane. Figures 5.3 to 5.8 

shown the results obtained in the simulations. To perform the simulations the software 
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F E M L A B 3.1 was used. This software solves the diffusion equation (2-2) using finite 

differences. 
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Figure 5.3: Simulated profile, hexane 3.15hr 
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Figure 5.6: Simulated profile, heptane 28.15hr 
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Figure 5.7: Simulated profile, octane 3.15hr 
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Figure 5.8: Simulated profile, octane 28.15hr 
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It is clear from Figures 5.3 to 5.8 that the best fit is reached when the Vignes equation 

was used to perform the simulations. At short times the difference may appear not as 

significant  i f a good constant diffusion coefficient is selected as can be seen in Figures 

5.3, 5.5 and 5.7 were the best fit for constant diffusion coefficients is given by the 

average D, although is still far from the results reached using the Vignes equation. For all 

the systems studied here the average diffusion coefficient was the one with the second 

best fit. The average coefficient corresponds to the diffusion coefficient given by a 

concentration around 80% for all systems. However the error of using a constant 

diffusion coefficient increases with time. Additionally the particular shape that the 

experimental profile has is only modeled by the concentration dependent diffusion 

coefficient. 
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Chapter Six: Conclusions and recommendations 

6.1 Conclusions 

In this study the diffusion coefficient of hydrocarbon solvents and carbon dioxide in 

heavy oil and bitumen was measured and the results allowed the validation of a predictive 

model. The following conclusions can be drawn from the studies described in this work. 

1. The slopes and intercepts and the non-iterative finite volume method (NIFVM ) 

were applied to obtain the diffusion coefficient from density profiles. Both 

methods successfully obtain the diffusion coefficient. The N I F V M allows the 

determination of the diffusion directly from the density profile without the need to 

convert it to concentration profile, providing a lineal relation between density and 

concentration can be assumed. The anomalous trend obtained for the diffusion 

coefficient in the past when using the Matano-Boltzmann method disappears with 

these two methods at times between 20 and 30 hours and the new results agree 

with literature trends in less complex hydrocarbons. 

2. The mutual diffusion coefficient in heavy oil/n-alkanes systems is a strong 

function of concentration and can vary as much as two orders of magnitude 

between extremes. However the dependency on concentration for the diffusion 

coefficient diminishes as the viscosity of the oil phase increases, becoming almost 

constant for bituminous fluids. 
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3. The diffusion coefficients in systems involving hydrocarbon solvents follow the 

same trend of simpler hydrocarbon systems, where the diffusion coefficient 

increases as the composition of the component with higher self-diffusion 

coefficient increases in the system. The diffusion coefficients are well bounded by 

self-diffusion coefficients of the diffusing components as predicted from theory. 

4. The diffusion coefficient of carbon dioxide in heavy oil and bitumen follows a 

decreasing trend as the composition of carbon dioxide increases. This behaviour 

agrees with previous published data for similar systems and with data from 

systems involving the diffusion of carbon dioxide in n-alkanes. The diffusion 

coefficients are well bounded by self-diffusion coefficients of the components as 

predicted from theory. 

5. The Vignes equation was used to perform predictions of the diffusion coefficient 

on the studied systems. The model successfully predicts the diffusion coefficient 

of liquids and gas hydrocarbon solvents in heavy oil and extra heavy oil. However 

it is not able to accurately predict diffusion coefficients in systems involving 

bitumen. The overall capability of the model decreases as the viscosity increases. 

6. Simulations using the Vignes equation showed that in order to reproduce the 

experimental concentration profiles the diffusion coefficient needs to be modeled 

as concentration dependant. Although a constant value for the diffusion 
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coefficient can perform a basic approximation to the concentration profiles only at 

short times. 

7. Although the diffusion coefficient is function of the concentration for the systems 

studied here, a constant diffusion coefficient can be assumed to perform reservoir 

simulation of enhance oil recovery processes in certain special cases, depending 

on the fluids involved in the diffusion process and the physics of the recovery 

process itself. 

8. The high resolution of X-ray imaging allows to obtain the density profile of a 

solvent in a heavy oil or bituminous fluid accurately every 0.05cm. This high 

resolution saves time as there is no need to wait for higher times to get a readable 

density profile and saves sampling as fewer samples are needed to get a proper 

profile. 

6.2 Recommendations 

This study was performed with the objective of providing data and understanding of the 

diffusion process in high viscous fluids in order to model and characterize solvent based 

enhanced oil recovery processes. In this regard the following recommendations are made 

for future research. 

1. The pressure and temperature effects should be investigated in order to improve 

the understanding of the diffusion mechanisms. 
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The study of diffusion of a multi-component solvent (e.g propane + carbon 

dioxide) should be analyzed using the methodology and models presented here to 

observe the changes in the diffusion coefficient and the predictive behaviour of 

the Vignes model. 

A proper model to predict carbon dioxide diffusion coefficients has to be 

validated in order to provide a valuable tool for reservoir simulations and save 

time and money in experimental measurements. 

A predictive model for the infinite dilution coefficients has to be developed in 

order to use the Vignes equation without the measurement of experimental 

diffusion coefficients. 
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APPENDIX A: 

93 

DIFFUSIVITY VALUES: DIFFUSIVITY OF C O 2 IN HEAVY 

OIL AND BITUMEN SYSTEMS. 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[IO9 mA2/s] 
Reference 

Aberfeldy Rojas and 

heavy oil 1032 23 5.5 3.59 Farouq A l i 

cp at 23 c (1988) 

Aberfeldy Rojas and 

heavy oil 4681 23 5.5 2.56 Farouq A l i 

cp at 23 c (1988) 

Athabasca 

Bitumen 
19.5 4.8 1.21 

Schmidt et al 

(1982) 

Athabasca 

Bitumen 
23 4.9 0.307 

Schmidt et al 

(1982) 

Athabasca 

Bitumen 
27 4.8 0.243 

Schmidt et al 

(1982) 

Athabasca 

Bitumen 
200 4.8 5 

Schmidt et al 

(1982) 

Athabasca 

Bitumen 

361700 cp at 
20 5 0.279 

Schmidt 

(1988) 

exp T 

Athabasca 

Bitumen 8360 

cp at exp T 

50 5 0.5 
Schmidt 

(1988) 

Athabasca 

Bitumen 1010 

cp at exp T 

75 5 0.71 
Schmidt 

(1988) 



94 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Athabasca 

Bitumen 221 

cp at exp T 

100 5 0.92 
Schmidt 

(1988) 

Athabasca 

Bitumen 72.2 

cp at exp T 

125 5 1.15 
Schmidt 

(1988) 

Athabasca 

Bitumen 3.12 

cp at exp T 

150 5 1.41 
Schmidt 

(1988) 

Athabasca 

Bitumen 1.65 

cp at exp T 

175 5 1.55 
Schmidt 

(1988) 

Athabasca 

Bitumen 1 cp 

at exp T 

200 5 1.75 
Schmidt 

(1988) 

Maljamar 

Stock-tank 
25 5.2 2 

Grogan et al 

(1988) 

Denoyelle 

Stock tank oil 66 15 3 and Bardon 

(1984) 

Denoyelle 

Stock tank oil 75 15 8.8 and Bardon 

(1984) 

Denoyelle 

Stock tank oil 80 15 4.6 and Bardon 

(1984) 



95 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 603 

cPat21 Cand 

0.101 Mpa 

57.1 6.89 25.45 
Nguyen 

(1997) 

Heavy oil 

1058 cP at 21 

C and 0.101 
57.1 6.89 7.29 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
21 0.69 1.26 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

Cand 0.101 
21 1.38 1.65 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
21 2.07 2.06 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
21 3.45 2.43 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
21 5.17 2.74 

Nguyen 

(1997) 

Mpa 



96 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Heavy oil 

1842 cPat21 

C and 0.101 
21 6.89 1.06 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
21 8.62 1.18 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
21 10.34 1.08 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57 0.69 2.36 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57 2.07 3.82 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57 3.45 4.61 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57 6.89 6.14 

Nguyen 

(1997) 

Mpa 



97 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 

1842 cPat21 

C and 0.101 
57 10.34 7.27 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

Cand 0.101 
57 13.79 8.41 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57 17.24 9.08 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
65.4 0.69 2.81 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
65.4 2.07 4.44 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
65.4 3.45 5.59 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

Cand 0.101 
65.4 6.89 7.53 

Nguyen 

(1997) 

Mpa 



98 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 

1842 cPat21 

C and 0.101 
65.4 10.34 8.4 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
65.4 13.79 9.59 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
65.4 17.24 11 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
79.3 0.69 3.57 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
79.3 2.07 5.41 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
79.3 3.45 6.73 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
79.3 6.89 9.17 

Nguyen 

(1997) 

Mpa 



99 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Heavy oil 

1842 cPat21 

C and 0.101 
79.3 10.34 11.57 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
79.3 13.79 12.81 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

Cand 0.101 
79.3 17.24 13.68 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
93.2 0.69 4.68 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
93.2 2.07 6.77 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
93.2 3.45 8.19 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
93.2 6.89 10.6 

Nguyen 

(1997) 

Mpa 



100 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Heavy oil 

1842 cPat21 

Cand 0.101 
93.2 10.34 13.1 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

Cand 0.101 
93.2 13.79 15.11 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
93.2 17.24 16.9 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

Cand 0.101 
21 0.69 0.415 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
21 2.07 0.649 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cP at 21 

C and 0.101 
21 3.45 0.783 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

Cand 0.101 
57.1 0.69 0.78 

Nguyen 

(1997) 

Mpa 



101 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 

3607 cP at 21 

C and 0.101 
57.1 2.07 1.21 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
57.1 3.45 1.5 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cP at 21 

C and 0.101 
57.1 6.89 2.12 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
57.1 10.34 2.42 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
57.1 13.79 2.78 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
57.1 17.24 2.92 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cP at 21 

C and 0.101 
65.4 0.69 0.97 

Nguyen 

(1997) 

Mpa 



102 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 

3607 cPat21 

C and 0.101 
65.4 2.07 1.4 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

Cand 0.101 
65.4 3.45 1.69 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

Cand 0.101 
65.4 6.89 2.35 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
65.4 10.34 2.91 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

Cand 0.101 
65.4 13.79 3.38 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cP at 21 

C and 0.101 
65.4 17.24 3.58 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
79.3 0.69 1.17 

Nguyen 

(1997) 

Mpa 



103 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 

3607 cPat21 

Cand 0.101 
79.3 2.07 1.74 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

Cand 0.101 
79.3 3.45 2.13 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
79.3 6.89 2.84 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
79.3 10.34 3.38 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
79.3 13.79 3.93 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
79.3 17.24 4.41 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
93.2 0.69 1.41 

Nguyen 

(1997) 

Mpa 



104 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Heavy oil 

3607 cPat21 

C and 0.101 
93.2 2.07 2.46 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
93.2 3.45 2.88 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cP at 21 

C and 0.101 
93.2 6.89 3.62 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cP at 21 

C and 0.101 
93.2 10.34 4.26 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
93.2 13.79 4.87 

Nguyen 

(1997) 

Mpa 

Heavy oil 

3607 cPat21 

C and 0.101 
93.2 17.24 5.02 

Nguyen 

(1997) 

Mpa 

Heavy oil 

15402 cPat21 

C and 0.101 
57.1 6.89 0.49 

Nguyen 

(1997) 

Mpa 



105 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[IO9 mA2/s] 
Reference 

Heavy oil 

5000 cPat21 

Cand 0.101 
21 0.347 4.8 

Zhang et al 

(2000) 

Mpa 

S Y N Bitumen Upreti and 

821000 cPat 25 4 0.1335 Mehrotra 

25 C (2002) 

S Y N Bitumen Upreti and 

106000 cP at 50 4 0.2338 Mehrotra 

40 C (2002) 

S Y N Bitumen Upreti and 

4320 cP at 70 75 4 0.3739 Mehrotra 

C (2002) 

Upreti and 

S Y N Bitumen 90 4 0.428 Mehrotra 

(2002) 

S Y N Bitumen Upreti and 

106000 cPat 50 8 0.398 Mehrotra 

40 C (2002) 

S Y N Bitumen Upreti and 

4320 cP at 70 75 8 0.7436 Mehrotra 

C (2002) 

Upreti and 

S Y N Bitumen 90 8 0.9319 Mehrotra 

(2002) 



106 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

Heavy oil 

5000 cPat21 

C and 0.101 

Mpa 

21 0.347 0.084 

Civan and 

Rasmussen 

(2002) 

Heavy oil 

5000 cPat21 

C and 0.101 

Mpa 

21 0.347 11.3 

Civan and 

Rasmussen 

(2006) 

Lloydminster 

heavy oil 

23000 cP at 
23.9 2 0.2 

Yang and Gu 

(2005) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 3 0.241 

Yang and Gu 

(2005) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 4 0.291 

Yang and Gu 

(2005) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 5 0.329 

Yang and Gu 

(2005) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 6 0.55 

Yang and Gu 

(2005) 

23.9 C 



107 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

S Y N Bitumen 

4320 cP at 70 

C 

75 4 0.51 -0. 46 
Sheikha et al 

(2005) 

S Y N Bitumen 90 4 0.79  076 
Sheikha et al 

(2005) 

S Y N Bitumen 

106000 cP at 

40 C 

50 8 0.10-0.11 
Sheikha et al 

(2006) 

S Y N Bitumen 

4320 cP at 70 

C 

75 8 0.43 -0.53 
Sheikha et al 

(2006) 

S Y N Bitumen 90 8 0.64  0.87 
Sheikha et al 

(2006) 

Lloydminster 

heavy oil 

20267 cP at 
23.9 4.2 -3.5 0.56  0.94 

Tharanivasan 

et al (2006) 

23.9 C 

Athabasca 

Bitumen 
50 4.93 0.4  0.75 

Schmidt 

(1989) 

Heavy oil 

1842 cPat21 

C and 0.101 
57.1 0.69 0.031 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57.1 3.45 0.069 

Nguyen 

(1997) 

Mpa 

 









108 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Heavy oil 

1842 cPat21 

C and 0.101 
57.1 6.89 0.084 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57.1 13.79 0.41 

Nguyen 

(1997) 

Mpa 

Heavy oil 

1842 cPat21 

C and 0.101 
57.1 17.24 0.45 

Nguyen 

(1997) 

Mpa 

Heavy oil 

5000 cP at 21 

C and 0.101 
21 0.351 8.6 

Zhang et al 

(2000) 

Mpa 

S Y N Bitumen Upreti and 

821000 cPat 25 4 0.081 Mehrotra 

25 C (2002) 

S Y N Bitumen Upreti and 

4320 cP at 70 75 4 0.2932 Mehrotra 

C (2002) 

Upreti and 

S Y N Bitumen 90 4 0.4315 Mehrotra 

(2002) 

S Y N Bitumen Upreti and 

821000 cP at 25 8 0.0582 Mehrotra 

25 C (2002) 



109 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10"9 mA2/s] 
Reference 

S Y N Bitumen Upreti and 

106000 cP at 50 8 0.1518 Mehrotra 

40 C (2002) 

Upreti and 

S Y N Bitumen 90 8 0.2029 Mehrotra 

(2002) 

Heavy oil 

5000 cPat21 

Cand 0.101 

Mpa 

21 0.351 0.22 

Civan and 

Rasmussen 

(2002) 

Heavy oil 

3904 cP at 48 

C and 4 Mpa 

48 4 0.155 
Creux et al 

(2005) 

Lloydminster 

heavy oil 

23000 cP at 
23.9 6 0.12 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 14 0.19 

Yang and Gu 

(2006) 

23.9 C 

S Y N Bitumen 90 4 0.55  0.73 
Sheikha et al 

(2005) 

S Y N Bitumen 

106000 cPat 

40 C 

50 8 0.13 -0.14 
Sheikha et al 

(2006) 

S Y N Bitumen 90 8 0.53-0.58 
Sheikha et al 

(2006) 

 



110 

Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[IO9 mA2/s] 
Reference 

Lloydminster 

heavy oil 

20267 cP at 
23.9 5-4.9 0.19-0.21 

Tharanivasan 

et al (2006) 

23.9 C 



APPENDIX B: DIFFUSIVITY VALUES: DIFFUSIVITY OF HYDROCARBON 

SOLVENTS AND NITROGEN IN HEAVY OIL AND BITUMEN SYSTEMS 

Diffusivity of methane 

Bitumen Temperature [C] Pressure [Mpa] Diffusivity [IO9 mA2/s] Reference 

Athabasca 

Bitumen 
50 4.93 0.4  0.75 

Schmidt 

(1989) 

Heavy oil 

1842 cPat 

21 Cand 
57.1 0.69 0.031 

Nguyen 

(1997) 

0.101 Mpa 

Heavy oil 

1842 cPat 

21 Cand 
57.1 3.45 0.069 

Nguyen 

(1997) 

0.101 Mpa 

Heavy oil 

1842 cPat 

21 Cand 
57.1 6.89 0.084 

Nguyen 

(1997) 

0.101 Mpa 

Heavy oil 

1842 cPat 

21 C and 
57.1 13.79 0.41 

Nguyen 

(1997) 

0.101 Mpa 

Heavy oil 

1842 cPat 

21 C and 
57.1 17.24 0.45 

Nguyen 

(1997) 

0.101 Mpa 

 



112 

Bitumen Temperature [C] Pressure [Mpa] Diffusivity [IO9 mA2/s] Reference 

Heavy oil 

5000 cP at 

21 C and 
21 0.351 8.6 

Zhang et al 

(2000) 

0.101 Mpa 

S Y N 

Bitumen 

821000 cPat 

25 C 

25 4 0.081 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

4320 cP at 

70 C 

75 4 0.2932 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 
90 4 0.4315 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

821000 cPat 

25 C 

25 8 0.0582 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

106000 cP at 

40 C 

50 8 0.1518 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 
90 8 0.2029 

Upreti and 

Mehrotra 

(2002) 



113 

Bitumen Temperature [C] Pressure [Mpa] Diffusivity [IO9 mA2/s] Reference 

Heavy oil 

5000 cP at 

21 C and 

0.101 Mpa 

21 0.351 0.22 

Civan and 

Rasmussen 

(2002) 

Heavy oil 

3904 cP at 

48 C and 4 
48 4 0.155 

Creux et al 

(2005) 

Mpa 

Lloydminster 

heavy oil 

23000 cP at 
23.9 6 0.12 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 14 0.19 

Yang and Gu 

(2006) 

23.9 C 

S Y N 

Bitumen 
90 4 0.55-0.73 

Sheikha et al 

(2005) 

S Y N 

Bitumen 

106000 cPat 
50 8 0.13 -0.14 

Sheikha et al 

(2006) 

40 C 

S Y N 

Bitumen 
90 8 0.53-0.58 

Sheikha et al 

(2006) 

Lloydminster 

heavy oil 

20267 cP at 
23.9 5-4.9 0.19-0.21 

Tharanivasan 

et al (2006) 

23.9 C 



114 

Diffusivity of ethane 

Bitumen Temperature [CJ Pressure [Mpa] Diffusivity [10 9 mA2/s] Reference 

Athabasca 

Bitumen 
20 5 0.175 

Schmidt 

(1989) 

Athabasca 

Bitumen 

8360 cp at 
50 5 0.174 

Schmidt 

(1989) 

exp T 

Athabasca 

Bitumen 
75 5 0.337 

Schmidt 

(1989) 

S Y N 

Bitumen 

821000 cPat 

25 C 

25 4 0.2539 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

4320 cP at 

70 C 

75 4 0.4203 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 
90 4 0.6081 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

4320 cP at 

70 C 

75 8 0.4916 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 
90 8 0.6917 

Upreti and 

Mehrotra 

(2002) 

-



115 

Bitumen Temperature [C] Pressure [Mpa] Diffusivity [IO9 mA2/s] Reference 

Lloydminster 

heavy oil 

23000 cP at 
23.9 1.5 0.13 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 3.5 0.77 

Yang and Gu 

(2006) 

23.9 C 

S Y N 

Bitumen 

4320 cP at 
75 8 0.13-0.16 

Sheikha et al 

(2006) 

70 C 

S Y N 

Bitumen 
90 8 0.25  0.30 

Sheikha et al 

(2006) 

Peace River 

Bitumen 
21-35 0.82-1.16 0.1-50 

Das and 

Butler 

(1996) 

Lloydminster 

heavy oil 

23000 cP at 
23.9 0.4 0.09 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 0.9 0.68 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

20267 cP at 
23.9 0.8  0.4 0.79-1.10 

Tharanivasan 

et al (2006) 

23.9 C 

 





116 

Diffusivity of propane 

Bitumen Temperature [C] Pressure [Mpa] Diffusivity [109 mA2/s] Reference 

Peace River 

Bitumen 
21-35 0.82-1.16 0 .1-50 

Das and 

Butler 

(1996) 

Lloydminster 

heavy oil 

23000 cP at 
23.9 0.4 0.09 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

23000 cP at 
23.9 0.9 0.68 

Yang and Gu 

(2006) 

23.9 C 

Lloydminster 

heavy oil 

20267 cP at 
23.9 0.8  0.4 0.79-1.10 

Tharanivasan 

et al (2006) 

23.9 C 

 



Diffusivity of peritane, hexane, heptane, iso-hexane, 2'2 dimethylbutane, 

ciclohexane, benzene, toluene and octane 

Solvent Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Bitumen 

56,000 cP 
23 0.1 0.0146 

Fu and 

Phillips 

(1979) 

Peritane Cold Lake 

Oi l 
30 0.1 8.89 Wen (2000) 

Heavy Oil 23 0.1 6.52 -5.46 
Salama 

(2006) 

Bitumen 

56,000 cP 
23 0.1 0.0107 

Fu and 

Phillips 

(1979) 

hexane 

Bitumen 

56,000 cP 
23 0.1 0.0086 

Tang 

(2001) 

Cold Lake 

Oil 
30 0.1 8.32 Wen (2000) 

Heavy Oil 23 0.1 4.32 -5.30 
Salama 

(2006) 

Heptane 
Bitumen 

56,000 cP 
23 0.1 0.007 

Fu and 

Phillips 

(1979) 

Cold Lake 

Oil 
30 0.1 5.1 Wen (2000) 

Atlee 

Buffalo 
30 0.1 7.81 Wen (2000) 

Peace 

River 
30 0.1 4.95 Wen (2000) 
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Solvent Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[IO 9 mA2/s] 
Reference 

Heavy Oil 23 0.1 2.15 -1.58 
Salama 

(2006) 

iso-hexane 

Bitumen 

56,000 cP 
23 0.1 0.00701 

Fu and 

Phillips 

(1979) 

Bitumen 

56,000 cP 
23 0.1 0.0063 

Tang 

(2001) 

2'2 

dimethylbutane 

Bitumen 

56,000 cP 
23 0.1 0.00282 

Fu and 

Phillips 

(1979) 

Cyclohexane 

Bitumen 

56,000 cP 
23 0.1 0.00301 

Fu and 

Phillips 

(1979) 

Bitumen 

56,000 cP 
23 0.1 0.0024 

Tang 

(2001) 

Benzene 
Bitumen 

56,000 cP 
23 0.1 0.00819 

Fu and 

Phillips 

(1979) 

Toluene 
Bitumen 

56,000 cP 
23 0.1 0.00778 

Fu and 

Phillips 

(1979) 

Bitumen 

56,000 cP 
23 0.1 0.0068 

Tang 

(2001) 

Oballa and 

SCF 20 0.1 0.05  0.45 Butler 

(1989) 

-
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Solvent Bitumen 
Temperature 

[C] 

Pressure 

[Mpa] 

Diffusivity 

[10'9 mA2/s] 
Reference 

Cold Lake 

Oil 
30 0.1 9.26 Wen (2000) 

Octane 

Bitumen 

56,000 cP 
23 0.1 0.00664 

Fu and 

Phillips 

(1979) 

Heavy Oil 23 0.1 1.87-1.27 
Salama 

(2006) 
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Diffusivity of nitrogen 

Bitumen Temperature [C] Pressure [Mpa] Diffusivity [10"9 mA2/s] Reference 

S Y N 

Bitumen 

821000 cP 

at 25 C 

25 4 0.018 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

106000 cP 

at 40 C 

50 4 0.0513 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

4320 cP at 

70 C 

75 4 0.2335 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 
90 4 0.496 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

821000 cP 

at 25 C 

25 8 0.0555 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

106000 cP 

at 40 C 

50 8 0.1717 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

4320 cP at 

70 C 

75 8 0.4649 

Upreti and 

Mehrotra 

(2002) 
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Bitumen Temperature [C] Pressure [Mpa] Diffusivity [10"9 mA2/s] Reference 

S Y N 

Bitumen 
90 8 0.746 

Upreti and 

Mehrotra 

(2002) 

S Y N 

Bitumen 

4320 cP at 
75 4 0.25  0.26 

Sheikha et 

al (2005) 

70 C 

S Y N 

Bitumen 
90 4 0.4 -.28 

Sheikha et 

al (2005) 

S Y N 

Bitumen 

106000 cP 
50 8 0.1 

Sheikha et 

al (2006) 

at 40 C 

S Y N 

Bitumen 

4320 cP at 
75 8 0.3 

Sheikha et 

al (2006) 

70 C 

S Y N 

Bitumen 
90 8 0.50 -0.52 

Sheikha et 

al (2006) 

 


