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Abstract 

 

The overall goal of this study was to conduct a series of diffusivity experiments between liquid 

hydrocarbons (propane and pentane) and Canadian bitumen and heavy oil in order to attempt to 

determine the role of different factors such as asphaltene precipitation and settling, among 

others, in these mass transfer processes. An apparatus was constructed and commissioned to 

measure the mass transfer in these systems based on the density profiles established over time in 

aluminum vessels containing a column of solvent over bitumen/heavy oil. The vessels were 

scanned regularly using a CT-Scanner in order to track the behavior of the density profiles over 

time, the liquid-liquid mass transfer data were collected and analyzed, obtaining interesting 

results, which will be important as a starting point for future research related to systems that 

integrate interactions between solvents and oils in recovery processes as VAPEX.  

 

This research is unique due to the obtained results; one of the findings, which was never 

published in previous literature, was the partial miscibility when mixing n-propane and bitumen, 

and another results to highlight are the oil swelling, oil shrinkage, asphaltene precipitation and 

settling, fully miscibility, and the effect of adding pure asphaltenes and calcium carbonate to the 

mixture, among others. 

 

It was found that partial miscibility was not manifested for all the cases (this condition occurred 

in cases when solvents and oils were mixed at certain solvent fractions). It was determined that 

oil is the controlling factor in the diffusion process when partial miscibility exists. Diffusion 

coefficients were calculated for all cases, and it was determined that diffusion is concentration 

dependent. 

 

 

Keywords: Diffusion coefficient, mass transfer, solvents, heavy oil, bitumen, CT-Scanner, 

asphaltene.  
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Figure 1.1. Scheme of the mechanisms involved in In-situ recovery processes with solvent. 
Adapted from (Grimaldos Aguilar 2018) 

 

The most important parameter to be calculated is the diffusivity of solvent in heavy oil/bitumen 

systems. Diffusivity is directly related to the calculation of the diffusion coefficient. The 

diffusion coefficient can be set as constant or concentration dependent. The focus of this thesis is 

the concentration dependent diffusion coefficient, because when this is considered, a more 

accurate parameter is obtained. That could lead to a more realistic view of the reservoir 

mechanisms. According to the literature, various experimental methods have been suggested for 

measuring concentration dependent diffusion coefficients of solvents in heavy oil/bitumen 

systems. These experimental methods can be classified into indirect and direct methods. Direct 

methods imply the measurement of composition from taken samples of solvents-oil mixtures at 

different locations and times as diffusion advances. Typically, these experiments are meant to be 

high-priced, invasive and time consuming (Fayazi 2019). In the indirect methods, the diffusion 

(which is controlled by the mass transfer process) is calculated when a known property of oil-

solvent system is measured over time (Fayazi 2019). Some of these indirect methods are the 

Pressure Decay method, Nuclear Magnetic Resonance (NMR) relaxometry, and X-Ray 

Computer Assisted Tomography (CAT). This thesis focuses on the execution of a series of 

experiments based on the tomography method.  
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Based on what is mentioned before, an estimated diffusion coefficient is determined by fitting a 

model to the measured concentration profiles (Grimaldos Aguilar 2018). Usually, it is a one-

dimensional molecular counter diffusion process between two layers of heavy oil/bitumen and 

solvent, at a fixed pressure, temperature and volume (Oballa and Butler 1989, Wen and Kantzas 

2005).  

 

In order to achieve a manageable diffusivity model (governed by the mass transfer process), it is 

necessary to treat the solvent-bitumen/heavy oil mixture as a pseudo-binary mixture; which 

means that the bitumen/heavy oil is considered as a single component (Oballa and Butler 1989, 

Wen and Kantzas 2005). According to this assumption, one can say that there is going to exist a 

preferential diffusion of heavy bitumen components versus light bitumen components that can be 

neglected because this does not considerably modify the rate of bulk diffusion. Since the excess 

of volume due to mixing is low for hydrocarbon mixtures, the mixing volume changes can also 

be neglected (Oballa and Butler 1989, Wen and Kantzas 2005), and asphaltene precipitation 

might happen. 

 

Asphaltene precipitation, during the VAPEX process, is one of the most critical physical 

phenomena (Luo, Wang et al. 2008). After the asphaltene precipitation happens, these particles 

can accumulate and settle, and then they might create a barrier to the mass transfer process. In 

this case, a model based only in molecular diffusion is not enough. Generally, diffusion of 

solvents in heavy oil and bitumen have only been modeled for aromatic solvents which do not 

trigger asphaltene precipitation or models just have overlooked these precipitation effects (Wen 

and Kantzas 2005, Guerrero-Aconcha, Salama et al. 2008, Diedro, Bryan et al. 2015).  

According to an experimental study of diffusion in the bitumen-toluene system, led by V. Oballa 

and R.M Butler, the diffusion coefficient of bitumen and solvents deeply depend on 

concentration, hence the expression concentration dependent diffusion coefficients, and also, 

they found that the overall diffusion coefficient achieves a maximum value at an intermediate 

concentration (Oballa and Butler 1989). Nevertheless, a maximum diffusion coefficient at mid 

values of bitumen has not an appropriate physical explanation, and this analysis might be weak.  
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As a novelty to exalt, is that never before Grosmont bitumen was studied in such detail. This 

detail acquires importance with the fact that for future studies related to this bitumen, there will 

already be a path studied regarding the behavior of this oil in diffusion with different types of 

solvents and the performance related to precipitation and deposition of asphaltenes under 

different mixing conditions. 

 

1.1 Objectives 

The overall objective of this thesis is to conduct a series of diffusion experiments among liquid 

hydrocarbons (propane and pentane) and bitumen and heavy oil, with the goal of analyze these 

interactions and attempt to identify the role of the asphaltene precipitation and settling in these 

mass transfer processes.   

Following are the specific objectives: 

1. Construct and commission an apparatus to inject in a proper manner (assuring the desired 

pressure and volume values) the liquid solvent into a vessel that contains the 

bitumen/heavy oil. The apparatus will be able to handle different liquid hydrocarbons 

with the characteristic of being leakage-free, guaranteeing a safe environment to work on 

it.  

2. Design and commission a complementary apparatus to handle the vessels that will be 

scanned with a CT-Scanner in order to track the evolution of the diffusion of the liquids 

with time. This complementary apparatus will be capable to maintain the constant 

temperature in the vessels throughout all experiments.  

3. Scan all the vessels for each set of experiments using the CT-Scanner in a proper manner, 

following all the technical procedures and using and adjusting the appropriate parameters 

to do the best capture of what is happening inside each vessel.  

4. Collect liquid-liquid mass transfer data for liquid hydrocarbon solvents and 

bitumen/heavy oil systems, with solvents including n-propane and n-pentane, and oils 

including Canadian bitumen and heavy oil.  
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Chapter 2: LITERATURE REVIEW 

 

In this chapter, a description of the theory concepts is provided. This information establishes the 

framework of the topics discussed in this thesis. Important concepts are considered: mass transfer 

theory, models for diffusion coefficient in liquids, methods for measuring diffusion coefficient of 

solvents in heavy oil, constant vs. concentration dependent diffusion coefficient, VAPEX + other 

methods, asphaltene precipitation & settling and CT-Scanner & tomography technique.  

 

2.1 Mass Transfer Concept  

2.1.1 Diffusion Concept  

Diffusion (also known as molecular diffusion) can be defined as the mass transfer process by 

which matter is transported from one location to another because of the random molecular 

motions (Crank 1975). In terms of oil and gas processes, molecular diffusion is considered as a 

main mechanism involving mass transfer in miscible solvent injection methods for recovering oil 

from reservoirs (Tharanivasan, Yang et al. 2004). Practically speaking, the solvent could be 

carbon dioxide or light hydrocarbon gases/liquids, for example: natural gas, methane, ethane, 

propane, butane, pentane, among others. Once the solvent is injected into the reservoir, it is 

progressively dissolved into the oil phase primarily through the molecular diffusion 

(Tharanivasan, Yang et al. 2004). According to laboratory studies and field tests, the diffusion 

coefficient of a solvent in a certain heavy oil/bitumen is dependent upon solvent composition, 

temperature, pressure and concentration (Tharanivasan, Yang et al. 2004). For this thesis, only 

the diffusion dependency on concentration is considered.  

 

The diffusion concept can be usually exemplified by a classical mass transfer experiment (Crank 

1975), as depicted in Figure 2.1. In this image there is a column that has its lower part filled with 

iodine solution, and its upper part filled with water, where both liquids have been poured into the 

column slowly and carefully, in order to have no convention currents. At these conditions, both 

parts (tinted with distinct colors) are separated by a sharp and clear boundary. Later, it is found 

that the upper part becomes colored, that is the color getting weaker on the way to the top, 
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liquid phase (of oil) advances within a closed high-pressure cell (Riazi 1996). The diffusion 

process continues until the oil phase is completely saturated with the solvent. In the 

determination process of solvent diffusion coefficient in the oil, Riazi (1996) supposed that the 

solvent concentration at the oil-solvent interface was the same to solubility in the oil at the 

current pressure (Tharanivasan, Yang et al. 2004). The distribution of the solvent concentration 

in the heavy oil was calculated using an analytical solution to the diffusion equation, and the 

diffusivity of solvent in heavy oil was determined by relating it to the solvent mole fraction in 

the heavy oil with a correlation for binary dense fluids (Tharanivasan, Yang et al. 2004, Etminan, 

Maini et al. 2010).   

 

2.3.2 Methods for Measuring Diffusivity of Liquid Solvents in Heavy Oil 

A summary of the most used methods for measuring the diffusion in these systems is given 

below: Spinning Disk Method, Transpiration Technique, Taylor Dispersion Method, Nuclear 

Magnetic Resonance, Light Transmission Absorption, X-Ray Tomography and Microfluidics 

(Visible Light Transmission Imaging).  

 

Transpiration Technique 

Fu and Phillips (1979) established a technique where nitrogen gas continuously flows over a 

homogeneous solution of bitumen + solvent to get rid of the gas-phase resistance for the volatile 

solvent, triggering it to evaporate from the solution (Fu and Phillips 1979). The diffusion cell, 

which contains the bitumen + solvent solution, is positioned vertically to reduce convection. 

Since the diffusion coefficient of the solvent in the gas phase (nitrogen that is flowing) is much 

larger than in the liquid bitumen + solvent solution, the solvent evaporation rate is mostly 

controlled by the resistance in the solution (Ghanavati, Hassanzadeh et al. 2014). Furthermore, it 

is supposed that no volatile solvent accumulates at the solution surface, since all molecules 

diffused out of the solution are carried away by the flowing nitrogen (Ghanavati, Hassanzadeh et 

al. 2014). The mass diffused is defined from the concentration of the hydrocarbon in the nitrogen 

and a constant diffusion coefficient is computed from the analysis of the mass transferred over 
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time (Grimaldos Aguilar 2018). This is a concentration-independent diffusion coefficient 

measurement.   

 

Spinning Disk Method 

Funk (1979) used the spinning disk to measure the diffusion coefficient of Athabasca bitumen in 

decane, heptane and pentane at ambient conditions in unusually short run-times of about 10 min, 

compared with other methods with long experimental run-times (Funk 1979). In this method, a 

disk uniformly coated with a solute (i.e., bitumen) rotates at a constant speed in a volume of 

solution, and the concentration of the bitumen in the solvent is measured versus time (Ghanavati, 

Hassanzadeh et al. 2014). From the analysis of the bitumen concentration, a constant diffusivity 

can be determined (Cussler 2009). This is a concentration-independent diffusion coefficient 

measurement, same as the previous method.  

 

Taylor Dispersion Technique 

This technique was first applied by Nortz et. al. (1990) at elevated temperatures for infinite 

dilution of heavy fractions of Athabasca bitumen and Western Canadian crude in 1-methyl-

naphthalene (Nortz, Baltus et al. 1990). As part of this method, a small amount of solute (i.e. 

bitumen) is injected as a pulse into a laminar carrier stream of a lightly different solvent 

composition flowing through a long capillary tube (Ghanavati, Hassanzadeh et al. 2014). As the 

solute (i.e., bitumen) moves, it creates a shape which is measured by a detector usually 

positioned at the end of the tube. This shape is used to determine the diffusion coefficients 

(Ghanavati, Hassanzadeh et al. 2014).  This is a concentration-independent diffusion coefficient 

measurement, same as the previous methods.  

 

Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance method has been applied in determining viscosity reduction in 

bitumen and heavy oil mixtures with several solvents and solvent content (Wen, Bryan et al. 

2005). Once a solvent comes into contact with bitumen or heavy oil samples, the mobility of 
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and Kantzas 2005, Wen and Kantzas 2005, Luo, Kryuchkov et al. 2007, Guerrero-Aconcha, 

Salama et al. 2008, Guerrero Aconcha and Kantzas 2009, Luo and Kantzas 2011, Diedro, Bryan 

et al. 2015)    

 

Visible Light Transmission Imaging (Microfluidics) 

Fadaei et. al. (2013) introduced a method where very little amounts of bitumen and toluene (few 

microlitres) were put into contact with one another in a microscale Teflon-based diffusion cell (a 

microfluidic chip) (Fadaei, Shaw et al. 2013). The velocity of the mutual diffusion is 

exceptionally fast (more than a few minutes). In addition, in the microscale the bitumen is 

semitransparent, thus enabling the application of visible light transmission imaging (Fadaei, 

Shaw et al. 2013, Ghanavati, Hassanzadeh et al. 2014). As previous methods, the diffusion 

coefficient is calculated by fitting a diffusion model to the measured concentration profiles.  

 

2.4 Liquid Diffusivity in Bitumen / Heavy Oil  

Diffusion coefficients of hydrocarbons such as methane, ethane, propane, pentane and butane 

into bitumen and heavy oil have been determined over a wide range of different temperatures 

and pressures. Data were collected from the literature review and put in a organized way to show 

the diffusion coefficient information corresponding to each author (See Table 2.1). In this 

section, aside from the diffusion coefficient data, the diffusion modeling is also considered.     
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Later, Afsahi and Kantzas (2006) predicted average diffusion coefficients under the argument of 

constant diffusion coefficient. Their work dealt with the prediction of mass transfer of solvents in 

bitumen and heavy oil in the absence and presence of sand through a integrated model that uses 

the NMR method (Afsahi and Kantzas 2006). It was found that in comparison with bulk 

diffusion coefficient for the same samples, sand-presented samples showed relatively lower 

diffusion coefficient values (Afsahi and Kantzas 2006).  

 

It can be said that for systems where robust intermolecular forces are present and asphaltene 

precipitation can take place during the diffusion process, then the assumption of constant 

diffusion coefficient might not be valid (Grimaldos Aguilar 2018). Moreover, if the density 

gradients are ignored in the equations for the diffusion coefficient calculation, then the diffusion 

predictions and estimations might be inaccurate for mixtures with a strong density dependence 

on the concentration (Wen, Bryan et al. 2005, Saryazdi, Motahhari et al. 2013).   

 

Concentration Dependent Diffusion Coefficient 

As mentioned in the previous paragraphs, the diffusion coefficient of liquid hydrocarbons in 

bitumen and heavy oil should not be treated as constant, instead, it should be treated as 

concentration-dependent, and this is mainly because the molecules in liquids are packed close 

together and there are strong molecular interactions that vary with the solute concentration 

(Poling, Prausnitz et al. 2001, Cussler 2009, Etminan, Maini et al. 2009).  

 

Oballa and Butler (1989) were the first researchers who determined concentration dependent 

diffusion coefficients in liquid hydrocarbons in heavy oil and bitumen using the Boltzmann-

Transformation as the data analysis approach and the Light Transmission as the measurement 

method (Oballa and Butler 1989). They found that the diffusion coefficient of bitumen and 

toluene as well as the overall diffusion coefficient are deeply dependent on concentration, and 

also realized that the overall diffusion coefficient reaches a maximum at volume bitumen 

concentrations of approximately 50% (Oballa and Butler 1989).  
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Cold Lake and Wabasca are examples of Canadian reservoirs where the application of this 

method had poor sweep efficiencies and low recoveries (Upreti, Lohi et al. 2007).  

 

In the second category, the thermal recovery processes, the temperature of the reservoir is 

elevated in order to reduce the viscosity of the hydrocarbons inside (Upreti, Lohi et al. 2007). 

One example of the category is the SAGD process, where steam is continuously injected through 

an upper well (injection well) in the reservoir with the purpose of generate a steam chamber 

driven by high temperatures (Upreti, Lohi et al. 2007). Then, the heated bitumen and heavy oil 

reserves flow by gravity into a lower well (production well) because of the reduction in viscosity. 

Other methods that fall in this category are: steam drive, hot water drive, in situ combustion and 

cyclic steam injection (Upreti, Lohi et al. 2007). These thermal processes are frequently not 

economical, and this mainly because there are large heat losses, the processes involve water 

volumes in excess of five times that of the produced oil and extensive surface and treatment 

facilities, and are not adequate for thin reservoirs (Upreti, Lohi et al. 2007).  

 

 

Figure 2.3. Typical layout of bitumen and heavy oil reservoir when applying a technique such as 
VAPEX. Adapted from (Upreti, Lohi et al. 2007).  
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In the third category, processes like the VAPEX and Huff and Puff among others, chemicals 

such as mixed or pure solvent gases are employed to decrease the viscosity of bitumen and heavy 

oil upon gas absorption (Upreti, Lohi et al. 2007). Before the VAPEX process was invented, 

several processes relied on the absorption of solvent gases in a vertical well or in a group of 

vertical wells inside a bitumen or heavy oil reservoir. Then, Butler and Mokrys (1991) proposed 

the usage of horizontal wells instead of vertical wells along with the injection of vaporized 

hydrocarbon solvents in order to promote deasphalting and improve recovery production (Butler 

and Mokrys 1991, Upreti, Lohi et al. 2007) . This process involving vapor extraction was named 

VAPEX (See Figure 2.3).  

 

2.5.1 The VAPEX Process 

In 1991, Butler and Mokrys, proposed a novel technique named VAPEX (vapor extraction 

process). And next, the mechanism of this process is briefly presented (See Figure 2.4) 

 

 

Figure 2.4. Mechanism of VAPEX process. Adapted from (Butler and Mokrys 1991).  

 

Once the hot water and propane have been injected into the reservoir, the formation of a vertical 

solvent vapour chamber occurs among the injector and producer well (Butler and Mokrys 1991, 
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Das and Butler 1996). The solvent is recycled by evaporation inside the chamber from the 

diluted draining oil. The heated propane vapour moves upwards and rises its temperature as it 

stays in contact with hot water close to the top of the reservoir (Butler and Mokrys 1991). It then 

moves to the far borders of the chamber where it gets in contact with cold undiluted oil and then, 

the oil is dissolved. The vapour chamber expands sideways. One of the most characteristic 

aspects of the VAPEX process is the formation of the S-shape for each half of the chamber, and 

this happens when the oil-solvent interface becomes stabilized by gravity. According to Butler 

and Mokrys, drainage is driven by the molecular diffusion of solvent vapour into the bitumen or 

heavy oil through the pores of the matrix. Here, it is important to mention that the role of the hot 

water is double: it reduces the oil viscosity in the process and warms up the reservoir; thus, this 

heating as well releases propane vapour from heated draining oil which is reused at the top of the 

vapour chamber (Butler and Mokrys 1991). Even though heat is employed in the process, the 

amount is less compared to the quantity of heat used in the steam processes allowing economic 

operations in much thinner reservoirs. On the other hand, the function of the solvent (propane in 

this case) is double too: it spreads the heat horizontally far from the plane of producer and 

injector wells and it dilutes the oil in the faraway borders of the solvent chamber (Butler and 

Mokrys 1991). As a consequence, a larger area of the reservoir can be produced from a pair of 

production and injector wells (Butler and Jiang 2000, Nenniger and Dunn 2008, Ivory, Chang et 

al. 2010, Etminan, Haghigat et al. 2011, Jiang, Jia et al. 2013).  

 

Warm VAPEX 

In the warm VAPEX process, the solvent condenses in-situ because it has been previously 

heated, and then the solvent liquid (which has been a product of condensation) strips the bitumen 

and heavy oil (Butler and Mokrys 1991). This process is also referred as thermal solvent reflux. 

In this process, there are three main factors that control the viscosity reduction in the oil: the 

sensible heat transfer from solvent to bitumen, solvent mixing in the bitumen (both convection 

and diffusion) and thermal diffusion (Butler and Mokrys 1991, James, Rezaei et al. 2008).    
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Hybrid VAPEX 

In hybrid VAPEX, also known as wet VAPEX, the solvent is co-injected with the steam (Butler 

and Mokrys 1991). This process and the previous one, both use the heat and mass transfer to 

decrease viscosity as fast as possible in order to boost production rates (Butler and Mokrys 1991, 

James, Rezaei et al. 2008).   

 

2.5.2 Relevant Aspects Involving the Execution of the VAPEX Process  

In this segment, some relevant aspects relating the execution of the VAPEX process are 

mentioned: deasphalting mechanism, role of capillary forces, effect of asphaltene precipitation in 

Low-Permeability sands, effect of reservoir heterogeneities and solvent composition and quality 

requirements. 

 

Deasphalting Mechanism 

In most cases, bitumen and heavy oil contain a large number of asphaltenes, regularly with high 

values of 20-30% by weight (Butler and Mokrys 1991, Das 1998). The most important reason for 

the high viscosity of these oils is the presence of asphaltenes. In addition, as long as the 

concentration of low molecular hydrocarbon solvents in the diluted oil is sufficient, it might 

trigger deasphalting and can lead to an additional viscosity reduction. From a transportation and 

refining standpoint, this in-situ upgraded oil is more valuable. Nevertheless, when the VAPEX 

process is developed, one of the main concerns is the possibility of reducing the permeability (or 

blocking) of the reservoir matrix through asphaltene deposition, and the result the impairment in 

the oil production (Das 1998).  

 

Challenging Factors in VAPEX Process 

According to Das (1998), there are some challenging factors that shape the implementation of 

the VAPEX process. There factors are mentioned below.  
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The role of capillary forces is one of these group of factors. On one hand, the capillary pressure 

works counter to the gravity head and one portion of the reservoir (the bottom) might not be 

produced. The capillary pressure may be critical for the height of this undrainable zone and could 

become a substantial issue in low permeability thin reservoirs (Das 1998). On the other hand, it 

was assumed that the capillary pressure associated to the countercurrent gas-liquid flow in the 

mixing zone improves the production rate (Das 1998).  

 

Another factor is the effect of asphaltene precipitation in low-permeability sand. In cases where 

there are reservoirs with fine sand and low permeability, the precipitation of asphaltenes might 

become a field operation problem, plugging the pores and hindering the extraction rate of the 

hydrocarbons (Das 1998).  

 

One more factor is associated with the effect of reservoir heterogeneities. These variations in 

rock properties in a reservoir might be a crucial factor in the distribution of the solvent vapor, for 

instance, it may be difficult to form a uniform vapour chamber over the entire length of the well 

if preferential injection occurs in high permeability areas (Das 1998).   

 

The last challenging factor is the solvent composition and the quality requirements. This is a 

factor that has a stronger impact in the economics of the process development where the quantity 

of solvent employed per barrel of oil produced is one of the more important aspect that should be 

controlled and tracked (Das 1998). The SOR (solvent/oil ratio) would rely on the reservoir 

characteristics, the solvent composition, oil properties and the operating conditions. This is why 

optimization of the operating conditions and of the solvent composition is necessary to get a 

better state of the finances of the process.  

 

2.6 Asphaltene Precipitation and Settling 

In this section, the next topics are presented aiming for a good coverage for the asphaltene 

precipitation and settling theme: definition of asphaltenes, differences between asphaltene 
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precipitation and asphaltene settling, role of asphaltene precipitation in VAPEX process, 

deasphalted oil, reservoir impairment by asphaltenes, onset of asphaltene precipitation, and 

modelling of asphaltene precipitation (Tharanivasan, Yarranton et al. 2011), among others.  

 

2.6.1 Definition of Asphaltenes 

A distinct type of high molecular weight fractions rich in heterocyclic (such as S, O and N) and 

metals are represented by the asphaltenes (See Figure 2.5). Almost all petroleum liquids derived 

from fossil fuel sources contain these components (Jiang 1997). Asphaltenes are defined as the 

n-heptane insoluble fraction of crude oil. Commonly, the precipitated solid particles from crude 

oil contains resins which are defined as the fraction of crude oil not soluble in ethylacetate but 

soluble in benzene, toluene and n-heptane at room temperature (Jiang 1997, McKenna, Marshall 

et al. 2013).   

 

 

Figure 2.5. Yen-Mullins model of asphaltene science displaying the dominant molecular and 
colloidal species. The nanoaggregate has about six molecules, and the cluster contains about 
eight nanoaggregates.  Adapted from (Mullins, Seifert et al. 2013).  

 

Asphaltenes can be described as dark brown to black friable solids with no specific melting point 

(Kokal and Sayegh 1995). The chemical structure of asphaltenes is a condensed aromatic nucleus 

containing alicyclic systems with alkyl and heteroatoms scattered throughout. There is still no 
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consensus about the charge of the asphaltenes that might be negative or positive depending on 

the oil composition (Kokal and Sayegh 1995). According to the theory, asphaltenes appear to 

exist in oil as colloidal suspensions, stabilized by resin absorbed on the surface. There are some 

parameters that affect the asphaltene precipitation and deposition inside the reservoir: injection 

fluids, composition changes of reservoir fluids, electro-kinetic effects, among others (Kokal and 

Sayegh 1995, Alboudwarej, Akbarzadeh et al. 2003, Duran 2019, Duran, Casas et al. 2019, 

Duran, Schoeggl et al. 2019).  

 

2.6.2 Asphaltene Precipitation vs Asphaltene Settling 

Asphaltene flocculation or better known as asphaltene precipitation is different in concept from 

asphaltene settling or deposition. For instance, it is not always the case that precipitation leads to 

deposition; for deposition to occur, it is a requirement but not sufficient. Precipitation is the 

development of a solid phase out of a liquid phase, which is function of fluid composition, 

temperature and pressure. Deposition refers to the formation of a solid layer on a surface, which 

is function of particle/surface interaction, particle/particle interaction, particle growth and shear 

(Abdallah, Almesmari et al. 2010). Below is presented the theory with more detail.  

 

Asphaltene Precipitation 

Asphaltenes, which are insoluble in oil and gas, can exist as a coarse or fine dispersion, 

depending on the content of the resins. Asphaltene precipitation can take place in the crude oil 

chain from exploitation, through treatment and transportation, to refining (Jiang 1997, 

Hammami, Phelps et al. 2000).   

 

The high/low molecular weight component and the asphaltene/resin ratio define which crude oil 

can precipitate asphaltenes (Srivastava and Huang 1997). These ratios can be altered and 

asphaltenes and resins can be destabilized by the application of electrical, mechanical or 

chemical forces. Once the asphaltenes are destabilized, there are fine particles that coalesce and 

cause flocculation. Flocculated asphaltenes might contain substantial quantities of oil (entrapped) 
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which prevents deposition. It is said that asphaltene precipitation occurs when flocculated 

asphaltenes separate from the oil phase. It is possible, however, for precipitated asphaltenes to 

return to solution if the asphaltene/resin ratio of the precipitated phase remains equal as that of 

the original oil. At present, asphaltene precipitation is not evidently understood. Something that 

is well recognized is the function of resins in stabilizing asphaltenes, but the exact mechanism of 

how in presence of resins the asphaltenes are stabilized is not well established (Srivastava and 

Huang 1997).  

 

Asphaltene precipitation can be affected by many aspects. These might involve the resin and 

asphaltene contents of the reservoir oil, the nature of the rock matrix, the nature of injection gas, 

the amount of formation brine and its composition, the presence of contaminants in the injection 

gas, and pressure and temperature conditions (Srivastava and Huang 1997).    

 

To improve the recovery for depleted reservoirs after primary recovery methods are applied 

(which in most of the cases leave considerable residual oil in porous media), the secondary and 

tertiary production methods are reached by pressurizing the reservoir through gas or water 

injection. As the reservoir pressure rises, the free gas in the gas cap and in the reservoir will 

again dissolve into the crude oil. This can cause asphaltene precipitation if the gas contains high 

values of butane and propane (Jiang 1997). According to Mokrys and Butler (1993), depending 

on the nature of the oil, for precipitation to take place, the concentration of dissolved propane in 

oil have to be larger than 20-33wt% (Mokrys and Butler 1993, Jiang 1997). 

 

Asphaltene Deposition 

As mentioned before, asphaltene settling or deposition implies the formation of a solid layer on a 

surface. In this case, the flocs (particles) adsorbed on the rock can cause particles entrainment 

and the plugging of the pore throat. Consequently, reduction in effective mobility of the oil due 

to lowered porosity and effective rock permeability will be leaded by asphaltenes deposition. In 

addition, it alters the medium wettability and also increases the oil viscosity (Leontaritis and Ali 
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Mansoori 1988, Thawer, Nicoll et al. 1990, Buckley 2012, Zanganeh, Ayatollahi et al. 2012, 

Zendehboudi, Shafiei et al. 2014). 

 

2.6.3 The Role of Asphaltene Precipitation in VAPEX Process 

Haghighat and Maini (2010) conducted a series of experiments with the aim of determining 

whether the beneficial effects of asphaltene precipitation would overshadow any formation 

damage (Haghighat and Maini 2010). The effects of in situ precipitation and deposition of 

asphaltenes on the quality of the produced oil under different operating conditions and the rate of 

oil drainage were experimentally assessed. Using a physical model containing realistic 

permeability sand, the experiments were conducted with propane as the solvent. SARA and 

viscosity measurements were used to evaluate the quality of the produced oil samples (Haghighat 

and Maini 2010).  

 

Injection of a mixture of an asphaltene dissolving liquid solvent (toluene) and vaporized solvent 

(propane) was tested to alleviate the formation damage problem and the resultant production 

restrictions caused by the deposition of precipitated asphaltenes. Cleaning the production well 

with toluene injection on a regular basis was also tested. To see how the solvent impacts 

asphaltene deposition, the performance of butane and propane was tested (Haghighat and Maini 

2010).  

 

The experimental results reveal that oil produced at greater injection pressures was significantly 

improved, but that the viscosity reduction caused by asphaltene precipitation did not result in 

increased production rates. The accompanying degradation to formation permeability nullified 

the impact of viscosity reduction. The injection of propane with toluene resulted in an increase in 

the production rate, and the level of upgrading was positive. To remove damage from the near-

well zone, a Huff and Puff injection of toluene into the production well failed. When compared 

to lower pressure operations with less asphaltene precipitation, it resulted in the production of oil 

with a larger asphaltene content and no improvement in the rate of oil drainage was obtained 
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(Haghighat and Maini 2010). Overall, due to the low rate of oil production, it appears that in-situ 

upgrading of the oil by asphaltene precipitation in the VAPEX process is not feasible. Although 

significant oil upgrading is possible, the formation damage caused by precipitated asphaltenes is 

severe and can practically eliminate oil production (Haghighat and Maini 2010).  

 

2.6.4 Deasphalted Oil 

The transition zone, which is generated between the solvent vapour chamber and the untouched 

heavy oil zone, is where the solvent encounters the heavy oil during the vapour extraction 

(VAPEX) process. Asphaltene precipitation occurs in the reservoir and the heavy oil is in-situ 

deasphalted if the solvent concentration in the heavy oil rises high enough before the solvent-

diluted heavy oil reaches the production well (Luo, Wang et al. 2008). As a result, the quality of 

deasphalted heavy oil is far superior to that of heavy crude oil. The precipitated asphaltenes, on 

the other hand, may be deposited onto the sand grains, reducing the permeability of heavy oil 

reservoirs dramatically. It is well understood that the rate of heavy oil production is highly 

influenced by the viscosity of the solvent-diluted heavy oil and the permeability of the reservoir. 

Therefore, it is critical to weigh the benefits and drawbacks of in-situ deasphalting on enhanced 

heavy oil recovery (Luo, Wang et al. 2008, Motahhari, Schoeggl et al. 2013).  

 

In laboratory tests, asphaltene precipitation in the VAPEX process has long been observed and 

investigated. Butler and Mokrys (1991) hypothesised that if a light hydrocarbon solvent is 

employed to extract heavy oil at a high operating pressure, asphaltene precipitation could occur. 

In the VAPEX process, the impact of asphaltene precipitation and potential deposition on the 

heavy oil production rate has been investigated. The main question is whether the precipitated 

asphaltenes will flow with the produced heavy oil or would create partial reservoir clogging, 

resulting in poor heavy oil production rates (Luo, Wang et al. 2008).  

 

Das and Butler (1994) used propane as an extracting solvent in a Hele-Shaw cell to conduct 

VAPEX tests. They discovered that when the injected solvent pressure was close to or higher 
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produced heavy oil were all reduced as a result of the in-situ deasphalting of the crude oil 

(Cavallaro, Galliano et al. 2005, Luo, Wang et al. 2008). 

 

Haghighat and Maini (2010) recently evaluated the role of in-situ deasphalting in a VAPEX 

process in a porous medium with a low permeability (~3 Darcies), which is similar to actual field 

conditions. To promote asphaltene precipitation, the injection pressures were chosen to be near 

to the propane vapour pressure at the temperature tested. Strong asphaltene precipitation 

occurred, causing severe formation damage and a significant drop in heavy oil production. The 

produced heavy oil was severely deasphalted, containing just 40% of the original asphaltene 

content and having a viscosity of only 20% of the original oil viscosity (Luo, Wang et al. 2008, 

Haghighat and Maini 2010). The formation damage (i.e., permeability reduction) counteracted 

the effect of viscosity reduction. The injection pressure was reduced from the propane vapour 

pressure by 64 kPa, which prevented asphaltene precipitation but resulted in a slower production 

rate due to a decreased solvent concentration in the heavy oil. Due to the extremely low oil 

production rate, they determined that in-situ deasphalting of the oil through asphaltene 

precipitation in the VAPEX process is not practical in low-permeability reservoirs. Although 

significant heavy oil deasphalting was achieved, formation damage caused by asphaltene 

precipitation and deposition was severe, and heavy oil production could be hampered (Luo, 

Wang et al. 2008, Haghighat and Maini 2010).   

 

2.6.5 Reservoir Impairment by Asphaltenes 

Formation damage and reduced effective hydrocarbon mobility will result from the precipitation 

and deposition of asphaltenes and other organics in the rock texture, which will:  

a) Change formation wettability from water-wet to oil-wet due to adsorption onto the 

rock surfaces.  

b) Decrease effective hydrocarbon mobility by stabilising water-in-oil emulsions. 

c) Reduce pore cross-sections and block pore throats.  



 

49 
 

Asphaltene impairment causes a drop in oil productivity and makes the reservoir unprofitable to 

operate (Eskin, Mohammadzadeh et al. 2016). As a result, developing experimental, analytical, 

and modelling methodologies is a critical step in finding techniques for preventing and managing 

asphaltene formation damage. Measurement and modelling of asphaltene deposition in 

reservoirs, understanding the mechanisms involved in formation damage, and estimating the 

impact of asphaltene-induced impairment on field productivity are all currently lacking (Eskin, 

Mohammadzadeh et al. 2016).  

 

2.6.6 Onset of Asphaltene Precipitation 

The appearance and accumulation of aromatic substances, commonly referred to as asphaltenes, 

can hamper oil production. Because the asphaltene fraction is non-volatile, extremely light-

absorbent, and quickly decomposes at high temperatures, attempts to define its structure and 

state in crude oil have not achieved a consensus (Merino-Garcia 2011, Mancilla-Polanco, 

Schoeggl et al. 2017).   

 

Because thermodynamic and fluid dynamic models are not robust enough to ensure good 

predictions in the absence of accurate experimental data, methods to examine asphaltene 

behaviour in the reservoir and facilities are largely empirical: rule of thumbs are utilised, and lab 

experiments are required (Merino-Garcia 2011).  

 

Unfortunately, asphaltene modelling is not as detailed as it is for hydrates and waxes, and 

commercial software is not as accurate. It is necessary to conduct a number of tests to assess the 

fluid's stability in order to appropriately reflect the asphaltene phase envelope. The 

thermodynamic model is matched using these experiments (Merino-Garcia 2011). Onset 

Determination techniques are one of the most often used approaches for evaluating asphaltene 

methods. The term "onset" refers to the point at which the first solid particle forms after 

destabilisation, whether by depressurization or by the addition of a precipitant; these tests 

provide experimental data that can be used to define the phase envelope and control strategy in a 
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given field. Unfortunately, because there is no standard that rigorously defines the optimal 

technique to undertake this analysis, there are numerous versions of this method (Merino-Garcia 

2011). 

 

2.6.7 Modelling of Asphaltene Precipitation 

The literature describes two types of models: one based on the assumption that asphaltene-crude 

oil is a true solution with asphaltene precipitation being thermodynamically reversible, and the 

other based on the assumption that asphaltenes are colloidal particles suspended in crude oil and 

stabilised by absorbed resin molecules. The solubility model (Hirschberg, 1984) and solid model 

(Gupta, 1986) were developed as a result of the first assumption (Jiang 1997). In the solubility 

model, the vapour-liquid equilibrium is computed using a cubic equation of state, and the liquid 

is separated into three components: asphaltene, resin, and an oil and solvent component. The 

Flory-Huggins polymer solution theory is used to calculate fugacities. The solid model is a one-

component model in which the precipitated asphaltenes are modelled as a pure solid, and the oil 

and gas phases are modelled using a cubic equation of state. The solid model has the 

disadvantage of requiring a large number of tuning parameters (Jiang 1997). Nghiem (1993) 

suggested a method for modelling asphaltenes as a dense phase that can be either liquid or solid. 

To calculate the vapour/liquid/asphaltenes systems, a robust flash model was integrated with a 

thermodynamic model. For the modelling of asphaltenes flocculation, Leontaritis' 

thermodynamic-colloidal model (Leontaritis and Mansoori 1987) was utilised. This model can be 

used in situations when the asphaltene/resin micelles are dissociated (Burke, Hobbs et al. 1990, 

Jiang 1997).  

 

Later, Alboudwarej, Akbarzadeh et al. (2003) successfully fitted a regular solution model and 

predicted asphaltene precipitation in solvent mixtures (Alboudwarej, Akbarzadeh et al. 2003). 

Asphaltenes were divided into fractions with varying molar mass, molar volume, and solubility 

parameters. The asphaltene fractions' molar volumes were calculated using measured molar 

masses and densities. To determine the solubility parameter of asphaltenes, the model was tuned 

to one set of asphaltene and solvent data. For asphaltenes in solutions of toluene and n-alkanes, 
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as well as asphaltenes of varying molar mass in solutions of n-heptane and toluene, the model 

predicted the onset and amount of precipitation with an AARD of less than 13% (Alboudwarej, 

Akbarzadeh et al. 2003).  

 

2.7 X-Ray Computerized Tomography 

X-Ray CT (Computer Tomography or Computer Assisted Tomography) is a radiological 

imaging technology invented by Hounsfield in the United Kingdom in 1972. CT transformed 

medical radiology by delivering anatomical images with unprecedented precision and clinical 

detail. In 1979, Hounsfield received the Nobel Prize in Medicine for his achievements 

(Wellington and Vinegar 1987). First consider the benefits of traditional X-Ray radiography 

before moving on to CT. Traditional radiography observe an object from a single perspective, 

superimposing shadows from all irradiated substances along a ray path (Wellington and Vinegar 

1987). Localized regions with weak attenuation contrast are obscured by averaging the 

attenuation information along the beam path. CT scanners, on the other hand, produce cross-

sectional picture slices through an object by rotating an X-Ray tube around it and receiving 

projections from a variety of angles (See Figure 2.6) (Cromwell, Kortum et al. 1984, Wellington 

and Vinegar 1987).   
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Figure 2.6. Operating principles of translate-rotate CT scanner. Adapted from (Vinegar and 
Wellington 1987) 

 

A back-projection method in the scanner's computer reconstructs a cross-sectional image from a 

set of these projections. On a monitor, a cross-sectional image of attenuation coefficients is 

displayed (Wellington and Vinegar 1987).  

 

The beauty of CT is that it can reliably assess attenuation changes as tiny as 0.1 % within a 2 mm 

internal region. The entire imaging process takes seconds with a fourth-generation medical 

scanner. Sequential cross-sectional slices collected as the sample moves through the scanner can 

be used to recreate CT pictures (3D). Any plane through the object can be seen once this 3D data 

collection has been gathered (Wellington and Vinegar 1987).   
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Since 1972, CT scanners have progressed significantly. Scanners of the first generation used a 

single pencil-beam source and detector. The employment of numerous detectors in a 

translate/rotate configuration in second-generation scanners increased image quality. The third-

generation scanners, which used a rotate-only fan-beam geometry with the source and detectors 

rotating concurrently around the target, saw a significant increase in speed. Finally, fourth-

generation scanners employ a fan-beam geometry, with a spinning source encircled by a fixed 

ring of high-efficiency detectors. Because they have adequate X-Ray energy and dose for 

scanning core material, the second through fourth generation medical CT scanners are suitable 

for petroleum engineering applications (Wellington and Vinegar 1987).  

 

To fully utilise CT in petroleum engineering, remote processing of digital image data is required 

in order to compute petrophysical parameters and fluid saturations from basic attenuation data. 

3D display, interactive colour visuals, and simultaneous display of CT animations and numerical 

simulations are all possible with remote processing (Wellington and Vinegar 1987).  

 

In terms of calibration, CT attenuation data is often reported in Hounsfield units, which are 

defined as air at -1,000 H and water at 0 H on an internationally agreed scale. As a result, each 

Hounsfield unit reflects a 0.1 % density shift. To compensate for the preferential absorption of 

the low-energy region of the X-Ray beam spectrum as it traverses the object, all medical CT 

scanners contain beam-hardening correction. Only a single atomic composition, such as quartz, 

is perfectly corrected by the typical single-energy beam-hardening correction. Full beam-

hardening correction for multicomponent objects requires dual-energy pre-reconstruction 

processing (Wellington and Vinegar 1987).  

 

As an addendum to the preceding, it is important to mention that from the research group of Dr. 

Kantzas, a series of very relevant studies have been developed using the X-Ray CAT technique 

generating solvent and bitumen concentration profiles, determining diffusion coefficients of 

hydrocarbon solvents in heavy oil and bitumen, estimating gas diffusion coefficients from 

concentration profiles, among others (Wen, Kantzas et al. 2004, Salama and Kantzas 2005, Wen 
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The diffusion process is depicted as a two-dimensional CT image along the diffusion cell's 

vertical length (x axis). A blue line in Figure 2.7 shows how a central area (Region of Interest, 

ROI) is sliced. The ROI is employed in the calculation and assessment of diffusion coefficients. 

The diffusion process is characterized as a vertical one-dimensional diffusion process in this 

thesis. To depict the CT number in the centre, basically an average CT number in the horizontal 

direction is calculated, and then the profile of CT numbers vary with vertical distance for each 

"x" value (Song, Kantzas et al. 2010).  

 

 

Figure 2.7. Image sample of diffusion process with the ROI shown.   

 

As liquid solvent diffuses into the bitumen, changes in CT numbers are connected to changes in 

oil densities, and CT number has a linear relationship with density. As a result, CT number 

profiles can be transformed into density profiles (Song, Kantzas et al. 2010). 
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Figure 3.3. The piston cylinder. At the left side, there is the real image of the piston cylinder 
used during the experiments. At the right side, there is the position of the moving piston and the 
working fluids inside it.     

 

The Vacuum Pump 

A vacuum pump (Trivac) is a device that removes gas molecules from a sealed space, creating a 

partial vacuum in the process. For these experiments, it was used to extract the air inside the 

diffusion vessels and inside the fittings of the apparatus. During the vacuum process, the 

maximum suction pressure was around -3.45 KPa (-0.5 psig). See Figure 3.4.   

 

The Diffusion Vessels 

The diffusion vessels (pressure vessels) used throughout all experiments are standard high-

pressure designs, with the characteristic that the vessel bodies are constructed from X-Ray 

transparent material such as aluminum (See Figure 3.5). Aluminum, was meant to reduce the 

image artifacts from the CT scans, also known as beam hardening. Another relevant fact from 

this equipment is that the cylindrical shape of the diffusion vessels minimizes CT reconstruction 

errors. For all the series of trials and experiments, the bitumen or heavy oil was placed at the 
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bottom and the solvents (n-propane and n-pentane) were placed at the top of the vessel. A fixed 

cross-sectional position of the vessel was scanned each time during the diffusion process, and 2-

dimensional CAT slices show the diffusion process along the length of the vessel.  

 

 

Figure 3.4. The vacuum pump.  

 

 

Figure 3.5. The Diffusion Vessels. a) this image represents the position of the fluids during the 
diffusion process, b) this image shows the oil inside each vessel before the cap closure, and c) 
this image is the representation of the vessel once the cap is closed, with a valve in one port and 
a blind fitting in the other port.  
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Figure 3.8. Isothermal data for n-pentane at 25 °C, the density is 0.621 g/cm³ and the saturation 
pressure is 0.068 MPa (9.91 psia). Image taken from (NIST 2021).   

 

3.2.2 Oils: Bitumen and Heavy Oil 

Four different types of oil were employed in the studies, two of them were bitumen and the other 

two were heavy oil. Two distinct Grosmont bitumen samples were used, and samples from 

Devon Jack Fish and Luseland were utilized for heavy oil. In this section, the density and the 

viscosity at different temperatures are stated.  

 

It is worth pointing out that it was very challenging the measurement of density and viscosity of 

the two samples of Grosmont bitumen, because at ambient conditions these oils have the 

consistency of a solid, making them difficult to handle and follow the procedures for getting the 
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density and viscosity data. For these cases, additional steps were required, such as preheating the 

samples for longer periods of time. The detailed description of each of the sets is presented later. 

 

Grosmont (Source # 1) - Bitumen 

This oil is the heaviest and has the highest viscosity among the four oils used in the experiments. 

The calculated data for both density and viscosity are presented below (See Table 3.1).  

 

Table 3.1. Grosmont bitumen (Source # 1): calculated data for both density and viscosity at 
different temperatures.   

Temperature (°C) Viscosity (mPa·s) Density (g/cm³) 

25 24,091,941 1.0272 

30 8,672,241 1.0242 

50 293,630 1.0174 

100 1,578 0.9812 

200 21 0.9088 

 

Grosmont (Source # 2) - Bitumen 

The calculated data for both density and viscosity are presented below (See Table 3.2).  

 

Table 3.2. Grosmont bitumen (Source # 2): calculated data for both density and viscosity at 
different temperatures. 

Temperature (°C) Viscosity (mPa·s) Density (g/cm³) 

15 21,937,321 0.9971 

22 9,574,893 0.9929 

25 6,711,613 0.9911 

30 3,712,347 0.9881 

50 347,484 0.9760 
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Figure 3.9. Setup displayed for the procedure to make a leakage-free system.  

 

Procedure to Fill the Piston Cylinder with n-propane 

The purpose of this procedure was to fill the piston cylinder with n-propane in liquid phase. 

There is no procedure to fill the piston cylinder with n-pentane since this solvent is simply 

poured through the Valve 3. Below the process is presented. See Figure 3.10 (setup).  

 

1. All the valves are closed. 

2. Valves 3, 4, 6 and 8 are opened.  

3. Valves 1 and 2 are opened, the ISCO pump is turned on, and it is injected distilled water 

through the bottom of the piston cylinder. This allows the piston to move to the top of the 

cylinder. Once the piston has reached the top, Valve 1 and 2 are closed and the ISCO 

pump is turned off.  

4. Valve 8 is closed.  

5. Valve 7 is opened and the vacuum pump is turned on for 30 min.  
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6. Valves 6 and 7 are closed and the vacuum pump is turned off.  

7. The fittings between Valve 1 and Valve 2 are disconnected.  

8. A small vial is placed below the outlet of the piston cylinder.  

 

 

Figure 3.10. Setup displayed for the procedure to fill the piston cylinder with n-propane.  

  

9. Valve 5 is opened allowing the propane flood the closed system. Note: the propane tank 

is placed upside down.  

10. Valve 2 is slightly opened permitting approximately 1000 cm³ of distilled water to drain 

through the bottom of the piston cylinder.  

11. Once the desired amount of water is drained, then Valves 2 and 5 are closed.  

12. The fittings between Valve 1 and Valve 2 are back connected.  

13. Valves 6 and 8 are opened and the remaining n-propane is released by the fume hood. 
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Procedure to Inject n-propane/n-pentane Inside the Diffusion Vessel 

The purpose of this procedure was to fill the empty portion of the diffusion vessel at the desired 

pressure (Pressure = 1.379 MPa (200 psig) for Set # 1, and Pressure = 1.724 MPa (250 psig) for 

Set # 2 to # 7). Below is presented the procedure. See Figure 3.11 (setup).   

 

 

Figure 3.11. Setup displayed for the Procedure to inject n-propane/n-pentane inside the diffusion 
vessel. 

 

1. The vacuum pump is disconnected from Valve 7 and then it is connected to Valve 10. 

2. All the valves are closed.  

3. Valves 4, 6, 8 and 9 are opened.  

4. Valve 10 is opened and the vacuum pump is turned on for 30 min.  

5. Valve 10 is closed and the vacuum pump is turned off.  

6. The ISCO pump is turned on and the injection pressure is set to 1.379/1.724 MPa 

(200/250 psig).  
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7. Valves 1 and 2 are opened letting the pressure inside the piston cylinder stabilizes at 

1.379/1.724 MPa (200/250 psig).  

8. Once the pressure inside the piston cylinder is stabilized, the Valve 3 is slightly opened 

allowing the flooding of the solvent (n-propane or n-pentane) inside the setup. 

9. Once the pressure inside the setup is stabilized at the desired pressure, the Valve 11 is 

opened permitting the empty portion of the diffusion cell being filled by the solvent.  

10. Once the empty space of the vessel is filled by the required amount of solvent, and the 

desired pressure inside the vessel is being reached, the Valve 11 is closed.  

11. Valve 8 is closed.  

12. The diffusion vessel is disconnected from Valve 11 and it is ready to be scanned.  

 

Procedure to Scan the Diffusion Vessels 

The purpose of this procedure was to scan the diffusion vessels using the CT scanner as the main 

equipment. Below is presented the process. See Figure 3.12 (setup).  

 

1. The diffusion vessels are placed inside the plastic bath. The level of the distilled water 

inside the plastic bath must remain constant and likewise, the temperature of the water 

must remain constant (25 °C) throughout all the experiments, as mentioned above. Note: 

see Appendix C in order to check how the temperature of the vessels remained constant 

throughout all sets of experiments.  

2. The lab door is closed and locked it. The do not enter light is turned on.  

3. The tube warm-up is performed.   

4. The zero point in the CT scanner is set.  
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Figure 3.13. Different positions/slices when scanning each vessel.  

 

Contributions to the Experimental Method 

It is important to mention which were the main contributions to the experimental method 

developed in the course of the experiments carried out in this thesis. These contributions or 

improvements obtained are compared with the experimental method worked out by (Diedro, 

Bryan et al. 2015). The following are the most important contributions: 

 

- An plastic bath is designed in order to incorporate 4 vessels at the same time to be 

scanned together with 4 plastic vials containing different calibration fluids (no one vessel 

interferes with the other). This is an improvement from the point of view of efficiency in 

running the experiments because instead of spending time scanning four different times 

(for each vessel), it is now scanned only once (one scan for all 4 vessels). This also 

makes the process of analyzing the diffusion coefficients more consistent, as all 4 vessels 

are scanned at almost the same time. In order for this apparatus to maintain a constant 

temperature throughout the experiments, proper positioning of the plastic hose (through 

which the hot water from the heating bath circulator flows) was necessary. Due to the 

quality of the results obtained and the information obtained, it is considered that this bath 

design not only saves time but also allows for reliable results. See Figure 3.12.  

- Following the path of efficiency (as mentioned before), the other important contribution 

is the construction of a single setup. This allows 3 different procedures to be run with the 

same setup without the need for additional equipment/devices, avoiding the additional 
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3.3.4 Main Assumptions Considered for the Diffusion Process of the Experiments 

The main assumptions considered for the diffusion process of the experiments are stated as 

follows:  

 

1. Binary System. Two Components (Solvent + Bitumen/Heavy Oil). Note: Bitumen and 

heavy oil are each considered as if they were a single component. 

2. One-dimensional diffusion. 

3. The mixture is isotropic (i.e., no preferential paths). 

4. Isothermal. 

5. No external forces or field gradient. 

6. The only driving force for diffusion is the concentration gradient. 

7. Asphaltene precipitation might occur.  
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Chapter 4: RESULTS 

 

This chapter presents the result images for each set of experiments. The images are obtained 

using the algorithm develop by Babak et al. (2018).  

 

 

Figure 4.1. Description of each part of the diffusion images 

 

In this section, only the first and last images of each set of experiments are shown. For each 

image there is a brief description. This is done with the aim of capturing more detail in the 

analysis section (Chapter 5), due to the large amount of information and images available as a 

result of the experiments. On the other hand, the most representative consecutive images of each 

of the sets of experiments (only images without comments or analysis) can be found in Appendix 

D. 
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In this segment, the most striking, relevant and innovative images of each set of experiments are 

shown. See Table 3.15 in order to recall the description of each set of experiments.  

 

A description of each part of the diffusion images could be found in Figure 4.1. As can be seen, 

on the left side it is located the image of the fluids under diffusion, there is blue rectangle that 

represents the ROI (Region of Interest). Above the diffusion image is placed the diffusion time. 

In the middle, there is the color code representing the variation of density with a different range 

of colors (it goes from 0.4 g/cm³ to 1.3 g/cm³). Also in the middle, there is the Distance (mm) 

Vs. Density (g/cm³) graph, notice that this distance corresponds to the mixing length. And on the 

right side, there are two rectangles representing the Frequency Distribution vs. Density (g/cm³) 

graphics: the top rectangle is for the whole domain and the bottom rectangle is for the ROI.  

 

An important new feature compared to previous work is that, instead of drawing a line through 

the centre of the circle to represent the change in density, a rectangle (ROI) is taken, with an 

average density represented at each perpendicular point of the diffusion direction. This helps to 

better represent the reality of the diffusion process between the solvent and the oil. One 

advantage of taking the ROI as a rectangle centered on a circle rather than a rectangle 

encompassing the entire circle is that boundary effects at vessel borders are avoided (See Figure 

4.2).  

 

In order to have a nomenclature for the images of each of the sets that are presented from now 

on, the following expression is used: 

S  #  V  #  S  # 

Set    Vessel    Slice  

                       

For instance, the next expression S7 V8 S5 represents images from Set # 7, Vessel # 8 and Slice 

# 5. Recall that the slice in the vessel is depicted in Figure 3.13. 
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Figure 4.2. The boundary effects at vessel borders 

 

Approximately 11,430 scans were taken throughout all the experiments. This is relevant to 

mention, since the volume of information to be processed and analyzed was considerable. This 

account is only made for the scans in vessels, not taking into account all the scans that were 

taken for the calibration fluids. 

 

The first and last images for each set of experiments are given below.  
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4.2 First and Last Image of Set # 1 

 

 

Figure 4.3. First and last image of Set # 1. S1 V3 S5. n-propane & Grosmont bitumen (Source # 
1). Solvent fraction: 0.50 

 

As shown in both images of Figure 4.3, the one located at the top corresponds to the first image 

and the other located at the bottom corresponds to the last image, these are for Set # 1. For the 

next images from this Chapter, the display is the same: two images indicating the first and last 

scan taken, located one at the top (the first one) and the other one at the bottom (the last one). 
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Several relevant aspects from these images can be noticed as follows, considering that a more 

detailed assessment can be found in the analysis section (Chapter 5).  

 

These images are associated when n-propane and Grosmont bitumen (Source # 1) are put under 

diffusion with a solvent fraction: 0.50. For more information hereafter related to the description 

of each of the experiments, see Table 3.15.  

 

The first image is taken at time 0, and the last image is taken after 195 days of mixing. In the 

first image, it can be seen that the colors inside the circle (cross-sectional plane of the vessel # 3, 

at slice # 5) are a good representation of the real densities of both fluids at fixed temperature (25 

°C). This can be stated because the density of liquid propane is 0.492 g/cm³, while the density of 

bitumen is 1.0272 g/cm³, when the temperature is fixed at 25 °C. These colors (blue and orange) 

are separated by the presence of a tiny layer (yellow range colors) that represents the early 

diffusion process that has just started. In the same image, but in the Distance vs Density plot, a 

clear S-shape curve can be seen, indicating the sharp difference in densities of both fluids. In this 

plot, the densities of the fluids can be correlated to what is depicted inside the circle. In addition, 

in the Density Frequency Distribution plots (located on the right-hand side of the Distance vs. 

Density plot), in both plots (in all domain area and in ROI or Rectangle area), two clear densities 

can be identified, the first evidently corresponds to the density of n-propane and the second 

corresponds to the density of bitumen. These density plots are crucial for the analysis of the 

diffusion behavior throughout each of the experiments.  

 

If we move forward and describe the last image, four relevant aspects can be identified:  

- The first one is the gas bubble developed at the top of the image. This bubble can be 

correlated with the Distance vs Density plot, where it is evident that the density changes 

abruptly between 50 and 60 mm. This change in density is not visible in the Density 

Frequency Distribution plots, because on the density axis, the range goes from 0.5 g/cm³ 

to 1.5 g/cm³, and the density of the gas is clearly less than 0.5 g/cm³. 
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- The second one is that asphaltene settling occurs, and after 195 days of diffusion, there is 

a distinct deposition of asphaltenes that accumulate at the bottom of the image. This 

settling can be shown in the Distance vs Density plot and in the Density Frequency 

Distribution plots (lowest peak on both plots).  

- The third one is that there is oil swelling. This aspect can be associated with the fact that 

there are sharp moving interfaces that move upwards (see the Distance vs. Density plot).  

- And the fourth one, which is closely related to the previous, is the fact that there is partial 

miscibility. This can be expressed because there is a clear interface in the image, where it 

is distinctly noticeable that after 195 days, the miscibility in both directions (solvent to 

bitumen and bitumen to solvent) has been partial or incomplete.  

 

It is important to remember that this Set was the only one in which the pressure was not 

controlled: this is why the gas bubble was formed at the top of the vessel after diffusion started. 

 

4.3 First and Last image of Set # 2 

 

As shown in both images of Figure 4.4, we can see the first and last image of Set # 2 (Vessel # 

2). In this Set, and in this vessel, n-propane was put again in contact with the Grosmont bitumen 

(Source # 1), with the difference that the pressure was controlled (i.e. the pressure was kept 

constant) compared to the experiments that were run in Set # 1. Furthermore, all experiments 

from here on were performed with constant pressure. If the last image of Figure 4.3 is compared 

with the last image of Figure 4.4, then the following expressions can be indicated:  

- There is no bubble of gas at the top of the image, this is because the pressure was always 

kept constant throughout the experiment. 

- After 96 days of diffusion, there is no evidence of asphaltene settling, which was seen in 

the last image of the previous Set after 195 days of mixing.  

- Just as it was seen in the last image of the previous Set, here in the last image of this Set, 

oil swelling is also evident.  
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- And finally, as seen in the last image of the previous Set, here in the last image of this 

Set, it is also evident that there is partial miscibility.  

 

It is worth remembering that a more detailed analysis, contemplating different diffusion times, 

can be found in Chapter 5. 

 

 

 

Figure 4.4. First and last image Set # 2. S2 V2 S5. n-propane & Grosmont bitumen (Source # 1). 
Solvent fraction: 0.50 
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experiment is Luseland (this oil is the lightest and has the lowest viscosity among the four oils 

used throughout all sets of experiments). The density of this heavy oil can be correlated with 

color reflected in the image. If we compare the color of the Grosmont bitumen used in the 

previous Sets with the color of the heavy oil used in this Set, we can observe that for this oil the 

color is in a range more towards yellow, while the color of the bitumen (for previous Sets) is in a 

range more towards orange. Additionally, the density obtained from the Distance vs Density plot 

matches the calculated (real) density. 

 

In this Set, unlike the previous two, different results were obtained, as mentioned below: 

- When compared to the preceding Sets, it is clear that this heavy oil (Luseland) presents 

fully miscibility when mixed with n-propane under this test conditions. See how the S-

shape curve changes almost to a straight line in the Distance vs Density plot in the last 

image. This indicates that after 132 days of diffusion, there is nearly a complete 

miscibility between these two fluids. 

- Under these mixing conditions, there is a small deposition of particles that are slightly 

heavier than the remainder of the mixture but have a density lower than the average 

density of the asphaltenes after 132 days of diffusion. This can be seen in the last image 

as well as in the Density Frequency Distribution plots (lowest peak on both plots). 

 

4.5 First and Last Image of Set # 4 

 

As shown in both images of Figure 4.6, we can see the first and last image of Set # 4 (Vessel # 

2). In this Set, and in this vessel, n-pentane was put in contact with the Grosmont bitumen 

(Source # 1). It's worth noting that n-propane was used as a solvent in all prior Sets, but in this 

one, pentane was utilized, which is a slightly heavier solvent than n-propane. The following 

expressions are highlighted below: 
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Figure 4.6. First and last image Set # 4. S4 V2 S5. n-pentane & Grosmont bitumen (Source # 1). 
Solvent fraction: 0.50 

 

- In the previous Sets, partial miscibility was achieved by mixing Grosmont bitumen 

(Source # 1) with n-propane in various Solvent fractions, but in this Set, when n-pentane 

and this bitumen are placed in touch, the closest to fully miscibility is attained. In this 

case, it is clear that changing the solvent alters the diffusion behavior. 
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- When comparing the asphaltene settling when this bitumen was mixed with n-propane 

versus n-pentane, the last image from Figure 4.6 demonstrates that when this bitumen is 

mixed with n-pentane, more precipitate is obtained and it happens faster. 

 

4.6 First and Last Image of Set # 5 

 

 

 

Figure 4.7. First and last image Set # 5. S5 V6 S5. n-pentane & Grosmont bitumen (Source # 1) 
+ 1.5 g asphaltenes. Solvent fraction: 0.50 
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modified when adding these solids to the mixture. In fact, there are no significant differences 

between the results of this Set and those of the previous Set, but the results of this Set will be 

examined in greater depth in the following section (Chapter 5), since in this section, only the first 

and last images are presented, without showing what happens in between.  
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Chapter 5: ANALYSIS AND DISCUSSION 

 

As stated in Chapter 1, this chapter presents the analysis of the results. Various novel findings 

are mentioned and partial miscibility, phase partitioning, oil swelling and asphaltene 

precipitation and settling are discussed. Recall that both the VAPEX and the Solvent Injection 

procedures for oil/bitumen recovery rely heavily on diffusion. The diffusion of two distinct 

solvents in bulk bitumen/heavy oil was investigated using X-Ray CAT scanning. 

 

This chapter is divided into two main segments. In the first segment, there is a detailed 

description and analysis for each Set of experiments (from Set # 1 to Set # 7). In previous 

chapter only the first and last image were presented, but in this chapter, the sequence of images 

that represent the evolution of diffusion over time are described and analyzed. In the second 

segment, there is a topic connected to the findings and uniqueness from each of the experiments, 

which establishes why this study is distinctive and what value it adds in terms of creating useful 

data for future experiments and research. 

 

 

5.1 Analysis of Each Set of Experiments 

 

In order to be consistent, in all the Sets, all the experiments were run at the same pressure of 

1.724 MPa (250 psig), except for Set #1 where pressure was not controlled. Likewise, all the 

experiments were performed at the same temperature (25 °C). The variations between each Set 

appeared in the different types of solvent, different types of oil, different solvent fractions, and if 

solids were added or not.  
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Figure 5.2. S1 V3 S5. n-propane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 0 
days_5 hours_25 minutes 

 

 

Figure 5.3. S1 V3 S5. n-propane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 1 
days_6 hours_46 minutes 

 



 

109 
 

 

Figure 5.4. S1 V3 S5. n-propane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 4 
days_19 hours_33 minutes 

 

 

Figure 5.5. S1 V3 S5. n-propane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 13 
days_19 hours_23 minutes 
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asphaltene to this range of colors, one can say that the density of the deposited material is around 

1.1 g/cm³, which is similar to the reported average density of asphaltenes.  

 

This figure (Figure 5.6) is the final scan taken to this vessel, but according to the scan registry, it 

is clear that the penultimate image did not show precipitation, so it is not known at what time this 

deposition began to appear. 

 

When two miscible liquids come into contact with a sharp interface at first, they will gradually 

diffuse into one another. With time, the acute interface between the two fluids will fade into a 

diffused mixed zone that grades from one fluid to the other. Diffusion occurs as a result of the 

molecules' random mobility (Salama and Kantzas 2005). As a result, diffusion flux is defined as 

a flow caused by a difference in concentration between two fluids. Due to the difference in 

concentration, even if the two fluids are steady, there will be mixing (Salama and Kantzas 2005). 

According to the images, after more than 195 of mixing, there are sharp interfaces that have 

moved over time. This is an indication that the miscibility is not complete, so that there is partial 

miscibility under this diffusion conditions.  

 

5.1.2 Analysis for Set # 2 

 

Recall that in this Set of experiments, 4 vessels were used to run the diffusion tests between n-

propane as solvent and Grosmont bitumen (Source # 1). Different solvent fractions were 

employed (0.40, 0.50, 0.60 and 0.65). No solids were added, the temperature remained constant 

throughout all the experiments (25 °C), and the pressure was kept constant at 1.724 MPa (250 

psig).   

 

In this section, only the results for Vessel # 2 will be shown, since there are no big changes 

compared to the other vessels. In this vessel, n-propane was put in contact with the Grosmont 

bitumen (Source # 1) with a solvent fraction = 0.5. 
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Figure 5.9. S2 V2 S5. n-propane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 12 
days_21 hours_14 minutes 

 

 

Figure 5.10. S2 V2 S5. n-propane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 
96 days_4 hours_0 minutes 

 

The objective of this Set was to evaluate if there were any changes or different outcomes from 

those obtained in the previous Set if the pressure was kept constant. This Set was run under the 
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same conditions of previous Set, with the exception that the pressure was controlled. The most 

representative images are these: Figure 5.7 to Figure 5.10.  

 

The results obtained in this Set are very similar to those obtained in the previous set, with the 

following differences mentioned below: 

- The time to the solvent to reach the boundary, ergo, the time elapsed to the solvent to be 

propagated throughout the oil is around 12 days, this is less than the time expended in the 

previous Set under the same experimental conditions (13 days).  

- The last scan for these Vessel is after 96 days, a time in which deposition of asphaltenes 

is not seen yet.  

- No bubble of gas appeared (pressure was controlled).  

 

The following results, which are similar to those obtained in the previous Set, are mentioned: 

- Oil Swelling (similar timing. Time for oil swelling phenomena to start: around 4.5 days).  

- Partial miscibility (under the same conditions than previous experiments). There is a 

sharp interface until the last scan taken.  

 

5.1.3 Analysis for Set # 3 

 

Recall that in this Set of experiments, 3 vessels were used to run the diffusion tests between n-

propane as solvent and three different types of oil (Grosmont bitumen Source # 1, Devon Jack 

Fish heavy oil and Luseland heavy oil). The same solvent fraction (0.50) was employed for all 

the vessels. No solids were added, the temperature remained constant throughout all the 

experiments (25 °C), and the pressure was kept constant at 1.724 MPa (250 psig).   

 

What is new in this Set, compared to the previous ones, is that two types of heavy oil were used 

with the same solvent (n-propane). Devon Jack Fish heavy oil (heavier) and Luseland heavy oil 
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If these results are compared with those obtained in the other vessel that contains the Devon Jack 

Fish heavy oil of the same Set, the following can be remarked:    

- The time for solvent to reach the boundary in this vessel (#7) is around 4 days, while the 

time for solvent to reach the boundary in the other vessel (#6) is around 8 days. That is, 

almost half the time.  

- There is no oil swelling to report in this vessel.  

- There is no partial miscibility, instead, there is something close to fully miscibility. This 

can be confirmed through the exposed images. For instance, in Figure 5.21, in the 

Distance vs Density plot, there is an almost vertical line, indicating the presence of the 

same density along the entire height of the column of the vessel. Then, if the time of the 

experiment tends to infinite, the mixing will approach to fully miscibility.  

- Unlike the results of those obtained in vessel # 6, Figure 5.21 shows a little layer of 

material that is slightly heavier than the mixture. 

 

The changes in the solvent and oil density, shown from Figure 5.16 to Figure 5.21, are taken to 

be indications of mass transfer and mixing of the fluids.  

 

 

5.1.4 Analysis for Set # 4 

 

Recall that in this Set of experiments, 4 vessels were used to run the diffusion tests between n-

pentane as solvent and four different types of oil (Grosmont bitumen Source # 1, Grosmont 

bitumen Source # 2, Devon Jack Fish heavy oil and Luseland heavy oil). The same solvent 

fraction (0.50) was employed for all the vessels. No solids were added, the temperature remained 

constant throughout all the experiments (25 °C), and the pressure was kept constant at 1.724 

MPa (250 psig).   
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Figure 5.23. S4 V2 S5. n-pentane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 1 
days_4 hours_31 minutes 

 

 

Figure 5.24. S4 V2 S5. n-pentane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 
11 days_1 hours_33 minutes 
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Figure 5.25. S4 V2 S5. n-pentane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 
48 days_22 hours_12 minutes 

 

Figure 5.26. S4 V2 S5. n-pentane & Grosmont bitumen (Source # 1). Solvent fraction: 0.50 @ 
102 days_4 hours_56 minutes 

 

For the analysis of this vessel, the most representative images for this experiment are these: 

Figure 5.22 to Figure 5.26.  
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Figure 5.28. S4 V8 S5. n-pentane & Grosmont bitumen (Source # 2). Solvent fraction: 0.50 @ 1 
days_2 hours_4 minutes 

 

Figure 5.29. S4 V8 S5. n-pentane & Grosmont bitumen (Source # 2). Solvent fraction: 0.50 @ 
10 days_3 hours_45 minutes 
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Figure 5.30. S4 V8 S5. n-pentane & Grosmont bitumen (Source # 2). Solvent fraction: 0.50 @ 
31 days_0 hours_14 minutes 

 

 

Figure 5.31. S4 V8 S5. n-pentane & Grosmont bitumen (Source # 2). Solvent fraction: 0.50 @ 
87 days_9 hours_3 minutes 
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Figure 5.32. S4 V8 S5. n-pentane & Grosmont bitumen (Source # 2). Solvent fraction: 0.50 @ 
101 days_7 hours_8 minutes 

 

For the analysis of this vessel, the most representative images for this experiment are these: 

Figure 5.27 to Figure 5.32.  

In this vessel, the Grosmont bitumen (Source # 2) was used. This bitumen is less heavy than the 

Grosmont bitumen (Source # 1) used in the aforementioned experiments. The results of this 

vessel (#8) are assessed with the results obtained in the prior vessel (#2): 

- After 10 days of diffusion (See Figure 5.29), it can be observed that the solvent has 

propagated throughout the oil, and the oil content is less than before. When using 

Grosmont bitumen (Source # 1) under the same experimental conditions, the time for 

solvent to be fully propagated in the oil was around 11 days.   

- After 101 days of mixing (See Figure 5.32), there is confirmation of asphaltene 

deposition, but to a lesser extent compared to the results of the previous vessel. 

- Under these conditions, fully miscibility occurs.  

- There is no indication of oil swelling. 
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These results are compared with those obtained in the other vessels of the same Set. In this case, 

Luseland heavy oil was used in this experiment. Below are the corresponding comments: 

- After 5 days of diffusion (See Figure 5.40), it can be observed that the solvent has 

propagated throughout the oil, and the oil content is less than before. When using 

different sources of Grosmont bitumen, this time ranges between 11 and 10 days. This is 

an indicator that diffusion is slower in more viscous oil.   

- After 102 days of mixing (See Figure 5.41), there is confirmation of no asphaltene 

deposition. This can be associated with the Density Frequency Distribution plots, where 

there is only one peak representing the density of fluids after diffusion.  

- Under these conditions, fully miscibility occurs. 

- There is no indication of oil swelling. 

 

 

5.1.5 Analysis for Set # 5 

 

Recall that in this Set of experiments, 2 vessels were used to run the diffusion tests between n-

pentane as solvent and Grosmont bitumen Source # 1. Different solvent fractions (0.50 and 0.60) 

were employed. 1.5 g of pure asphaltenes were added in each vessel, the temperature remained 

constant throughout all the experiments (25 °C), and the pressure was kept constant at 1.724 

MPa (250 psig).   

 

Vessel # 6 worked with a solvent fraction = 0.50, and Vessel # 7 worked with a solvent fraction 

= 0.60.   
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Figure 5.44. S5 V6 S5. n-pentane & Grosmont bitumen (Source # 1) + 1.5 g asphaltenes. 
Solvent fraction: 0.50 @ 12 days_21 hours_47 minutes 

 

 

Figure 5.45. S5 V6 S5. n-pentane & Grosmont bitumen (Source # 1) + 1.5 g asphaltenes. 
Solvent fraction: 0.50 @ 64 days_7 hours_36 minutes 

 

These results are compared with those obtained in the other vessels of previous Sets. In this case, 

Grosmont bitumen (Source # 1) was used in this experiment. The difference between this Set and 
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all the preceding tests is that 1.5 g of pure asphaltene (obtained using procedure mentioned in 

Appendix A) was added to each of the two vessels in this Set. The main reason in adding pure 

asphaltenes to each of the two vessels was to determine if these additional solids could change or 

modify the diffusion pattern. Remember that this vessel was run with a solvent fraction = 0.50.  

 

Below are the corresponding comments from the obtained results:  

- After 12 days of diffusion (See Figure 5.44), it can be noted that the solvent has 

propagated throughout the oil, and the oil content is less than before.  

- After 64 days of mixing (See Figure 5.45), there is confirmation of asphaltene 

deposition. These can be associated with the image, where at the bottom of the vessel, a 

tiny number of heavier particles (it looks like to be asphaltene because its density value) 

is present.  

- After 64 days, it is not clear the effect of adding pure asphaltene to the mixture, but it 

seems that it helps to accelerate the precipitation of asphaltenes and consequently the 

settling.  

- Under these conditions, fully miscibility occurs. 

- There is no indication of oil swelling. 
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Figure 5.48. S5 V7 S5. n-pentane & Grosmont bitumen (Source # 1) + 1.5 g asphaltenes. 
Solvent fraction: 0.60 @ 7 days_19 hours_27 minutes 

 

 

Figure 5.49. S5 V7 S5. n-pentane & Grosmont bitumen (Source # 1) + 1.5 g asphaltenes. 
Solvent fraction: 0.60 @ 52 days_22 hours_30 minutes 
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Figure 5.50. S5 V7 S5. n-pentane & Grosmont bitumen (Source # 1) + 1.5 g asphaltenes. 
Solvent fraction: 0.60 @ 64 days_6 hours_18 minutes 

 

For the analysis of this vessel, the most representative images for this experiment are these: 

Figure 5.46 to Figure 5.50.  

 

These results are compared with those obtained in the other vessels of previous Sets. In this case, 

Grosmont bitumen (Source # 1) was used in this experiment. The difference between this Set and 

all the preceding tests is that 1.5 g of pure asphaltene (obtained using procedure mentioned in 

Appendix A) was added to each of the two vessels in this Set. The main reason for adding pure 

asphaltenes to each of the two vessels was to determine if these additional solids could change or 

modify the diffusion pattern. Remember that this vessel was run with a solvent fraction = 0.60 

(this is 10% more solvent than the other vessel of the same Set).  

 

 Below are the corresponding comments from the obtained results:  

- After 7 days of diffusion (See Figure 5.48), it can be stated that the solvent has 

propagated throughout the oil, and the oil content is less than before.  




































































































































































































































































































