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Abstract 

Production Mechanism of Diluent Injection in Heavy oil and Bitumen 

Duong Thai Nguyen, MSE 

The University of Texas at Austin, 2016 

Supervisor: Quoc P. Nguyen 

The invention of horizontal and hydraulic fractured have shaped the oil and gas industry in 

such a way that engineers could never imagine. Thanks to the new technology, tight 

formation productions help the United States comes tantalizingly close to energy 

independent. After four decades, the U.S lifted the ban on crude oil export increased the 

competition in the energy market. However, tight formations productions require high 

capital investment, and high water consumption but its production declines fast. Scientist 

have been actively seeking for alternative resources for future supply. Heavy oil and 

bitumen is one of interesting alternative, as the resource can be all over the world, but the 

largest reserves are concentrated in Americas: Venezuela, and in Canada’s Alberta 

Province.  

The production of heavy oil and bitumen is an extremely energy-intensive activity 

with the associated high environmental impact.  Most common methods for heavy oil and 

bitumen production are surface mining or heat injection. The heat lost associated with 

steam injection is a big concern, sometimes it can be as high as 90%.  
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To reduce heat loss, the use of solvent was employed. However, solvent processes 

with vertical wells could be much slower than the thermal process such as steam injection. 

Since the introduction of horizontal well and hydraulic fracture that helps increase the 

contact area between the solvent and oil, the investigation of solvent injection process has 

been widely revisited.  

Solvent or diluent injection without understanding asphaltene behavior can cause 

permeability and porosity reduction.  In this study, I have investigated the mass transfer 

mechanisms in diluent processes with focus on understanding how these mechanisms 

govern asphaltene precipitation, flocculation and transportation.  
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Chapter 1: Introduction  

1.1 BACKGROUND 

The surge in demand for oil, and the sharp decline in the supply of conventional oil and 

gas have initiated greater attention for exploration and development of unconventional 

resources such as tight oil formations, heavy oil, and extra heavy oil reservoirs (Ali et al., 

2002). For the scope of this thesis, only technologies regarding heavy oil development are 

discussed. Heavy oil is often defined by its resistance to flow at the reservoir condition, 

i.e.: viscosity (larger than 100 mPa.s). The word bitumen is often used interchangeably 

with heavy oil, yet, the term bitumen refers to a much higher spectrum of fluid viscosity, 

i.e.: viscosity larger than 10,000 mPa.s) (Briggs et al., 1988). As provided in Figure 1.1, 

heavy oil extraction techniques can be divided into three groups. The advantages and 

disadvantages of each group are introduced in the following paragraphs.   

 

 

Figure 1.1: Recent heavy oil recovery techniques.   
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Heavy oil mining techniques have been used for thousands of years. Heavy oils 

were hand-dugged from shallow surface mines in the Middle East hundred years B.C 

(DeMirjian et al., 1978). However, large scale development of heavy oil mining only began 

to expand globally at the end of 20th century in the following regions: Pechelbronn Field 

in France, Higashiyama field in Japan, Weize Field in Germany, Yarega Field in USSR, 

and Athabasca Field in Canada (Lyman, 1984; Bellows, 1963). Surface mining technique 

can only be applied to reservoirs in which the ratio between the thickness of the bitumen 

bed and the overburden thickness falls within a range of 1:3.5 for large oil field and smaller 

for smaller mines in order to be considered economically feasible (Spragins et al., 1967).  

Furthermore, both mining and the processing of tar sands can cause a variety of 

environmental impacts including the release of greenhouse gas emissions, disturbance of 

mined land, disruptions on local wildlife, as well as air and water quality degradation. The 

development of commercial tar sand mining requires large amounts of water for 

processing; currently, tar sands extraction and processing require several barrels of water 

for each barrel of oil produced (BLM, 2014). Although sub-surface mining demonstrates 

technical viability, it is not an attractive option due to hazardous mining environments as 

well as the fact that the process is not economically feasible unless it is also thermal assisted 

(Lyman et al.,1984).  

The concept of using heated miscible solvents to recover heavy oil and bitumen 

started in the early 1970s. Instead of water flooding the oil field, Ali and Snyder, in an 

isothermal experiment and Awang and Ali (1980), in a non-isothermal experiment, 

suggested the use of heated miscible fluid (naphtha) to displace the viscous oil in the 

laboratory. They found that the process of naphtha injection tended to be ineffective due 

gravity segregation and low swept efficiency (Ali et al., 1973). Although immiscible 

displacement may not have as many benefits when compared to miscible displacement, 
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which include the elimination of capillary hold up and viscous forces, people still study the 

effects of immiscible displacement in heavy oil recovery. The resulting increase in oil 

production when injecting low salinity water compared to high salinity formation water in 

an oil field has led Abass et al. (2013) to propose the technique of injecting low salinity 

water to displace viscous oil. This technique can also alter the wettability of the reservoir 

and detach surrounding clay particles. It is normally very difficult to combine chemicals in 

high thermal settings, such as those of heavy oils, since high temperatures negatively affect 

the chemical reaction process. However, theoretically, the effects of wettability alternation 

and viscosity reduction positively increase as the density of the oil increases. Therefore, 

injecting low salinity water would add a new mechanism into the process of thermal 

enhanced oil recovery. The results obtained from the laboratory using sand packs, extra 

heavy oil (1700 mPa.s at 65⁰C), and consolidated cores with heavy oil (700cp at 35⁰C) 

support up to a 25% increase in oil recovery and a much lower water cut. However, Rivet 

(2010) found that the increase in ultimate recovery was only observed in mix-wet rocks 

when injecting low salinity water, due to an improvement of the displacing stability.  

Gravity drainage is the most reliable technique when it comes to extracting heavy 

oil. Engineers found the method to work with a variety of rocks, ranging from mix-wet to 

oil-wet reservoirs, where it is not possible to establish a differential pressure to push the oil 

during conventional displacement due to low mobility ratio, high fracture permeability, 

etc. (Boerrigter et al., 2007). However, due to the viscous nature of oil, it only drains when 

the viscosity of the oil is low enough, i.e. it requires extra force.  

Injecting enthalpy, the most studied technique in heavy oil recovery process, both 

in field and in laboratories, compares to in-situ combustion and electrical heating. Although 

combustion is found to work better both theoretically and in lab scale settings, the 

performance of the fireflood method is proven to be ineffective in field. Due to the 
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difficulty in controlling the flood front by cause of air flow sensitivity, one of the most 

encountered problems in fire flooding is that it burns and destroys the production wells 

(Briggs et al., 1988). Because of high maintenance costs and low rates of return on 

electrical heating, it is only applicable in select reservoirs (Hascakir et al., 2008).  

In areas, too deep for mining, oil is extracted using thermal injection methods such 

as Cyclic Steam Stimulation (CSS), and Steam Assisted Gravity Drainage (SAGD). 

Although Roger Butler’s SAGD was patented back in 1969, the process has been 

revitalized by the implementation of horizontal wells. Since then, SAGD has become the 

method of choice in gravity drainage projects. The concept behind SAGD is to transfer the 

enthalpy from steam to the reservoir fluid in order to reduce the oil viscosity, and then use 

gravity in order to produce mobilized oil in a horizontal well. However, the production of 

the steam-based process largely ranges from 25% to 60% of the OOIP due to geological 

heterogeneity, reservoir thickness, heat lost, and gas cap/aquifer influences. Furthermore, 

a particular SAGD project consumes over 10 barrels of cold water to recover one barrel of 

oil (Gates et al., 2007). The more water it takes to recover the oil, the less economically 

feasible the project is due to its high-water supply cost, high-energy intensity, and large 

environmental footprint.  

To overcome excess water usage and intense energy requirement due heat lost to 

the cap rock, solvent was utilized at its dew point temperature instead of steam. The 

mechanism behind the technique involves taking advantage of mass diffusion with our 

without latent heat to mobilize the viscous oil; however, it was concluded that due to the 

difference in orders of magnitude between molecular and thermal diffusivity, the viscosity 

reduction by the solvent would be much slower than steam processes (Das et al., 1998).  
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The main objective of this work is to investigate a low temperature production 

process for viscous fracture reservoirs.  To achieve this purpose, the work is focused on a 

diluent injection strategy that combines the benefits of N-Solv, Vapor Extraction 

(VAPEX), and gas-oil gravity drainage (GOGD) to successfully produce viscous oil using 

low-temperature solvent injection. 

1.2 OUTLINE   

 Chapter 2 provides the effect of diluent rate on the extraction of bitumen recovery 

in a fractured sand stone core. We conducted five experiments of liquid diluent at five 

different injection rates to identify the critical rate where the oil production no longer 

depends on the diluent rate. We examined how liquid diluent extracts the bitumen and 

upgrading bitumen in situ in order to gain understanding of the rate effect on asphaltene 

deposition.  

 Chapter 3 continues the investigation of temperature effect and diluent type on the 

production mechanisms of liquid diluent process and de-asphaltene process. 

Dichloromethane (DCM) was used as the diluent that does not precipitate asphaltenes when 

mixing with the bitumen. Using DCM helps isolate the effect of asphaltenes precipitation 

from the production mechanisms of liquid diluent extraction.  

 Chapter 4 starts a series of study on vapor-bitumen drainage process. By using the 

systematic method of isolating the effect of temperature, diluent rate, diluent type, and 

asphaltene precipitation as in the previous chapter, we establish the main mechanisms and 

influencing factors in the vapor diluent process .  

 Chapter 5 continues studying the importance of partition pressure on vapor process. 

A decrease in system pressure causes a decrease in vapor diluent solubility in bitumen. 
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Reducing the concentration of vapor in bitumen results in higher mixture viscosity that 

could ultimately decrease the drainage rate.  

Chapter 6 highlight the experimental observations that could potential fuel more in-depth 

future studies of the liquid and vapor diluent processes.
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PART 1: LIQUID DILUENT PROCESS 
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Chapter 2: The Effect of Diluent Rate on the Extraction of Bitumen  

2.1 INTRODUCTION 

  Nenninger and Dunn introduced the concept of condensing solvent injection in 

2008, in which operating conditions allow the injected solvent to condense at the cold oil 

interface. They proposed to elevate the temperature of the injected solvent, thus further 

reducing oil viscosity through both mass transfer (more effective in liquid phase compared 

to vapor phase) and thermal diffusion. On the other hand, Rankin et al. (2014) presented a 

low energy consumption solvent injection concept for fractured viscous oil reservoirs that 

combined liquid extraction observed in condensing solvent techniques with vapor solvent-

assisted film drainage. When injecting warm vapor solvent into the reservoir, the solvent 

condenses when it contacts the cold oil and reservoir rock (liquid extraction). After the 

system reached the target operating temperature, the injected solvent remains in the vapor 

phase when it contacts the oil (solvent-enhanced film gravity drainage). The work in this 

paper focuses on the understanding of the production mechanism of bitumen in contact 

with liquid solvent under the isothermal condition.  

Heavy oil naturally contains a significant amount of asphaltenes, which can cause 

problems in oil production, transportation, and processing. Asphaltene is soluble in carbon 

disulfide and insoluble in light alkanes such as n-pentane and n-heptane (McCain, 1999). 

When bitumen is in contact with solvent, the asphaltene deposition was observed. 

Inappropriate utilization of solvent in high asphaltic oil can destabilize asphaltene, which 

could potentially damage the oil production mechanism.  
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2.2 MATERIAL AND METHODS 

An experimental setup with controllable temperature, pressure, and liquid injection 

rates was built to investigate the mechanisms of extraction during liquid diluent being 

injected into a bitumen saturated core with an artificial fracture. The experiments were 

carried out in three stages: core preparation, solvent injection, and the analysis of 

asphaltene content in the residual and produced oil. A two-foot long, two-inch diameter 

core holder (Figure. 2.1 (1)) was used. The long core was used to reduce the capillary 

effects during the gravity drainage process. 

 Core preparation and solvent injection was executed in an oven at an elevated 

temperature under confining pressures of 3.55 MPa axially and 6.99 MPa radially. The 

core holder (1) and oil accumulator (2) were then loaded inside the oven. An Omega 

temperature sensor was placed at 18” from the inlet to measure the temperature of the liquid 

entering the system. Pressure was monitored using two Rosemount absolute pressure 

transducers at the inlet and outlet. The temperature and pressure data was stored digitally 

by Lab View Instrument (8). The pressure of the system was controlled by an Equilibar 

backpressure regulator (BPR). The fluid pressure once it enters the system should be larger 

than the set dome pressure of BPR with some friction loss to be able to pass through. The 

BPR’s dome pressure was held constant by a second BPR that released expanding dome 

gas during the heating of the system.  
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Figure 2.1:  Schematic of experimental apparatus 
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 The confining pressure of the system was also kept constant using the same process 

(confined pressure controller in Figure 2.1. The effluent gathered in a graduated one-liter 

glass collector (5). The oil was measured in the cylindrical collector (5), and gas exited 

through the top of the apparatus.  After leaving the accumulator, the gas flowed through an 

Elster American wet test meter (7) and was vented to the fume hood. The wet test meter 

records the gas flow rate, which is stored digitally with Lab View. A description of each 

experimental stage is given in the following sections 

2.2.1 Core Preparation  

The first step in each experiment was core preparation. Idaho Gray sandstone was 

chosen because it is a highly permeable porous media. Once drilled, the cores were split 

axially to create an artificial fracture. The two halves were dried in an oven at 150 °C for 

48 hours to remove all water. Exact dimensions of each core were measured to calculate 

bulk volume. To prepare for oil saturation, a rubber sheet was placed between the two 

halves to prevent early break through and to prevent oil from filling the gap, which would 

lead to inaccurate pore volume calculations. Temperature resistant tape was tightly 

wrapped around the two pieces to keep the two halves together. Finally, the core was 

covered with aluminum foil and held in place by heat shrink tubing.  

The core was then loaded into the core holder, where the confining pressures were 

applied. The aforementioned steps are pictorially summarized in Figure 2.1 (a-d). To 

mobilize the bitumen (100000 cp. at 25 °C), saturation was carried out at a temperature of 

50°C. While pulling a vacuum on the core, the core holder and oil accumulator were 

equilibrated to this temperature.  The total volume of injection, minus the volume of 

effluent produced, minus the dead volume of the system, gives the value of each core pore 
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volume, and thus the porosity is as shown in Table 2.1. The axial split along the core affects 

the measurement of the permeability if obtained from the oil pressure drop during 

saturation. Permeability to brine was indirectly determined using representative plugs cut 

from each core’s block. Auxiliary relationship was performed independently on each plug 

and provided in Table 2.1. After two pore volumes of oil were produced, the injection was 

stopped, and the system cooled to ambient temperatures 

Table 2.1:  Properties of the Cores  

When the equipment cooled, the confining pressure was released. The oil-saturated 

core was removed. The external core wrappings and the rubber sheet were removed.  To 

keep the width of the fracture constant under confining pressures, two Teflon strips were 

glued along the edge of fracture plane (Figure 2.2e). Because of the compression, the 

Teflon thickness measured after experiments were roughly 0.1 mm thinner than their 

original form (1.6 mm).   

Case 

# 

Porosity 

% 

Pore Volume 

(cm3) 

Brine Permeability 

(Darcy) 

1 31 296.4 2.7 

2 32 329.7 2.3 

3 31 320.3 2.7 

4 31 315.4 2.4 

4 31 320.7 2.4 
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Figure 2.2:  Illustration of Core Preparation Process (not to scale). 3a. Cores were cut from Idaho Gray sand stone. 3b. Cores 

were spliced axially to create the fracture. 3c. Impermeable rubber sheet was placed in the fracture during oil 

saturation to seal the fracture. 3d. Two blue Teflon strips were glued along the edge of the fracture plane to avoid 

compression during confine pressure of the saturated core. 3f. Core tightly wrapped with heat-resisted tape, 

aluminum foil, and heat shrinks.  



 26 

The core was tightly wrapped with temperature resistant tape, aluminum foil, and 

heat shrinks.  The core holder was cleaned with high-pressure nitrogen and distilled water 

to remove any excess oil from the saturation process.  Once the core was loaded, confining 

pressure was applied. To measure the fracture volume after compression, 3% by mass of 

NaCl brine was injected from the bottom of the core at ambient conditions, until brine was 

produced at the end of the core holder. The volume required to fill the fracture gap after 

compression is roughly 35 cc, which helps verify the dimension of the fracture as 0.15cm 

x. 3.9 cm. x 60.01cm.  

Next, the core holder was heated to the experimental condition. While heating, the 

top valve of the core holder was opened to allow for the collection of the water displaced 

by the thermal expansion of the oil.  The amount of thermal oil expansion, reported in Table 

2.2, assumes that the volume of water collected equals the volume of oil expansion.  

Table 2.1:  Thermal expansion of oil during heating (25°C to 50°C) 

Case # Volume water 

collect (cm3) 

Thermal Expansions of oil  

(% of OOIP) 

1 26 8.77 

2 29 8.79 

3 28 8.74 

4 27 8.56 

5 29 9.04 
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2.2.2 Solvent Injection  

 

The pressure of the systems in all our experiments were 1 MPa. The temperature 

was chosen so that the diluent was in liquid phase. At 50˚C and 1 Mpa, n-Butane is liquid. 

The parameters schedule for each case was summarized in Table 2.3. During the 24-hour 

heating of the core holder, the solvent accumulator Figure. 2.1- (6) was filled to prepare 

for the next stage: solvent injection.  The 99.98 % purity n-butane was compressed into 

liquid form and stored in a three-liter, high-pressure stainless steel piston accumulator 

Figure. 2.1- (6) using a booster pump. The injection pressure was controlled by a BPR 

connected right at the outlet of the accumulator.  The pressure was set at 0.5 to 0.7 MPa 

above the production system’s pressure to serve as a choke valve that can prevent oil and 

solvent mixture from flowing back. 

A Quizix pump Figure. 2.1- (3) displaced the solvent in the piston accumulator 

using distilled (DI) water at 25 °C and 1.72 MPa. The solvent went through long coiled 

tubing set in a heated bath to ensure that the targeted injection temperature was achieved. 

At the time of the injection, the data acquisition was activated to record the temperature 

and pressure. The production rate for water and oil was calculated by recording the time 

for every five-cm3 increment to collect in the glass collector. Produced n-butane gas rates 

were measured using the wet test meter. After the liquid production stopped, the core was 

cooled to ambient temperature for further analysis.  

 



 28 

Table 2.3: Experimental parameters 

For visualization, a chart where the experiments parameter compares to vapor 

pressure of vapor pressure where provided on the Figure 2.3 below.  

 

Figure 2.3:  Summary of Chapter 1 parameter with visual demonstration.  

Case # Temperature 

(°C) 

Pressure 

(MPa) 

Solvent Type Injection Rate 

(cm3/min) 

1 50 1 n-Butane 2 

2 50 1 n-Butane 0.5 

3 50 1 n-Butane 4 

4 50 1 n-Butane 10 

5 50 1 n-Butane 6 
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2.2.3 Asphaltene Analysis  

After releasing the confining pressure on the core holder, the residual solvent was 

vented to the fume hood, and the core was removed. The outer wrappings were removed, 

and the core was divided into four sections from top to bottom: top, 2, 3, and bottom. The 

asphaltene deposited on the fracture plane of each section was scraped off and added to the 

final asphaltene mass of each section accordingly. To determine the mass and asphaltene 

content of the residual oil in the matrix, each section of the core was crushed into grain-

sized particles to help speed up extraction from the Soxhlet extraction process.  

Toluene was chosen to be the solvent to extract the residual oil from the sand. 

Toluene was repeatedly vaporized and condensed in the condensing unit to create heated, 

pure liquid toluene when in contact with sand. Sand grains from each section were put into 

a 100-micron filter bag to ensure no loss in mass during extraction. A Buchi Rotavapor 

was used to remove the liquid toluene from the oil-toluene mixture collected from the 

Soxhlet process. The oil was then collected for asphaltene content analysis.  The mass of 

each sample was recorded for use in the calculation of the residual oil volume for each 

section. Finally, the residual’s asphaltene content was analyzed by the standard procedure 

from Wang and Buckley (2002) using n-Heptane. The composition and viscosity of 

produced oil were determined. Material balance of the oil, solvent, and asphaltene are 

discussed in the next section. 

As the term asphaltene and maltene are intensively used, I wanted to try defining 

the most complex compounds here to help reader follow easier. Asphaltene are complex 

hydrocarbon having condensed aromatic compound with side chain of C30+ with sulfur 
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present in bithiophene ring and nitrogen in pyrrole and pyridine ring. Most importantly, bi 

or polyfunctional molecules with nitrogen as amines, amides, and oxygen in ketones, 

armides, phenols and carboxylic acids. They also contain heavy metal such as nickels, and 

vanadium complexed with pyrrole nitrogen atom in porphyrin structure. The compounds 

that soluble in n-alkane solvent constitute a fraction of asphalt, namely maltene. Maltenes 

contains smaller molecular weight of asphaltene called resin. Resin/ wax is the main cause 

of oil viscous. They also contain aromatic hydrocarbon, oleifins, nalphthenes, saturated.   

2.2.4 Permeability and Porosity Reduction Measurement  

Before the core was divided and crushed into small sand grains, the asphaltene 

cleaned in the fracture core was reloaded into the core holder. In order to eliminate fracture 

flow, a thin rubber sheet was used to fill the fracture space. The core was again vacuumed 

to prepare for the injection of NaCl 3% from the bottom to determine porosity and 

permeability. 

2.3 RESULTS 

Experiments were conducted with five different injection rates, starting at the 

injection rate of 2cc/min as the base case.  The first four experiments studied the effect of 

solvent rate; while the last two provide a better understanding on deasphaltene process (see 

the rate of injection for each case in Table 2.3). 

2.3.1 Base Case -2cc/min 

The base case experiment injects butane at 50˚C and 1 MPa. Figure 2.4 shows the 

pressure profile for the entire core flood duration. The inlet pressure in dashed yellow and 
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the outlet pressure in dashed green, shown on the upper right y-axis, are above the vapor 

pressure of butane at 50˚C, indicating solvent exists under liquid phase. The difference 

between and the inlet and the outlet pressure are calculated and shown in the solid purple 

line. The volume of oil production and its dimensionless recovery fraction are shown on 

the lower left and right y-axis, respectively.   
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Figure 2.4: Results from the injection rate of 2 cc/min experiment. 

When the liquid solvent was injected into such a high permeability contrast 

environment, the diluent preferred flowing in the fracture and bypassing the matrix. The 

differential pressure measured across the 2-ft. long core in such a scenario could be 

estimated based on hydrostatic pressure of the liquid diluent column and friction loss. The 
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hydrostatic pressure for the diluent column is approximately 10 kPa. The purple differential 

pressure recorded during the core flood greatly fluctuated above the expected value. It took 

32 minutes after the diluent injection was turned on before observing the first drop of oil 

coming out. Because it was partially filled with thermally expanded oil, the first 

measurement point was solely due to oil preoccupied in the fracture. After about 90 minutes 

of injection, the mass transfer between the oil and the diluent was fully established through 

the fracture system; hence the oil production mechanism of interest began. The rate of oil 

production stayed constant around 0.71 cc/min until the production reached 200 cc 

(RF=0.73) after 350 min. 

As heavy oil contains high concentrations of asphaltene, asphaltene destabilization 

phenomena will occur once oil is exposed to the diluent. As a result, the effluent oil 

contains a lower percentage of asphaltene than the original heavy oil, 7.46% compared to 

13.6%, and a solid asphaltene deposition on the fracture as the core is taken apart after the 

experiment as shown in Figure 2.5. 
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Figure 2.5:  Asphaltene deposited after core flooding, a) Four sections of the core with 

asphaltene deposited on the fracture plan, b) Asphaltene on the production 

end of the core   

Diluent dispersion is comprised of molecular diffusion and mechanical dispersion. 

Dispersion is caused by variation in the velocity of fluid elements as they move through a 

porous system. These two mechanisms determine how quickly the diluent penetrates the 

bitumen body. The injection rate strongly impacts oil production as well as the quality of 

the effluent oil. The next experiments were designed to investigate this impact.  
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2.3.2 Lower Injection Rate effect- 0.5 cc/min  

 

Figure 2.6:  Results from the injection rate of 0.5 cc/min experiment. 

We reduced the injection rate of butane in this case by four times compared to our 

base case, 0.5 cc/min. The inlet and outlet pressure of the system are shown in dashed 

yellow and dashed green, respectively as in Figure 2.6. The profile showed a more stable 
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behavior compared to the base case. As the rate is reduced, the diluent flow is further 

enriched by bitumen.  

Rice University’s chemical research lab successfully adapted the PC-SAFT 

equation of state from Gross and Sadwski ( 2001) to fully predict the behavior of asphaltene 

precipitation. The results from their simulation indicated that an increased weight percent 

of n-alkane will increase the asphaltene unstable envelope. Hence, more asphaltene is 

precipitate with the increased injected n-alkane (Panuganti, 2013). The evidence indicated 

the stripping of heavy oil was not as strongly due to the lack of diluent as it was the effluent 

oil containing slightly higher asphaltene concentrations than the former case, 7.73%.  

The drainage rate of oil into the fracture is influenced mass diffusion. Therefore, 

the oil production was expected to be reduced at lower diluent rate, as shown in Figure 2.7, 

0.2-cc/min compared to 0.7 cc/min. 
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2.3.3 High Injection Rate Effect  

 

Figure 2.7:  Results from the injection rate of 4 cc/min experiment.  

In this experiment, the diluent injection was increased to 4cc/min. Figure 2.7 shows 

the pressure of the inlet and the outlet plotted in the same dashed yellow and dashed green. 

High diluent rate triggers the onset asphaltene precipitation at the early stage of the 

injection, causing the pressure profile to fluctuate wildly. As the production rate increased 
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by a factor of 2.3, while the injection rate increased by a factor of 2.230 cc of oil collected 

after 150 minutes of injection. The experiment was conducted for another 300 minutes; 

however, only 2 cc extra of oil was produced. The recovery of the three cases was plotted 

in green, red, and blue for the three experiments on the lower plot. Although in the 

experiment of 0.5 cc/min injection, the recovery fraction for the three cases was about 73%. 

Furthermore, the constant oil production rate in the three experiments proves that despite 

the unstable pressure profile, the in-situ oil production mechanism was not impacted.  

According to Wang et a.l (2012), aggregation and deposition of asphaltene is 

because of changes in temperature (pressure) and the presence of an alien fluid, such as a 

diluent. When the equilibrium is disturbed, asphaltene can flocculate and adhere to the 

rock. The large flocs attach to the rock surface and can reduce permeability, as observed in 

Figure 2.5. The small flocs can flow with the fluid and cause bridge plugging, eventually 

reducing the permeability. The extent of de-asphaltene also depends on the amount of pure 

diluent exposed to the heavy oil.  
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Figure 2.8: Results from the injection rate of 10 cc/min experiment. 

The next experiment was designed with an injection rate five times larger than the 

base case.  Figure 2.8 again provides the pressure profile of the experiment in the same 

layout as all the previous cases, dashed yellow and dashed green for inlet and outlet 

pressure. The pressure profiles display an unstable behavior, especially starting from the 
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80th minute. However, unlike the last three experiments, the oil production for this case, 

shown by the blue dotted line on the lower chart, was hindered for 118 minutes starting 

from the 80th minute, then returns back to the same production rate of 1.67 cc/min around 

the 160th minute. The pressure drop at that moment may indicate the dislodging of 

asphaltene that accumulated during the fast extraction period. The recovery fraction of the 

injection rate of 4 cc/min was also plotted as a brick dotted line on the lower chart for better 

comparison of the oil rate and ultimate recovery. At low injection rates, as observed in the 

0.5 cc/min experiment, the oil production mechanism is a diffusion-limited regime, and 

therefore the oil production is a function of the injection rate.  

Because of the asphaltene problem, the ultimate recovery was 6% less than the previous 

cases. To verify whether asphaltene precipitation can strongly impact the dilution process 

another experiment with injection rate of 6 cc/ min was conducted. The result of this 

experiment is shown on Figure 2.9.  



 41 

 

Figure 2.9:  Results from the injection rate of 6 cc/min experiment. 

Oil was produced at a stable rate of 1.59 cc/ min for around 42 minutes. A sharp 

decrease reappeared just like the previous case confirmed that asphaltene precipitation 

strongly impacted the dilution process.  However, in this case, it took longer, almost 145 
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minutes, for the higher production rate to reestablish. The experiment was conducted for 

around 380 minutes, and 183 cc (R.F. =0.55) of oil was collected.  

2.4 DISCUSSION  

Molecular diffusion is a phenomenon whereby the transport of mass of a species 

occurs within a single fluid phase from one point to the other leading by a concentration of 

a different-driving force. Diffusion is a consequence of the random motion of molecules 

and can also take place in the absence of bulk movement or agitation. The spreading of a 

component in a phase due to microscopic variations in the velocity field is called 

convective or mechanical-dispersion. Optimizing operational conditions for a 

multicomponent fluid reservoir in a fractured system is an aching problem because of the 

unavailability of analytical models. Even though matrix, fracture, and fluid properties are 

also important in optimizing the process, the injection rate remains to be the most important 

controllable parameter. However, as heavy oil can contain up to 30% of asphaltene by 

weight, injection rates strongly impact the asphatene aggregation and transportation, which 

can potentially impact the reservoir characteristics.  

2.4.1 Injection Rate 

Our results show that the higher injection rate of diluent, the faster the extraction 

of oil. However, after a certain injection rate, the oil production rates no longer depend on 

the diluent rate, the critical injection rate is 4 cc/min.  

Figure 2.10 plots the oil production rate versus the diluent injection rate. The 

produced oil rate depends on an injection rate up to 4 cc/min and then the production rate 

becomes unchanged.  
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Figure 2.10:  Produced rates of five experiments during stable condition, aka: no 

asphaltene disturbance.  

Beside the oil production rate, the total amount of extracted oil as well as the time 

taken to reach the ultimate recovery in most enhanced oil recovery projects are the key 

factors.  Figure 2.11 plots the recovery fraction of each experiment at different times for 

each injection rate. The lower the injection, the longer time it takes to achieve the ultimate 

. However, an increase in injection rate larger than 4 cc/min significantly reduced the 

ultimate recovery by asphaltene deposition. 
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Figure 2.11:  Recovery fraction of the five experiments at different times. 

In terms of diluent oil ratio, the lowest injection rate yielded the best Sor of 2.3, 

indicating the lowest diluent required for the extraction process as show in Figure 2.12. 

The oil recovery curves shift systematically to the right with the increase in injection rate, 

indicating reduced bitumen recovery.  
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Figure 2.12:  Recovery fraction of three experiments with the dimensionless recovery  

2.4.2 Asphaltene  

During the diluting oil production regime, more light components are produced as 

shown in Figure 2.13. The diluent processed oil has a lower concentration of asphaltene, 

which contains fewer large-carbon numbers - up to two times compared to the original oil. 

Because the smaller carbon number was extracted out by diluent, it leaves behind higher 

concentrations of higher carbon numbers than the original oil (Arciniegas 2014). One of 

the most obvious benefits of removing asphaltene from the oil is to reduce the viscosity of 
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the produced oil. 

 

Figure 2.13:  Effluent oils contain more of the small carbon number. This is a indicator of 

oil has been upgraded.  

Figure 2.14 plots the viscosity of the heavy and the produced oil from the five 

experiments with the mass fraction of asphaltene using C7. By reducing the asphaltene 

contained in the oil by three times, the viscosity of the oil is reduced from up to 45 times 

for low temperature and up to 11 times for high temperature plots. In addition to the oil 

viscosity is improved, the process also helps upgrade the quality of oil, especially heavy 

metal concentrations of the effluent bitumen, are also reduced. The most important benefits 

are (1) to bring the oil closer to refinery specifications and (2) protect the catalysts in many 
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refining processes from deactivation (“poisoning”), resulting from prolonged contact with 

hetero-atoms. (Hart 2014) 

 

Figure 2.14:  Viscosity of heavy oil is an exponential function of asphaltene content. 

Suspended asphaltene particles have a tendency to aggregate and then flocculate 

and deposit, which can damage the formation’s permeability and porosity (Bedbahani, 

2014) because, under a microscopic view, those asphaltene molecules carry a core of 

stacked flat sheets of condensed aromatic rings linked at their edges by chains of aliphatic 

and/or naphthenic-aromatic ring systems.  
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Table 2.4: Permeability and porosity reductions after each experiment.  

The more the diluent is exposed to the oil, the higher diluent-to-bitumen ratio, the 

more asphaltene aggregation occurs. Furthermore, Nazmul (2003) pointed out that 

increasing the diluent-to-bitumen ratio has a dominant effect on the kinetic of floc growth 

and the magnitude of aggregate break up. In other words, increasing the injection rate not 

only causes the greater quality of precipitated asphaltenes at a much faster speed, but it 

also introduces the larger mean average size of aggregate diameter of the particle. Hence, 

experiments with injection rates above critical rates trapped significant amounts of 

maltenes, which accounted for the porosity and permeability reduction.  

Flory and Huggins (1942) predicted the onset of asphaltene precipitation based on 

the theory of polymer solution, while Hirschberg et al.. (1984) assumed that asphaltene is 

a homogenous solid compound, neither assumption can completely describe the 

complexity of asphaltene in reliability. As mentioned earlier, the “hairy tennis balls” are 

Rate 

(cc/min) 

Porosity 

After 

(%) 

ori




 

Brine 

Permeability 

(mD) 

ori

k

k
 

C7 Asph. 

(%wt) 

0.5 30.0 0.94 2.22 0.97 7.74 

2 25.8 0.83 2.52 0.93 7.46 

4 25.5 0.82 2.56 0.95 4.76 

10 23.3 0.75 2.12 0.88 4.13 

6 23.4 0.75 2.05 0.85 6.12* 
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called micelles. The micelles and the diluent medium form a colloidal system. Those 

colloids are stabilized by resin adsorbed on their surface and the dispersion of colloid in 

the fluid form a two-phase system. Depending on the diluent-to-bitumen ratio, those 

colloids can be resin-like or more solid-like. The two forms have different behavior in 

nano-aggregate, precipitate, adherence to surface, and block rock pores. For example, 

injecting faster produces more solid-like particles that are harder to transport out of the 

matrix, while lower injection rates create a more polymer-like particle that can still drain 

out.  

Figure 2.15 shows that the asphaltene deposited more in the inlet section compared 

to the outlet section. The trend also shows that the mass of oil retention tends to be more 

at the two last sections because the mass of the oil retained were proportional to the time 

of contact with cleaner diluent (Trivedi,2007). The suspended solid asphaltene is believed 

to have flocculated and adhered to the rock and created a “shield”, disconnecting the 

communication between the diluent and the oil. Because of the high injection rates, the 

asphaltene aggregation rate is much more rapid.  
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Figure 2.15:  Asphalting deposition of each section plot versus the injection velocity  

When the good contact between the diluent and the oil was re-established, the 

production of oil returned to the original production rate. The building up of asphaltene 

deposition was observed to be repetitive with injection rates 6 cc/min and higher. 

Interestingly, the ability to produce large asphaltene floc by sheer force of high injection 

rates helped downfall the permeability reduction in 10 cc/min cases compared to 

permeability reduction in the 6 cc/min case. Similarly, Nazmul observed in his research in 

2003 that increasing the injection rate increases the aggregation/growth rate and the higher 

fragmentation rate.  
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2.5 CHAPTER SUMMARY   

 Using liquid diluent to recover heavy oil in fractured reservoirs yielded promising 

results in terms of recovery factor (up to 73% of the original oil in place recovered) and 

rate of production.  When liquid diluent is in contact with heavy oil, diffusion of oil into 

the diluent body, and vice versa, are both possible. However, because of the nature of mass 

transfer coefficients, it is faster for the oil to get into the diluent stream and produced out 

when the diluent is circulated. As a result, oil production strongly depends on the diluent 

injection rate up to a point, where the chemical potential is at a maximum. At this point the 

diluent is circulating faster than the rate the light oil components transfer into the diluent. 

If the injection rate is less than the described critical rate, there is enough time for the 

diluent to diffuse into the oil body, and the heavy oil’s viscosity is reduced enough to drain 

into the diluent stream.  

 The two oil production regimes described above greatly differ in terms of de-

asphaltene and deposition in the process of mixing n-Butane with a high asphaltene 

concentrated oil, such as with the Peace River bitumen. During the diluting limited regime, 

the oil production rate is optimum with better quality effluent oils, but due to the nature of 

rapid bleaching, the process can potentially cause unexpected behavior toward the whole 

process, as well as potentially damage the formation. While during the diffusion limited 

regime, the oil production rate is significantly lower, but as the process happens more 

slowly (less diluent availability), the asphaltene aggregation seems to slowly progress with 

time.   
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 As found in this chapter, there exists an optimum diluent injection rate at which 

both the oil production rate and the asphaltene controlling aspects agree upon to deliver a 

technology that is economically feasible for future field pilot. 
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Chapter 3: The Effect of Temperature and Diluent Type  

3.1 INTRODUCTION  

 
 Since the 1980s, many scientists have been tirelessly working on developing and 

improving the diluent based recovery technology of that was proven to be economically 

efficient in the lab. Providing that the diluent extraction process is similar to the shock 

mechanism, it is still unclear as to why the rate obtained from diluent extraction is 500 

times larger than theoretical prediction from diffusion coefficient or dispersion., Neninger, 

after successfully deriving a correlation of bitumen production rate and dimensionless 

group of rock properties and oil viscosity, suggests that in the oil extraction process, the 

diluent type is not as critical as the raw oil viscosity. However, it is counterintuitive to 

conceive that diluent type insensitivity applies in all diluent based gravity drainage. For 

example, in a diffusion- dominant mechanism such as diluent assisted controlled gravity 

where rates controlled the drainage rate (Boerrigter et al., 2007). It is hard to believe that 

the rate of diluent transfer into the viscous oil is mainly controlled by solubility, mixture 

viscosity, and phase equilibria.  

 Even if the diluent type does not impact the extraction process, there is no doubt 

that the diluent composition and temperature has tremendous influences on the process of 

asphaltene aggregation, transportation and deposition.  

3.2 MATERIAL AND METHODS 

This section discusses the materials and the experimental procedure.  
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3.2.1 Materials  

 The oil used in this experiment is dewatered bitumen. N-Butane is supplied by 

Matheson. The n-Pentane is technical grade (95%) purity from Acros Organics. Methylene 

Cloride (DCM) is also of technical grade with purity of 99.5%, and based on the viscosity 

provided on the label, we use Walter’s model to extrapolate for viscosities at various 

conditions. The viscosity of crude oil was measured using a double-walled column. The 

viscosity of liquid butane is predicted using Vogel et al.. model, while Pentane’s viscosity 

is computed based on Span’s EOS. The viscosities of those diluents and bitumen at the 

temperature of interest are shown in the Table 3.1.  

Temperature (C) 

Viscosity (cp.) 

P.R. bitumen n-Butane Pentane DCM 

25 51255 0.160 0.221 0.413 

40 8519 0.139 - - 

50 3165 0.126 0.179 0.342 

Table 3.1: Thermodynamic Parameters of the liquids used in the experiment. 

3.2.2 Procedure  

 

 The experiments were designed to continue the investigation of the different diluent 

types, and the study of temperature effect on asphaltenes aggregation and deposition in the 

process of extracting heavy oil via diffusion in a fractured system. The set up comprised 

of two feet long, and two inches’ diameter core holder that was placed in the oven. The 

diluent was injected into the system using Quizix pump to help displacing a three-liter 



 55 

accumulator of liquid diluent. When the diluent was n-butane, the injection accumulator 

was compressed up to 250 psi. After passing through a back-pressure regulator, the diluent 

was going through a long coiled tubing at the oven temperature to ensure that the 

experiment was conducted isothermally.  

 The rock cores were drilled from a 1feet by 1 feet Idaho Gray block. Because of 

the high viscosity of the bitumen, the saturation process was done at elevated temperature 

of 50˚C. Furthermore, to force the oil to invade the matrix only, the fracture was closed 

using flexible tubing. We created a two- foot long core with a fracture in the middle by 

splitting the cores axially then glue them back together with two incompressible Teflon 

strips at the edge of the fracture after removing the tubing.  

 The pressure and the temperature of the system was measured 18” from the inlet of 

the core and 12” from the outlet of the core. Those data were recorded in a computer using 

Labview. The experiments were designed to run at 1 MPa, and summary of the key 

parameters is shown in Table 3.2. In order to gain more understanding, data from previous 

work are loaned and marked with asterisk.  
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No. Diluent 

Type 

Temperature

(˚C) 

Injection 

Rate 

(cc/min) 

Goal of Study 

1 DCM 25 6 Base case 

2 DCM 50 6 Temperature Effect+ Diluent Type 

3 Pentane 50 6 Diluent Type 

* Butane 50 6 Diluent Type 

4 Butane 25 6 Asphaltenes 

5 Butane 40 2 Subcritical rate and Temperature 

* Butane 50 2 Subcritical rate and Temperature 

Table 3.2:  Experiment Grid of this experiment and loaned data from previous work 

Fore visualization effect, the parameters for the experiment was plot on the vapor 

pressure curves for the two diluents as in Figure 3.1.  
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Figure 3.1:  Summary of Chapter 3 parameter with visual demonstration.  

The effluent was collected in a glass accumulator. For butane cases, most of the 

diluent in the mixture flashed and became gaseous at ambient condition, and the small 

amount of diluent remaining in the effluent was neglected during the accounting of oil 

production rate. For diluent that is liquid at room condition, the collecting apparatus was 

modified so that the true oil production rate is captured. The effluent mixture went through 

a 22-inlong heating tubing to boil off the diluent. The vapor was then forced to go through 

a super condenser; liquid diluent was collected and measured at the end of the condenser. 

For all the cases except Pentane, a vacuum condition was created during the experiment in 

the collector apparatus to enhance the boiling of the diluent. The vacuum was connecting 
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at the diluent collector. The separated effluent’s volume and mass were then measured to 

calculate the density. In reality, the mixing of diluent and bitumen is non-ideal, however 

there is a small deviation from the real mixing and ideal mixing after the primary 

experiment of mixing the two components as shown in Figure 3.2. For simplicity, the 

mixture density of the diluent and bitumen is assumed to be ideal.  

 

Figure 3.2:  Density of P.R. and DCM 

 After the experiments were finished, the cores were divided into four sections to 

analyze and quantify the residues and asphaltenes content. Using toluene in Soxhlet 

Extractor process, the mixture of residual oil and toluene was then separated using Rotary 

Evaporator. The residual oil was undergoing the asphaltenes analysis procedure from 
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Wang (2002) to quantify for asphaltene mass fraction. 10 cm3 of the effluent oil from each 

experiment was exposed to the same procedure to analyze their asphaltenes containment.  

3.3 RESULTS AND DISCUSSION 

 Five experiments with 2 data sets from previous work are shown here to study the 

effect of temperature, diluent type on the asphaltenes aggregation, one of the most 

important factors that influence the extraction of heavy oil in fractured system via mass 

transfer.  

3.3.1 Base Case 

 

In this experiment, DCM was injected into the fracture at 6 cc/min at ambient 

temperature. The vapor pressure of DCM at the injection temperature is shown in solid 

pink line in Figure 3.3. The inlet and outlet pressures are plotted as yellow dash and green 

dash on the right y- axis of the upper chart, respectively. Both inlet and outlet pressures 

indicate that the diluent existed in the liquid phase. The oil production rates, shown as green 

dotted line in the lower chart, were calculated from the cumulative produced volumes. Both 

charts share the same x-axis of time in minute. The oil production appears to have an 

unsymmetrical s-shape curve, where the rate was constant for about 420 minutes at 0.29 

cc/min then gradually declined with time. The total oil drainage for the period of 1450 

minutes was 228.1 cc.  
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Figure 3.3:  Experiment data for Base Case-DCM 25°C 

Initially when the pure diluent in the fracture is in contact with pure bitumen in the 

matrix, the concentration difference activates the molecular diffusion between the two 

media. With sufficient diluent dissolving into the body of bitumen, the viscosity of the 
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mixture reduces exponentially such that the mixture can overcome the viscous forces and 

drain down to the fracture under natural convection due to density difference. Furthermore, 

the extraction of the bitumen by the flowing diluent stream also contributes to the 

production flux. Theoretically, the amount of bitumen diffuses into the diluent stream is at 

least two orders of magnitude higher than the reverse path, due to the inverse relationship 

between diffusion and viscosity. When sufficient bitumen is removed from the matrix to 

yields space for diluent to flow in the matrix, an increase in mixing by uneven flow occurs 

marking the beginning of dispersion dominated flow.  

Hydrodynamic dispersion in porous media consists of effective molecular diffusion 

and mechanic dispersion (Perkin and Johnston, 1963). Effective diffusion is the apparent 

molecular diffusion taken place in porous media, and is found to be inversely proportional 

to the electrical conductivity and porosity of the media while the mechanical dispersion is 

a function of the interstitial velocity and dispersitivity. It is important to recall that this type 

of experimental set up is a controlled gravity drainage in fractured system, that is, build-up 

of the lower- viscosity mixture in the fracture does not occur if injecting diluent above the 

critical rate. Hence, the rate of oil production is only constrained by the factors that 

influence molecular diffusion of the dispersive mixing such as particle sizes, temperature, 

concentration difference, surface area, and permeability.  Those parameters play important 

roles in determining the speed of creating a mixture that is able to drain down the fracture. 

Thus, the correlation between the oil mass flux and the ratio of bitumen viscosity and the 

product of porosity and permeability is misleading when evaluating diluent drainage 

process without other important parameters of hydrodynamic dispersion.   
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3.3.2 Effect of Temperature – DCM 50˚C 

 

 

Figure 3.4: Experiment data of DCM at 50˚C 

This experiment was designed to study the effect of temperature. The parameters 

used were picked from the previous base case except that temperature has been increased 
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from 25˚C to 50˚C. Figure 3.4 shows the temperature and pressure profile in the duration 

of 1570 minutes of the total experiment. The inlet and outlet pressures of the system appear 

be more stable than the base case. On the lower chart of the same graph, the oil recovery 

fraction is shown in red and the base case in green. Overall, the oil production rate of the 

50˚C case is higher than that of the 25˚C case. The thermal expansion of the fluid occupying 

(~9%) the fracture in the 50˚C case explains the incremental production. The decrease of 

mixture viscosity and the increase of diffusivity of diluent into bitumen as temperature 

increases are the main factors for the increase in oil recovery. 

 

Figure 3.5:  DCM and P.R. viscosity at 25 and 50˚C generate using double log model 
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We used Miadonye’s double log mixing rule for diluent and heavy oil to generate 

Figure 3.5. In the figure, mixture viscosities as function of mass fraction of diluent are 

shown in green and red for the 25C and 50˚C cases, respectively. Heating from 25˚C to 

50˚C not only lowers the pure bitumen viscosity from 51255.49 cp. to 3165.3 cp but also 

decreases the diluent viscosity from 0.34 cp to 0.17 cp. With reduced pure component 

viscosity, the mixture viscosity becomes smaller thus entailing a higher drainage rate. 

Additionally, temperature promotes the mass transfer rate. Stokes- Einstein(1905), Wilke 

and Chang(1955), Sitaraman et al. (1963), and King et al.(1965). derived different 

correlations to estimate diffusion coefficient but interestingly, they arrive at the same 

conclusion that diffusion coefficient is directly proportional to temperature and inversely 

proportional to viscosity. Increasing temperature provides more kinetic energy for 

molecules to diffuse faster as diffusion involves random molecular movement. According 

to Hayduk et al. (1982), diffusivity and diluent viscosity were not inversely proportional, 

but they are correlated by a power law in which the exponent varies by the oil and not 

diluent composition. For infinite dilution case, the effectiveness of diffusion coefficient 

due to temperature difference is calculated as: 

50

25

50 273 0.413
1.309

25 273 0.342

B

BC

C

D

D





 
   

 
, where B is determined experimentally on specific pair 

of diluent and bitumen and usually larger than 1. Reduced viscosity not only impacts 

diffusion but also affects dispersion. At low temperature where the difference in diluent 

and bitumen viscosities is much larger, the dispersion coefficient is larger than that when 
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the viscosity ratio is small (Jiao, 2013). Overall, that combination boosts the oil production 

rate from 0.24 cc/min at 25C to 0.60 cc/min at 50˚C.  

3.3.3 Diluent type effect- Pentane 50˚C 

In this experiment, Pentane was injected into the core at 6 cc/min at isothermal 

condition of 50˚C. This experiment was designed to test the effect of diluent type on the 

mass transfer. Figure 3.6 shows the temperature and pressure profiles in the total duration 

of the experiment. Again, the yellow and green dashed lines show the inlet and outlet 

pressures of the system, respectively. The target pressure and temperature are also shown 

in the same graph. The pressure of the system comes quite close to the target pressure 

despite some fluctuation. The oil recovery fraction of this case is plotted on the same graph 

in dotted blue line with two other experiments that have the same parameters as the current 

case except for the diluent types. The experiment with DCM is shown in dotted red line, 

and the case in which n-Butane was injected at 6cc/min at 50˚C. 
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Figure 3.6:  Experimental data from Pentane at 50˚C 
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Figure 3.7:  Viscosity of P.R and various of diluent 
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of the mixture with the pure diluent in Figure 3.8, one can illustrate the driving force for 

the drainage rate of the diluted mixture. 

 

Figure 3.8:  Driving force of P.R and various of diluent 

 

The graph above indicates that the force that drives the oil from matrix to fracture 

is highest in n-Butane and lowest in DCM. The Butane case has a more favorable mixture 

viscosity than the Pentane case, nevertheless, because permeability in the Butane case was 

significantly lower than the Pentane case, 2.4 Darcy versus to 3.1 Darcy, the oil production 

of the Butane case is significantly lower. Hence, the oil extraction rate is more sensitive to 

permeability than mixture viscosity 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

50

100

150

200

250

300

350

400

450

500

 Mass Fraction of Solvent

 D
r
iv

in
g

 F
o

r
c
e
- 



(k
g

/c
m

3
)

 

 

Mixture Butane-Bitumen

Mixture Pentane-Bitumen

Mixture DCM-Bitumen



 69 

 The images of the cores after each experiment are also put together for illustration 

of the fracture surfaces in Figure 3.9. In the DCM case, the surface was completely clean 

of solid particles. We observed presence of solid asphaltenes in the fracture surfaces of the 

Butane and Pentane cases.  
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Figure 3.9:  Fracture of various diluent case after experiment 
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3.3.4 Asphaltenes Effect -Butane 25˚C 

 

Figure 3.10 has the same format as the graphs in previous cases: pressure and 

temperature profiles are shown in the top chart whereas the oil recovery is shown in the 

bottom chart. Additionally, three recovery fraction of DCM at 25˚C, DCM 50˚C, and 

butane at 50˚C cases are plotted on the same graph to compare and contrast the effect of 

temperature on the oil extraction process. Pressure strongly fluctuates but does not 

compromise the results of the experiment as diluent is in the liquid phase. Increasing 

temperature enhances the oil production as observed in both pairs of DCM and n-Butane 

cases. However, because of asphaltenes aggregation in the n-Butane cases in the extraction 

process, their production profiles are only stable before asphaltenes deposition. The oil 

production in n-Butane at 25˚C case was stable for almost 100 minutes then declined in the 

next 150 minutes, after which it returned to the original rates. At higher temperature of 

50˚C, the n-Butane case- displayed more severe asphaltenes deposition. The production 

almost ceased after 50 minutes then slowly increased, and finally rose sharply when the 

impermeable shield of asphaltenes that blocked the communication between oil and diluent 

was broken. 
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Figure 3.10:  Experiment data of Buttane at 25˚C 
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and more asphaltenes in soluble form with increase temperature. However, such 

observation only seen at temperature above 60°C. For our range of temperature, the onset 

time for precipitation was 1.6 hours at 50˚C and 3.6 hours at 20˚C. Maqbool et al. also 

confirmed asphaltenes aggregate more at 50°C than at 20°C but precipitation rate is lower 

due to lesser number of particle collisions because of the higher aggregate size. 

Furthermore, asphaltene cluster formation also needs to be taken into account. The residual 

mass analysis of the cores shown in Table 3.3 indicates that increasing temperature at a 

fixed pressure generates more asphaltenes at the top section. Because of the severe 

deposition of asphaltenes at high temperature, there is significant amount of oil left at the 

end sections making the mass fraction of asphaltenes even smaller. Arciniegas (2014) 

shows that higher temperature promotes cluster formation and flocculation ratios that 

causes severe blockage, similar to the phenomena observed in our production profile.  

Core Section Mass fraction of asphaltenes extracted from residual oils (% wt) 

Butane at 25C Butane at 50˚C Pentane at 50˚C 

Top 65.1 70.0 38.6 

Section 2 69.6 75.5 66.6 

Section 3 66.6 62.2 18.7 

Bottom 69.6 43.9 18.4 

Table 3.3:  Mass fraction of asphaltenes in Butane 25˚C and Butane 50˚C 

In Table 3.3, the mass fraction of asphaltense obtained from the residual core in 

Pentane case is significantly less than of what was found in the Butane cases. Asphaltene 
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agglomeration may change even when using different diluent types on the same crude oil. 

Despite their complication one common trend is that increasing the carbon number of the 

n-alkane diluent enhances the solubility of such diluent in heavy oil and results in lower 

asphaltenes flocculation (Buckley et al.). Wieche (1996) found that heavier molecular 

weight diluent tends to produce asphaltenes particles that are more resin.  

 

Figure 3.11:  Effluent analysis  

With lower carbon number, as in n-Butane, cluster of organic deposition forms 

super agglomeration which causes severe blockage and production tardiness when 
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ability to aggregate and mobilize asphaltenes particles of different diluent types is also 

reflected in the effluent asphaltenes analysis. For example, when a diluent can dissolve 

more solid hydrocarbon, the effluent contains larger fraction of asphaltenes as shown in 

Figure 3.11. The asphaltneness mass fraction of the original P.R is plotted in black. As 

DCM does not aggregate and precipitate any asphaltenes, there is little compositional 

changes in the effluent in both cases.  

3.3.5 Sub-critical injection rate and temperature effect  
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Figure 3.12:  Experimental data of Butane at 40˚C injection at 2 cc/min 
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same x axis of time in Figure 3.12. The oil recovery fraction is shown alongside with a 

case published in the previous section with the same injection rate but at a slightly higher 

temperature of 50˚C. 

 

Figure 3.13:  Viscosity of P.R and butane mixture at 50˚C and 40˚C 
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Butane at 50˚C show that asphaltenes concentration is larger near the inlet in Table 3.4. 

While the asphaltene concentration of the Butane at 240˚C is subtle, gradually increasing 

till the end. Only lower the temperature 10˚C actually significantly chance the aggregation 

of asphaltene in the matrix during the extraction. Compare the asphaltene concentration of 

the effluent conclude our hypothesis that despite the downturn of lower viscosity at lower 

temperature, the asphaltene aggregation can be beneficial as it becomes more controllable. 

For instance, at 40˚C case, the effluent contain is 5.6% compare to 5.3% as in 50˚C. It is 

surprise that even a small amount difference can cause the production profile to be less 

stable as observed in our experiment.  

Core Section Mass Fraction of asphaltene from residual oil(%wt) 

Butane at 40˚C @2 cc/min Butane at 50˚C @ 2cc/min 

Top 56.3 72.7 

Section 2 57.9 60.4 

Section 3 62.1 56.1 

Bottom 68.6 66.6 

Table 3.4:  The asphaltene analysis of sub-critical cases of butane at 40 and 50˚C 

3.3.6 Residual Oil Summary 

 
 In this section the residual oil in the cores of the five experiments are provided in 

Figure 3.14. Each of the five cores is separated into four sections, and each section is 

colored by a special color designated to its experiment. The weight percentage of 

asphaltenes in each section is plotted together with corresponding residual oil in the same 

bar, with the number at the top of each bar indicating the asphaltenes weight percent.  
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Figure 3.14: Summary of residual oil of all the experiment 

 In DCM cases, from the effluent analysis point of view, the composition of the 

effluent is unchanging. Therefore, DCM and bitumen are considered first contact miscible 

fluids at the injection condition. Theoretically, the diluent can extract all the bitumen in the 

matrix. However, after 1600 minutes of injection, the oil extraction rate approached zero 

while there was still some residual oil left. Such phenomenon is also observed from other 

diluent-based gravity drainage in fractured system. As diluent displaces bitumen in matrix, 

some part of the diluent is directly in contact with the oil, however the rest of the diluent is 

in dead end pocket.  
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3.4 CHAPTER SUMMARY  

 

 Without a doubt, diluent type has pronounced impacts on the process of extracting 

heavy oil in a fractured system using n-alkane diluent. From the mass transfer standpoint, 

diluent types might not affect the extraction rate as strongly as other parameters such as 

permeability of the media or viscosity of the raw liquids, it can be game-changing solution 

when controlling the asphaltenes deposition aspect.  

 Lowering temperature decreases the mass transfer rate as it decreases the diffusion 

coefficient and increases viscosity. However, it delays the onset aggregation of asphaltenes 

and helps prolonging the production life.  

 The production strategy for diluent-based process involving high-concentration 

bitumen must be balancing between the extraction rate and asphaltenes aggregation. 

Aggressive extraction can cause damages to the reservoir.  
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PART 2: VAPOR DILUENT PROCESS  
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Chapter 4: Effects of Temperature and Injection Rates on Vapor 

Diluent Process  

4.1 INTRODUCTION  

One important aspect of heavy oil is its high concentration of asphaltenes: some 

researchers report that heavy oil might contain up to 22% of asphaltenes by weight. In the 

lab, acknowledgment of the presence of asphaltenes precipitation in the vaporized 

hydrocarbon recovery experiments is common, however a unified agreement regarding 

those asphaltene behavior during a solvent injection process has not yet met. For instances, 

Das concluded that increasing the pressure of the system will trigger asphaltenes 

deposition, and Rezaei found the maximum asphaltenes deposition when reaching the 

lowest reservoir temperature. Asphaltenes transportation and deposition can potentially 

cause problems in production of fractured reservoir such as reported by Nguyen et al., 

hence understanding the extent of asphaltenes deposition when using vaporized 

hydrocarbon in recovery heavy oil cannot be lightly regarded. The purpose of this study 

was to investigate the mechanism of asphaltenes deposition and transportation. More 

specifically, we want to understand how asphaltene drop out under different effects of 

temperature, and injection rate can impact the vaporized hydrocarbon diffusion process. 

The study was done by injecting vapor n-Butane into fractured sandstone cores at different 

temperatures and pressures, and injection rate while keeping partition pressure constant. 

As discussed in the previous chapter, the main bitumen production mechanisms are 

molecular diffusion, dispersion. Solid asphaltene drop out were also depend on those 

parameters. Hence, we isolated the effect of temperature, pressure, and rate on the main 
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mechanism before investigate the asphaltene precipitate perspective. The study was 

designed so that experiment can be compares into pairs, and each pair had one parameter 

changes at a time to highlight only the effect of the varying parameter.   

4.2 MATERIAL AND METHODS 

 The same procedure for core preparation, and asphaltenes analysis described in 

previous chapter were used. The sandstone cores properties were measured independently 

on each plug and provided in Table 4.1  

 

 

 

 

 

 

Table 4.1:  Cores properties for Chapter 4 

Furthermore, a few more twists have been added for these vaporized hydrocarbon 

cases. For instances, the BPR itself is not manufactured to handle bitumen, it was observed 

in the past that it requires higher pressure than the set pressure to push the viscous oil 

through the orifice. In such event, higher injection pressure could potentially cause 

condensation of vapor solvent that lead to experiment’s failure. We learnt from past 

experiments that pressure build-up only occurs in the early periods when, diluent was first 

injected, it displaced brine and the thermal oil expands in the fracture. In order to avoid 

Case # Porosity Pore Volume 

(cc) 

Permeability(Darcy) 

1 33% 338.2 3.0 

2 28% 283.7 2.9 

3 28% 285.2 2.9 

4 31% 313.3 3.1 

5 28% 286.6 3.1 
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pressure build-up in the course of diluent injection, the expand oil in the fracture was 

bypassed the BPR with brine before switching to diluent injection. The amount of bitumen 

collected is reported in mass as shown in Table 4.2.  

Table 4.2:  Thermal expansion of oil during heating (25°C to 50°C) 

In order to achieve a better separation, the oil/solvent mixture was piped through a 

double-walled flask where the temperature was kept at 80°C. However, if the solvent is 

liquid under ambient conditions, a specially designed collecting apparatus was used to 

create a vacuum environment in the chamber to flash the solvent.  If the solvent is gaseous, 

the standard volumetric flow rate was measured using a mass flow meter, and if the solvent 

is a liquid, the vaporized vapor solvent then went through a cooled condenser and was 

measured using a second accumulator. The production rate for water and oil was calculated 

by recording the time between each 5mL increment in the glass collector for the first liquid 

extraction. For the second liquid extraction and vapor diffusion, the oil was measured every 

1 mL increment in volume for greater precision. The mass of the oil produced was also 

obtained to perform a density check in order to detect the existence of solvent in the oil.  

Case # Volume water collect (g) Pre-solvent collected oil  

(% of OOIP) 

1 63.4 18.7 

2 55.2 19.4 

3 62.1 21.7 

4 43.8 15.8 

5 58.9 20.6 
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There are total of five experiments in which different injection rates were 

implemented and summarized in the following Table 4.3. Detailed description of each case 

is described below:  

Case # Temperature 

(°C) 

Target 

Pressure 

(Mpa) 

Solvent 

Type 

Injected 

Condition 

Rate 

(cc/min) 

Injection 

Rate 

(cc/min) 

1 50 0.37 n-Butane 3 198.60 

2 80 0.78 n-Butane 3 95.44 

3 80 0.78 n-Butane 1 31.82 

4 50 0.37 n-Butane 1 66.20 

5 80 0.22 DCM 3 -- 

Table 4.3:  Experimental parameters for this chapter  

One can visualize the set of experiments above as data points in a vapor pressure 

diagram, as shown in Figure 4.1 
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Figure 4.1:  Chapter 4 parameter with visual demonstration with diluent vapor pressure 

line.  

4.3 RESULTS AND DISCUSSION  

This section discusses results and discussion of four experiment on systems 

pressure.  

4.3.1 Base Case- N-Butane at 50˚C, 3cc/min 

 In this experiment, vapor solvent was injected at 3 cc/min at P=0.37 Mpa and 

T=50˚C. The temperature (purple line) and pressure profile (dashed yellow line and dashed 

green line for inlet and outlet pressure, respectively) of this case indicated a successful run. 
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i.e. the solvent was in the vapor phase, or under the dew point (pink line) for Figure 4.2. 

The oil production rate shown in red saw a stable rate of approximately 0.288 cc/min for 

about 300 minutes before it starts declining. The oil accumulative column shown in green 

dotted line has a typical S- shape of a gravity drainage profile., We observed maximum 

recovery of 192 cc after 1800 minutes of solvent injection.  

When the vapor solvent is in contact with the oil, the mechanism of oil recovery 

can be described as:  

-molecular diffusion of the diluent within the body of bitumen bulk which helps 

reducing the viscosity of the mixture by diluting and upgrading 

-. Drainage of the reduced viscosity oil with the help of gravity 

The physics behind this experiment can be simplified using the thin film theory, as 

illustrated in the diagram below (Figure 4.3), in which the mass transfer coefficient was 

denoted as Kv. The solvent concentration at the oil/gas interface is the maximum 

concentration of solvent diffusing into the oil, and the concentration of diluent at the liquid 

bulk interface is controlled by the diffusion coefficient and the time of diluent exposure. 

The thickness of δORS is reported to be in the order of pore sizes ().  
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Figure 4.2:  Results from experiment of Butane at 50 °C with injection rate of 3 cc/min 
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Figure 4.3:  Schematic of penetration- film theory  

Cmax -the concentrations at the oil/diluent interface can be estimated by Henry’s law 

assuming equilibrium of the oil and the vapor solvent at experimental conditions, as 

Wilhelm discussed that Henry’s law approach appears to be naturally superior to the others. 

Henry’s constant is not constant with respect to temperature. Henry’s constant typically 

increases with temperature at lower temperatures, and after reaching a certain maximum, 

decreases with temperature. The temperature at which the maximum occurs depends on the 

solvent and oil pair. The interrelated temperature dependencies of Henry’s constant are 

dictated by infinite dilution activity coefficient (diluent type) and solute vapor pressure.  

When using the same diluent at the vapor pressure, Henry’s constant increases with 

increasing temperature. Normally, the greater the Henry’s constant, the less soluble the gas 
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in the oil, and the less effective the penetration of diluent gas molecules into bitumen body. 

However, oil viscosity decreases exponentially at higher temperature thus increasing 

molecular diffusion activity of the diluent in the bulk bitumen and enhancing the oil 

drainage rate. From previous chapter, we concluded the significance of temperature effect 

on the diluent process and the event of asphaltenes precipitation. Therefore, it is essential 

to investigate the effect of temperature on the vapor diffusion.  
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4.3.2 Temperature Effect –Butane 80˚C 3cc/min 

 

Figure 4.4:  Results from experiment of Butane at 80°C with injection rate of 3cc/min 
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pressure (inlet and outlet) was fluctuating around the target pressure but stayed under the 

vapor pressure plotted in pink line. The oil rate in this experiment was constant at 0.5623 

cc/min. For comparison purposes, the recovery fraction of this experiment was plotted in 

red whereas the base case results were in green. After offsetting the amount of oil recovered 

from cleaning the fracture, the oil recovery from this experiment is 72.2% compared to the 

base case at 69.8%.  

The viscosity profile of the mixture is constructed using the double log model and 

is shown on the Figure 4.5. The viscosity of the bitumen reduced from 3165 cp. to 330.56 

cp. when heating from 50˚C to 80˚C. Note that the viscosity of the vapor solvent did not 

change significantly between the two cases (0.00804 cp. versus 0.00888 cp.).  
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Figure 4.5:  Viscosity of P.R bitumen and n-Butane 

In a steady state process, the rate of recovery in the transition zone needs to be 

balanced with the leading front of the boundary layer. With that assumption, mass transfer 

of the diluent at the leading boundary layer is the limiting factor of the interfacial mass 

transfer. However, it is important to note that the steady state assumption of mass transfer 

of diluent into the bitumen in our study as the concentration gradient is changing in time 

due to the fact that the pressure gradient in the direction of flow within the diffusion layer 

was not steady state. In fact, most interfacial mass transfer study for bitumen overlooked 

the mass transfer due to such assumption. For instance, Das used apparent diffusion 

coefficient when calculating mass transfer coefficient in the porous media to account for: 

(1) the improved interfacial contact, (2) the increasing rate of solubility and the effective 

diffusivity, (3) and the enhanced surface renewal by capillary imbibition and development 

of transient mass flux at the bitumen surface.  
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4.3.3 Rate Effect on Mass Transfer 

 

Figure 4.6 : Results from experiment of Butane at 80 °C with injection rate of 1 cc/min 

 In this experiment, n-Butane was injected into the fractured core with the same 
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cc/min of cold water displacement. The same figure format for the system is shown in 

Figure 4.6. Both inlet and outlet pressures were fluctuating between the target pressure plot 

in the gray line. The oil recovery fraction in this case was plotted in blue in comparison 

with the recovery fraction of the higher injection rate in red.  

Tripling the solvent injection rate increased the oil production rate from 0.267 

cc/min to 0.600 cc/min. Increasing the injection rates increased the in-situ vapor phase 

velocity which directly impacted both the longitudinal and transverse dispersion 

(Blackwell 1992).  

We ran another experiment similar to the Base Case except the injection rate of the 

in-situ velocity of the diluent is in the intermediate. The temperature and pressure profiles 

are presented in the same format in Figure 4.7. Pressure highly varied in the beginning but 

stabilize at a later time. The oil recovery fraction at higher injection rate was plotted in 

purple whereas that from the lower injection rate case was in green. Fortunately, the rock 

permeability of the two cases are relatively comparable, 3.1 Darcy versus 3.0 Darcy. In 

another word, in these two cases, diluent injection rate was the only significant difference. 

The oil production rate seemed stabilized and kept constant at 0.29 cc/min up to 600 

minutes. This oil production rate is almost equal to our lower injection rate case at 0.288 

cc/min. Now if we recall the volumetric solvent injection rate in Table 4.3, focusing on the 

higher temperature pair (80˚C), the diluent rate on the lower injection rate get as low as 31 

cc/min. And we observed a big production jumped as the diluent injection rate increased 

to 95 cc/min owning to the enhancement of dispersity that caused more mixing.  
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Figure 4.7:  Results from experiment of Butane at 50 °C with injection rate of 1 cc/min 

4.3.4 Asphaltene Effect-DCM 80˚C 3 cc/min  

After each experiment, the cores were taken out for the analysis of residual mass 
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of solids deposited on the surface of the fracture face as shown in Figure 4.8. With 

asphaltenes analysis, the asphaltenes content of the residual oil ranges from 15.8%-22.1% 

where that of the original oil falls between 14.7%-16.2%.  

 

Figure 4.8: No asphaltene deposited after core flooding as in liquid  
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Figure 4.9: Results from experiment of DCM at 80 °C with injection rate of 3 cc/min 

Figure 4.9 provides results for the DCM case. The effect of solvent type is 
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condition, 0.8 cc/min compare to 0.6 cc/min.  The better performance of vaporized DCM 

can also from the contribution of difference in mixtures viscosity of oil and diluent and/ or 

by permeability of the rock (3.1 Darcy-DCM compare to 2.9 in n-Butanes). The question 

of whether or not asphaltenes has impact on the process will be discussed along with 

residual and effluent analysis.   

Mass of oil was plotted in four bars for each core flood, the mass of asphaltenes for 

that section was shaded in grey in Figure 4.10.  The top section of the core contacted with 

the diluent longer, hence more mass was produced- less residual oil. All the cases shown 

in the graph below confirm that in vapor diffusion the asphaltenes deposition was not as 

severe as liquid extraction  

When the diluent injection rates were above the critical rate, the effluent oil 

contains more asphaltenes in dissolution (n-Butane at 80°C). Furthermore, the excess of 

diluent in the higher injection rate of n-Butane showed a significant increase in 

concentration of asphaltenes in the rock compare to the 1 cc/min cases, Figure 4.11.  
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Figure 4.10:  Mass of oil and mass of asphaltene of cores sample by sections. 
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Figure 4.11:  Asphaltene analysis for effluent samples  

 The dispersed asphaltenes colloids covered by resins are well peptized by the oils 

(maltene). At higher temperature, the colloidal asphaltenes are small in amount and tend 

not to form strong associations, because the resins effectively disperse the colloids 

(Branco et al., 2001; Hoepfner et al., 2013; Maqbool et al., 2011). This is because a 

fraction of asphaltenes is dissolved leaving enough mass of the resins and oil to keep the 

remaining smaller aggregates of asphaltenes well peptized in the oil at higher 

temperature. Fig. 6 shows that peptizability of asphaltenes decreases with increasing 

temperature because of possible phase transition, whereby, asphaltenes tends to dissolve 

in oil at higher temperature. Increase in peptizability means associations among 
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asphaltenes colloids is more extensive and they are not sufficiently solvated by the 

solvent, hence the tendency of asphaltenes to aggregate at lower temperature is higher 

which could result in precipitation and deposition on surfaces. Resins have strong 

tendency to associate with asphaltenes, this reduces the aggregation of asphaltenes which 

determine to large extent their solubility in crude oil. Resins are also reported to have a 

self-association tendency like asphaltenes and it can be assumed that at lower 

temperature, the resins self-associate strongly hence their tendency to associate with 

asphaltenes is reduced (Pereira et al., 2007). 

To validate the experimental results, mass balance was performed on each 

experiment and the results are provided in Table 4.4 below. The error due to the loss of 

mass while crushing the rock can be up to 7%.  

Case 

# 

Mass oil 

original 

(cc≈g,) 

Mass Oil 

Produced 

(cc≈g) 

Total Mass 

Oil Retrieve 

from Core (g) 

Sum of oil 

recovered (g) 

Rel. Error 

(%) 

1 313.3 208.0 42.65 293.65 6.27 

2 285.2 143.0 52.41 257.4 9.7 

3 283.7 170.0 49.9 275.1 3.03 

4 338.2 192.0 56.8 307.5 9.07 

5 286.6 149.0 52.1 260.0 9.28 

Table 4.4:  Mass balance of Chapter 4 Experiments 

4.4 CHAPTER SUMMARY   

Condensation of vaporized hydrocarbon when utilizing to recover heavy oil can 

completely alternate the oil production mechanism and cause unwanted asphaltenes 
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precipitation and deposition. Asphalenes precipitation of pure vaporized extraction process 

is not as severe as reported in liquid diluent cases. We once shown that once the bitumen 

was in contact with liquid, deposition of asphaltene could potentially problematic to the 

reservoir especially fracture reservoir.  

 Below a critical injection rate, gravity drainage in fractured reservoir with 

vaporized solvent is sensitive to the volumetric injection rate of vapor. Increasing the 

temperature of the reservoir creates two counteracting effects: the decreased solubility of 

solvent into oil versus the lowered viscosity of the oil. With the results observed from the 

four cases of n-butane, effect of temperature on viscosity reduction seemed to be more 

dominant. Effect of the solvent type introduced no vivid increase in oil production between 

the DCM and n-Butanes. Solvent type contributes determine the maximum concentration 

of solvent at the interface which reduce the mixture viscosity. Furthermore, the diffusion 

of solvent within the bulk liquid depend on the liquid viscosity. However, without 

asphaltene problem, the use of diluent can only benefit from the mass transfer point of 

view.
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Chapter 5: Effects of Diluent Pressure on Vapor Process  

5.1 INTRODUCTION 

From the previous Chapter 4, without a doubt, during vapor diffusion drainage 

process, asphaltenes deposition was indeed less than of liquid diluent process asphaltenes 

deposition was a less severe problem in vapor diffusion drainage process than in liquid 

diluent process. It is well known that the diluent concentration in heavy oil at equilibrium 

reaches a maximum value at the diluent vapor pressure. Increasing diluent concentration 

reduces bitumen viscosity resulting in higher drainage rate. Higher diluent concentration 

in the transition zone as pressure increases causing the asphaltenes in the oil to become 

more unstable which cause increasing in precipitation. During field operations, the diluent 

injection pressure would vary away from the wellbore. Hence, it is important to fully 

understand the impact of pressure on the process for field optimization purposes. We run 

four experiments with two different types of diluent at two different partition pressures.  

5.2 MATERIALS AND METHODS  

In this series, we conducted four experiments with two different kinds of diluent: 

DCM and n-Butane. In all experiments, we injected diluent at the same cold water injection 

rate at isothermal condition of 80°C. We employed the same procedure and method from 

the previous chapters. The rocks properties were presented in the Table 5.1  

 

 

 

 

 

 



 105 

 

 

 

 

 

Table 5.1:  Rock Properties from Chapter 5 experiment.  

The experimental grid designed for each of the experiment are specified in Table 

5.2 below. The pressure versus temperature plot is also displayed in Figure 5.1 to help 

visualizing where each of the experiment lies in the phase diagram.  

Case # Temperature 

(°C) 

Target 

Pressure 

 

Solvent Type Injection Rate 

(cc/min) 

1 80 0.75x Pvap DCM 3 

2 80 0.5 x Pvap DCM 3 

3 80 0.75x Pvap n-Butane 3 

4 80 0.5x Pvap n-Butane 3 

Table 5.2: Experiment grid for Chapter 5 experiments.   

Case # Porosity Pore Volume (cc) Permeability(Darcy) 

1 28% 338.2 3.0 

2 29% 300.1 3.1 

3 31% 301.1 3.3 

4 31% 298.7 3.1 
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Figure 5.1:  Summary of Chapter 5 parameters with visual demonstration.  

5.3 RESULTS AND DISCUSSIONS 

Four experiments with two diluents types were conducted at the same temperature 

of 80°C with pressure varying from 50% to 75% of the diluent vapor pressure.  

S1-C3@P=0.9xPvap 
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5.3.1 DCM-80°C 75% Vapor Pressure  

 
Figure 5.2: Results from experiment of DCM at 75% vapor pressure at 80 °C   

In this experiment, DCM was injected at 3 cc/min at isothermal condition of 80°C, 

and 75 percent of DCM’s vapor pressure. The temperature profile plot follows the same 

template as all other the experiments. The temperature (solid purple) and the inlet and outlet 

pressures (dotted yellow and dotted green, respectively) were right at target of the solid 

gray line. The cumulative oil volume recovered was plotted in purple line with blue marker, 
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while the oil rate, calculated from dividing the equal incremental volume by the time it 

took for each increment, was shown in red dot. The oil production rate was stable at around 

0.37 cc/min in the early times, and significantly changed at around 50% of OOIP. Such 

behavior can be due to some heterogeneity of the rock causing a sharp turn at around 250 

minutes. Total oil recovery in this case is 46% while the experiment was run for 3200 

minutes. 

5.3.2 DCM-80°C 50% Vapor Pressure 

In this experiment, DCM was injected into the core at 50% of the vapor pressure. 

Figure 14 indicated that the temperature and the pressure of the system were at target. The 

wavy behavior of the pressure of the system was because of the physical limitation of the 

BPR as discussed before. The oil rate peaked at 0.1 cc/min and then declined exponentially 

over the time of injection. For the total of more than 6000 minutes of injection only a total 

of 32% of OOIP was recovered. 
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Figure 5.3:  Results from experiment of DCM at 50% vapor pressure at 80 °C   

5.3.3 n-Butane-80°C 75% Vapor Pressure 

During this experiment, n-Butane was injected into the core at 75% of the vapor 

pressure. With the knowledge from the last two experiments, as prediction the oil 

production rate decrease as the vapor pressure decrease from the vapor pressure. The oil 

production rate in this case was initially around 0.2 cc/min and declined exponentially with 

time. The total oil recovery in this case was 68% in the timespan of 2000 minutes. 
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Figure 5.4: Results from experiment of n-Butane at 75% vapor pressure at 80 °C   

5.3.4 n-Butane-80°C 50% Vapor Pressure 

In this experiment, the system pressure was at 50% vapor pressure of n-butane at 

50°C. Again, the parameters of the system were well-controlled. In this experiment, the 

results followed the formerly observed trend that as we lower system pressure, we were 

only able to recover 36% OOIP during the 3500 minutes of injection. 
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Figure 5.5:  Results from experiment of n-Butane at 50% vapor pressure at 80 °C   

5.3.5 Discussion  

 The recovery fraction of six experiments were plotted in Figure 5.6. The two 

experiments of DCM and n-Butane at 90% of the diluent vapor pressure at 80°C were 

borrowed from the chapter 5, and were displayed in gray dotted with yellow round marker 

and dotted red for DCM and n-butane, respectively. DCM was proven to be asphaltenes- 
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free from the study in chapter 3, and chapter 4. Decreasing the system pressure not only 

decreased the drainage rate but also reduced the ultimate recovery. Specifically, in the case 

of DCM as diluent, at 90% of the vapor pressure, the ultimate recovery was 74%; when 

that pressure dropped to 75%, the oil recovery dropped to 43%; and upon reducing pressure 

further to only 50%, recovery shrunk to only 27%. The same observations were found in 

the n- Butane cases. In our experiment, when the diluent vapor came into contact with the 

bitumen, the diluent diffused into the body of bitumen resulting in the reduction of surface 

tension. When the percentage of the vapor pressure decreased, solubility worsened causing 

higher IFT, hence creating lower capillary number which in turn, causing higher residual 

oil. Reduction of diluent oil ratio due to decreased solubility might impact the asphaltenes 

precipitation process.  
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Figure 5.6:  Summary of Chapter 5 experiments recovery fractions.  

The effect of asphaltenes on the production mechanism of vapor diffusion drainage 

process was highlighted on each fraction of the vapor pressure. Because the comparison 

between DCM and n-Butane at their 90% vapor pressure was shown in the chapter 4, we 

only focus in the lower percent of their pure diluent vapor pressures cases for this section. 

At the same temperature and pressure, the oil production mechanism of the last four 

experiments were influenced by permeability, density difference, and diluent solubility 

which controlled the diluent content at the diluent-bitumen interface. Due to the fact that 

the permeability of the n-Butane cases was higher, its oil production rate was slightly 

higher than of DCM case at the same condition (0.075 cc/min compare to 0.069 cc/min). 

The performance of the DCM at the pure diluent vapor pressure was better than n-Butane 
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as the same condition per predicted using Henry’s constant. However, we observed the 

abnormal behavior in the production trend, where the oil shifts the slope dramatically after 

200 minutes of production.  

 

Figure 5.7:  % Vapor Pressure plot vs. Oil Drainage Rate 

The residual mass of was reported in Figure 5.8. Asphaltenes analysis of the 

residual mass for four cases shown the higher asphaltenes content on the top section where 

the retention time of the pure diluent was longest, but the amount of solid was negligible 

compare what we obtain from liquid diluent. The compositional content of the residual oil 
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was not much different from the original oil after vapor diluent injection. Therefore, we 

believed at lower partition pressure, asphaltenes impact on the process was insignificant.  

 

Figure 5.8:  Mass balance analysis for pressure partition effect 

The mass balance cross-check for the four experiments was shown in the Table 5.3. 

Sum of oil recovered in gram in the next to last column was the sum of the oil produced 

during the experiment, residual mass extracted from core after experiment, and mass of oil 

produced during bypassing flushed before experiment.  
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Case 

# 

Mass oil 

original 

(cc≈g,) 

Mass Oil 

Produced 

(cc≈g) 

Total Mass 

Oil Retrieve 

from Core (g) 

Sum of oil 

recovered (g) 

Rel. Error 

(%) 

1 296.2 110.1 126.3 294.5 0.57 

2 300.1 78.1 156.6 291.4 2.89 

3 298.7 167 86.8 309.0 3.44 

4 301.1 50.3 156.2 256.8 1.47 

Table 5.3: Experiment grid for Chapter 5 experiments.   

5.4 CHAPTER SUMMARY  

Condensation of vaporized hydrocarbon when utilized to recover heavy oil can 

completely alter the oil production mechanism and cause unwanted asphaltenes 

precipitation and deposition. Asphaltenes precipitation by only vapor extraction is not as 

severe as that reported for liquid diluent in which the deposition of asphaltenes could be 

potentially problematic to the reservoir especially fractured reservoir. 

During field operations, controlling of the vapor chamber during vapor diffusion 

drainage process is a critical task. When the pressure of the system falls below the dew 

point, the drainage is significantly reduced and the ultimate recovery is also diminished. 

Lowering pressure of the vapor diffusion drainage process decreased the solubility of vapor 

diluent into the bitumen. Once the pressure fell below some pressure threshold, the main 

factor that controls the drainage rate was the rock relative permeability, and diluent type, 

as the asphaltenes impact on the production mechanism is no longer significant. 



 117 

Chapter 6: Conclusion and Future Works 

 . This work was composed of the study of two different production processes: (1) 

liquid diluent on bitumen recovery, and (2) vapor diffusion drainage process. We spliced 

the sandstone core vertically in the middle to mimic matrix- fracture interaction. Due to the 

permeability contrast, the diluent would flow only in the fracture initially.  

Under the dilution process, if the injection rate was very fast, the diluent bleached 

only a light fraction of the bitumen, and acted as the carrier for those light fractions. A part 

of the diluent diffused into the bitumen creating a lower viscosity mixture, and drained 

sideway into the fracture under natural convection. Such process is governed by dispersive 

mixing. Dispersive mixing is comprised of molecular diffusion and mechanical dispersion. 

Far more complicated, bitumen and heavy oil contains a high concentration of asphaltenes. 

Mixing with solvent was one of the main factor contributing de-stabilize the asphtelenes, 

and causing flocculation and precipitation of solid particle inside porous media. During 

this study, almost all of the scenarios of dilution were investigated.  i.e., different injection 

rates, temperatures, diluent types.  

 We found the critical injection pump rate in Chapter 2 that for this particular 

set up, the critical pump rate for the maximum oil production is 4 cc/min.  

 . In the same chapter, we also proved the existence of the critical injection 

rate at which the diluent bitumen ratio reached a threshold where asphaltene 

precipitation becomes a disaster that caused extreme blockage resulting in 

ending early of bitumen production.  

 Compensating for the complication of controlling asphatltenes, liquid 

diluent process yields a very high production rate with low diluent to 

bitumen ratio of 2.3. In term of water consumption, with injection pump 
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rate lower than the critical rate, dilution process is more efficient because it 

provides enough retention time for the diluent to dissolve into the bitumen 

body.   

 Different diluent types result in different recovery rate and ultimate 

recovery.  

 We also found that changing diluent type make a big impact on controlling 

asphaltene precipitation.  

 The decrease of mixture viscosity and the increase of diffusivity of diluent 

into bitumen as temperature increases are the main factors for the increase 

in oil recovery. 

 In the vapor diffusion drainage process, the bitumen drainage rate reduced 

as the pressure of the systems decreased below the vapor pressure.  

 At 90% of the vapor pressure line, the oil production rate was still 50% 

lower than the higher extraction rate during the liquid diluent process. The 

behavior of vapor diffusion process deviated from the liquid diluent process 

as the pressure fell below the vapor pressure.  

 We also observed no solid deposition of asphaltene on the surface of the 

rock as that in liquid extraction cases.  

 Existence critical pump rate in vapor diffusion cases was proven.  

  When the pressure falls below 75%, the bitumen extraction depends mostly 

on the reservoir properties such as: permeability, capillary pressure.  

 In another word, the impact of diluent type observed on the last four 

experiments where the system pressure fall below 90% Pvap suggests that 

diluent type is no longer of significance contribution. Despite recovering oil 
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at a much lower rate, vapor diffusion process has the benefits of yielding a 

lower percentage of asphaltenes drop out.  

From these studies, we propose a novel technology in which liquid diluent and 

vapor can be combined. i.e., injecting condensable vapor solvent into a cold reservoir: 

when condensing, the liquid diluent will bleach away the light component of the oil, 

leaving behind residual oil with larger concentration of asphaltenes. When the swept 

portion is headted to the target temperature, the vapor will diffuse into the residual oil and 

drain down under natural convection force.  

The spectrum of diluent injection is broad. During the span of four years and the 

course of 25 experiments, we were still unable to cover all aspects of this study. To bring 

the technology closer to field application, more studies should be further carried out such 

as the impact of water saturation both on extraction mechanism and asphaltenes 

precipitation and transportation, the effect of different rock types, etc. Also, controlling 

asphaltenes precipitation plays important role in this technology. I suggest the use of 

diluent that inhibits asphaltenes precipitation when mixing with the main diluent to delay 

the onset of asphaltenes precipitation. I suggest the experimental sets shown in Table 6.1 

for future works.  

Furthermore, for study in depth of the vapor diffusion mechanism, I suggest 

conducting two more experiments of n- Butane with two different type of oil that have 

similar asphaltenes content but different viscosities. With that, one can determine the 

important of mixture viscosity on diluent solubility and diffusivity. 
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Goal Rock Type Diluent 
Water 

Saturation 

Reservoir 

Condition 

P(bar), T(°C) 

Injection 

Condition 

P(bar), T(°C) 

Hybrid Sandstone n-Butane No 10, 25 10, 85 

Water 

Saturation 
Sandstone n-Butane Yes 10, 25 10, 85 

Rock type Carbonate n-Butane No 10, 25 10, 85 

Mixture 

Diluent 
Sandstone 

n-

Butane+ 

toluene 

No 10, 25 10, 85 

Rock type 
Tighter 

sandstone 
n-Butane No 10,85 10, 85 

Table 6.1:  Experiment grid for future work. 
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