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ABSTRACT 

There are tremendous heavy oil and bitumen resources in Canada, and most of 

them are located in the Western Canadian Sedimentary Basin. Thermal-based recovery 

techniques, such as steam flooding, cyclic steam stimulation (CSS), and steam-assisted 

gravity drainage (SAGD), are effective and have been widely applied in the field to 

reduce heavy oil viscosity. However, thermal-based methods are costly and uneconomic, 

particularly for reservoirs with a thin net-pay. In Saskatchewan, half of the heavy oil 

resources are contained in reservoirs with a pay zone thickness of less than 10 metres. 

Non-thermal methods, such as cold production, and solvent-based methods, are the 

alternative approaches. Cold production, such as cold heavy oil production (CHOP) and 

cold heavy oil production with sands (CHOPS), suffers low recovery factor, which is 

approximate 5–10% of original oil in place (OOIP). Solvent-based heavy oil recovery 

methods represent a promising technique that has been extensively studied by many 

researchers. It has the potential to recover heavy oil resources more economically and in 

a more environmentally friendly fashion in cases in which the thermal-based method is 

not applicable or after CHOP/CHOPS processes. Currently, traditional solvent injection 

methods include continuous injection processes, such as vapour extraction (VAPEX), and 

cyclic injection processes, such as cyclic solvent injection (CSI). The low production 

rates of VAPEX are observed in field tests. CSI does not show exciting results due to the 

quick pressure depletion and the sudden reservoir energy loss, which causes the oil to 

regain its viscosity. Thus, a more effective solvent injection technique is urgently 

required to overcome the disadvantages in traditional solvent injection processes. 
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In this study, a new cyclic solvent production (CSP) technique, cyclic production 

with continuous solvent injection (CPCSI), was proposed and evaluated through 

experiments and numerical simulations. Low permeability physical models were packed 

with Potter glass beads and then saturated with Western Canadian heavy oil samples at 

connate water saturation. Pure propane was used as gaseous solvent that was injected into 

the physical models continuously to extract the heavy oil while the producer was 

operated with a cycle of long shut-in time and short open periods. Solvent breakthrough 

time, heavy oil production rate, pressure profile, and asphaltene content were measured. 

The effects of drainage height, gravity, and production configurations were evaluated. 

Numerical simulations were performed using CMG STARS to history match the 

experimental results. It is found that the simulation can match the experimental results 

but it has the limit to predict the performance for different models. 

It was found that the heavy oil was diluted and drained down by gravity during the 

shut-in periods and then produced in the open periods via solution gas drive and gas 

flush. In comparison with VAPEX and CSI, CPCSI offers a free gas drive to flush the 

diluted oil out while the reservoir pressure is maintained so that the diluted heavy oil 

viscosity will not be re-increased. The CPCSI process can be an alternative optimization 

production scenario for applying solvent-based in-situ EOR techniques in Western 

Canadian heavy oil reservoirs. 
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CHAPTER 1 INTRODUCTION 

1.1 Research background 

Heavy oil and bitumen resources are the key to fulfilling increasing demand for 

hydrocarbon fuel consumption all over the world. The untapped heavy oil and bitumen 

deposits are over five times greater than the remaining conventional crude oil reserves 

and are estimated at 5.6 trillion barrels (Herron and King, 2004). Canada contributes 

about 50% of these untapped hydrocarbon deposits, which are mainly located in the 

Western Canadian Sedimentary Basin. It is urgent to recover these hydrocarbon deposits 

effectively and economically. In general, the currently heavy oil recovery methods in use 

can be categorized into two groups: thermal methods and non-thermal methods. 

Thermal methods, such as steam flooding, cyclic steam stimulation (CSS), and 

steam-assisted gravity drainage (SAGD), have been widely applied in the field to reduce 

heavy oil viscosity. However, for reservoirs in thin formations with the presence of 

bottom water zones and/or with high water saturation, the thermal methods tend to be 

neither effective nor economical due to the significant heat loss and large heating and 

water source requirements (Butler and Mokrys, 1991; Yazdani and Maini, 2005; Knorr 

and Imran, 2011). 

Non-thermal methods, including surface mining, cold heavy oil production (CHOP) 

or cold heavy oil production with sands (CHOPS), and solvent injection, are the other 

main techniques that are used for recovering heavy oil. Surface mining is effective but it 

is only economically applicable to whose reservoirs with a depth of less than 70 metres. 

Only about 5% of the heavy oil reservoirs can be recovered with this technique (Jiang, 
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1997). CHOP/CHOPS are the other primary recovery methods, and they can recover 

approximate 5–10% of the initial heavy oil in place before becoming uneconomical 

because of the pressure depletion and water encroachment (Ivory et al., 2010). Solvent 

injection techniques, such as vapour extraction (VAPEX) and cyclic solvent injection 

(CSI), are processes involving extracting heavy oil or bitumen deposits by using 

vapourized solvent. A pure hydrocarbon or a mixture of several pure hydrocarbons is 

usually used as the solvent. The injected gaseous solvent is dissolved into the heavy oil to 

reduce the oil viscosity and effect in-situ deasphalting, thus the diluted oil can be easily 

produced by gravity drainage or pressure depletion (Butler and Mokrys, 1991; Mokrys 

and Butler, 1993; Ivory et al., 2010).  

The advantage of solvent injection processes over the other non-thermal methods 

includes the fact that it is applicable to the reservoir, which is deeper, and it is also an 

effective follow-up process after the cold production and is very easy to implement. 

Compared with the thermal methods, it requires less water, and the water treatment cost 

is low. Solvent injection does not require sophisticated surface facilities and it does not 

contribute additional greenhouse gas, either. The produced solvent can be recycled and 

re-injected into the reservoir during the injection process so that the solvent can be used 

in an efficient way. Overall, solvent injection is an effective, environmentally friendly, 

and energy efficient enhanced oil recovery (EOR) method for heavy oil and bitumen 

reservoirs. 
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1.2 Problem statement, research scope, and objectives 

In general, the solvent injection processes can be categorized into two groups based 

on the production procedures. One is continuous solvent injection processes such as 

VAPEX; the other is cyclic injection/production processes such as CSI, also known as the 

solvent huff-n-puff process. VAPEX has been extensively studied by many researchers 

(Butler and Mokrys, 1989; Butler and Mokrys, 1993; Butler and Mokrys, 1991; Mokrys 

and Butler, 1993; Jiang, 1997; Yazdani and Maini, 2005). The test results are promising, 

but the performance of the tests depends strongly on the injection/production scenarios. 

More specifically, the well configurations, well distances, and injection and production 

pressure conditions are the most important parameters that affect the solvent injection 

processes. Additionally, the continuous injection process is gravity dominated. Thus, this 

process is not effective in thin reservoirs due to the lack of gravity drainage, particularly 

for the Saskatchewan heavy oil reservoirs, which mostly have pay zones less than 10 

metres. The traditional CSI process comprises an injection period, a soaking period, and a 

production period (Lim et al., 1996; Dong et al., 2006; Ivory et al., 2010; Jamaloei et al., 

2012). The light hydrocarbon gas is injected into the reservoir to increase the reservoir 

pressure, and a part or portion is dissolved into the heavy oil to reduce the oil viscosity. 

Then, the reservoir pressure is reduced to produce the diluted oil. The problems in this 

process are that the pressure drops rapidly so that the diluted oil may regain its viscosity 

while the dissolved solvent is released from the diluted oil and, also, the severe formation 

energy loss during the pressure depletion. In addition, it needs a longer time for injecting 

and soaking, which might cause the average production to be relatively low in this 

process. 
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The objective of this study was to examine the production flow behavior, and 

improve the production performance by applying optimized solvent injection EOR 

technique. For example, at the early stage of the VAPEX process, in the solvent chamber 

rising phase, how fast the solvent chamber reaches the top layer and starts to spread so 

that the maximum oil production rate can be obtained at an earlier time. During this part 

of the study, it was found that the production rate was low using the designed 

experimental setup. An alternative production scheme was then carried out and a new 

solvent injection process was proposed. The performance of the new solvent injection 

process was investigated thereafter. The key factors that affect this process and the 

applicability of this method for scaled up applications have been analyzed. 

1.3 Research methodology 

In this work, experimental studies were conducted to evaluate the performance of 

the proposed novel solvent injection technique for enhanced heavy oil recovery: the 

cyclic production with continuous solvent injection (CPCSI) process. More specifically, 

1-D tests were conducted using cylindrical physical models to evaluate the effects of 

model length, gravity, and the wall effect. The performance of the CPCSI process was 

also analyzed in comparison with VAPEX and CSI in the very close experimental 

operating conditions. 2-D physical model tests were also conducted to validate the 

performance of the CPCSI process compared with the VAPEX process with the same 

well spacing and configuration in scaled up applications.  



 

5 

 

1.4 Thesis outline 

This thesis is composed of five chapters. Chapter 1 is a brief introduction to the 

thesis topic together with the purpose and scope of this thesis. Chapter 2 provides an up-

to-date comprehensive literature review on solvent-based enhance heavy oil recovery 

(EHOR) techniques. The theory of solvent-based enhanced oil recovery (EOR) methods 

and the important factors that affect solvent-based EOR methods are presented. The 

problem statement of this thesis is presented at the end of this chapter. Chapter 3 

describes the experimental study details of the solvent-based EOR process, including the 

materials that were used in the experiments, physical model descriptions, experimental 

set-ups, experimental preparations, and experimental procedures. The measured physical 

model properties for each test are provided in this chapter. The details of the PVT tests 

are also presented in this chapter, which includes the test materials, experimental set-up, 

experimental preparations, and experimental procedures for these tests, as well. Chapter 4 

provides the detailed results and discussions that were drawn from the experimental 

study. Chapter 5 presents the results of the simulation study. Chapter 6 summarises the 

major scientific conclusions of this study and thesis. Technical recommendations are 

given for future work.  
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CHAPTER 2 LITERATURE REVIEW 

The dissolution of a pure hydrocarbon or a mixture of several hydrocarbons into the 

heavy oil leads to significant heavy oil viscosity reduction. In the 1970s, Allen et al. 

(1976) developed a heavy oil recovery method using multiple solvents. The high 

viscosity heavy oil deposits or tar sand deposits can be recovered by injecting a multi-

component solvent into the formation. At least one solvent component is gaseous at the 

temperature and pressure of the petroleum reservoir, such as the carbon dioxide, methane, 

ethane, propane, butane, or pentane, and at least one component is liquid at the reservoir 

conditions, such as the hexane and higher molecular weight aliphatic or aromatic 

hydrocarbons. The multi-component solvent is preferably introduced under sufficient 

pressure that it is substantially in the liquid phase. Recovery of heavy oil and solvent may 

be from the same well as is used for injection. When the pressure in a portion of the 

formation contacted by the solvents is reduced below the vapour pressure of the gaseous 

solvent, it vapourizes to provide drive energy for oil production. The liquid components 

dissolve in the heavy oil or tar sand and reduce its viscosity. This process considers 

solvent injection in a vertical well and oil production from the same well or through 

another closely spaced vertical well with the solvent in liquid phase. However, the oil 

production observed from tests was not promising. Meanwhile, the horizontal wells 

evolved rapidly in the 1980s and were widely applied for thermal recovery processes, 

such as steam-assisted gravity drainage (SAGD), to enhance the heavy oil recovery, until 

Butler and Mokrys proposed a solvent analog model of the SAGD process (1989; 1991).  
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2.1 Vapour extraction 

Vapour extraction (VAPEX) was proposed as a solvent analog model of the steam-

assisted gravity drainage process. The solvent-leaching gravity drainage process was 

experimentally modeled in a vertical Hele-Shaw cell using two widely different samples 

of bitumen and toluene as an extracting solvent. 

In the VAPEX process, a pair of horizontal wells is introduced into the reservoir, 

and the producer is placed a few metres lower than the injector is. While gaseous solvent 

is injected into the reservoir through the injector, a solvent chamber is formed between 

the injector and the producer. The gaseous solvent is dissolved into the heavy oil and a 

solvent-saturated heavy oil zone is formed between the solvent chamber and untouched 

heavy oil zone. The diluted oil is drained down through the solvent-saturated mixture 

front to the producer by gravity, as illustrated in Figure 2.1. The presence of a dissolved 

gas in heavy oil and bitumen enhances the recovery by generating a saturated 

displacement front by swollen oil in porous medium. Meanwhile, it reduces adhesive 

forces between oil globules, films, and connate water so that the heavy oil and bitumen 

become mobile and are able to flow out under the assistance of gravity. 

2.1.1 Mechanism of VAPEX process 

The main mechanisms of the VAPEX process including viscosity reduction, oil 

swelling effect, in-situ deasphalting, and diffusion and dispersion. 

Viscosity reduction 

The phenomenon of viscosity reduction of heavy oil and bitumen in the presence of 

absorbed solvents is considered the primary reason for mobilization of the diluted oil in 

the VAPEX process. The pressure effect on the viscosity of heavy oil and bitumen is   
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(a) 

 

 
(b) 

 

Figure 2.1 Illustration of (a) typical layout of heavy oil/bitumen reservoir and (b) 

concept of VAPEX (Upreti et al., 2007)  
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nominal. However, when gases are dissolved into heavy oil and bitumen, it becomes 

significant because of the pressure dependent concentration of the solvent (Upreti et al., 

2007). The correlations between heavy oil/bitumen and the solvent concentration have 

been studied and developed. There are several mixing rules for mixture viscosity, and in 

the literature, they were examined experimentally by Yazdani and Maini (2010). The 

results indicated that Shu’s model has the best results among the other correlations in 

heavy oil-light hydrocarbon systems in the absence of experimental data. Shu’s 

correlation is based on the equation that was proposed by Lederer (1933): 

o sol

mix o sol

f f        (2.1) 

where o
o

o sol

C
f

C C







, and sol o1f f  , o  and sol  are the viscosities of the heavy 

oil/bitumen and the solvent with volume fractions oC  and solC , and   represents a 

positive fraction. Shu (1984) has provided the following correlation for  : 

 
0.5237 3.2745 1.6316

o sol o sol

o

sol

17.04

ln

   









 
 
 

   (2.2) 

The solubility of a solvent in heavy oil is a crucial parameter that quantifies the 

amount of the solvent dissolved into the heavy oil. During the compositional flow, the 

liquid and vapour equilibrium phase are modeled by the cubic Equation of State (EOS), 

and the solvent solubility in heavy oil could be represented by its k  value of each solvent 

component. The equilibrium k  value for each i  component is defined as follows: 

i
i

i

y
k

x
      (2.3) 
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where ix  and iy  are the equilibrium mole fraction of the component i  in oil and gas 

phases, respectively. The flash calculation and the quasi-Newton successive substitution 

method are usually employed to solve this system of equations. 

Oil swelling effect 

The heavy oil will swell as it absorbs a soluble solvent (Jha, 1986; Bijeljic et al., 

2003). The oil swelling effect has two-fold benefits in oil recovery. First, oil swelling can 

make some residual oil become mobile and recoverable. Second, oil swelling increases 

the oil saturation and consequently increases the relative permeability of oil (Yang and 

Gu, 2007). 

The oil swelling factor is often used to quantify the oil swelling effect when a 

solvent dissolves into a crude oil (Jha, 1986; Lake, 1989). It is defined as the ratio of the 

volume of the solvent-saturated crude oil to the volume of the original crude oil without 

any solvent dissolution. The oil swelling factor of a gas-saturated crude oil is normally 

measured by a high pressure visual PVT cell system (Welker and Dunlop, 1963; Simon 

and Graue, 1965; Jha, 1986; Hand and Pinczewski, 1990). In the measurement, a solvent 

and a crude oil are brought into equilibrium by circulation of the solvent/crude oil system 

inside the visual PVT cell. The volume of the original oil and the volume of the oil after 

it is completely saturated with the solvent are measured respectively. The oil swelling 

factor is then determined as the ratio of the total volume of the solvent-saturated oil at the 

given pressure and temperature conditions to the volume of the original oil without any 

solvent dissolution at atmospheric pressure (101 kPa) and the same temperature 

conditions. Teja and Sandler (1980) showed that the swelling factor of solvent-saturated 
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oil could be determined by molar volume and molar solubility with the following 

equation:  

m2

m1 sol

1
=

1

V
SF

V S



     (2.4) 

where SF  is the swelling factor, m1V  is molar volume of heavy oil at saturation 

temperature and atmospheric pressure, m2V  is molar volume of solvent-saturated heavy 

oil at saturation temperature and saturation pressure, and solS  is the solvent solubility in 

mole percentage. 

In-situ deasphalting 

Asphaltenes are defined by their solvent in solubility. Asphaltene content is the 

fraction of heavy oil that is insoluble in excess normal alkanes, such as n-pentane but 

soluble in excess aromatic solvent, such as benzene and toluene (Pfeiffer and Saal, 1940; 

Speight, 1980, 1990; Yen and Chilingarian, 1994; Sheu and Mullins, 1995). Asphaltene 

can precipitate with a change in pressure, temperature, or composition (Akbarzadeh et al., 

2002). 

In the VAPEX process, if the solvent is injected in liquid phase, which means the 

injection pressure is higher than the dew point pressure of the solvent, then the asphaltene 

precipitation occurs during this process. It has been found that the degree of asphaltene 

precipitation increases with the order of hexane, pentane, butane, propane, and ethane 

(Bray and Bahlke, 1938). Das and Butler (1994) observed the presence of a threshold 

solvent concentration before the onset of deasphalting. 

In-situ deasphalting of heavy oil or bitumen results in in-situ oil upgrading, 

significant oil viscosity reduction, and incremental oil production. Mokrys and Butler 
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(1993) indicated that during the VAPEX process with propane injection, the heavy oil 

will be partially upgraded, and, thus, more valuable de-asphalted oil that is lighter and of 

a better quality will be produced. The undesirable asphaltene contents can be deposited 

within the reservoir matrix. On the other hand, the asphaltene precipitation in the deposit 

can plug the formation porous medium and cause decrease of the absolute permeability of 

the reservoir. Das and Butler (1994; 1998) observed that only a fraction of total 

asphaltene occupying 20% of the void space. Hence, the asphaltene precipitation might 

not clog the production well resulting in no impairment of the oil flow. Das (2002) 

confirmed that deasphalting did not stop oil flowing out from the reservoir. Rather, due to 

significant viscosity reduction, the production rate increased. Jin (1999) and Oduntan et 

al. (2001) further confirmed the results. Other VAPEX experimental results (Butler and 

Mokrys, 1993) carried out by using a 2-D sand-pack model with high permeability, 

concluded that the asphaltene precipitation resulted in a permeability decrease, which 

consequently lowered the production rate. Haghighat and Maini (2008) conducted a 

series of experiments with a low permeability (2.7 Darcy) that showed a significant 

amount of asphaltene precipitation and, consequently, a production rate reduction. Ardali 

et al. (2009) compared the performance of the VAPEX process in dry and non-dry 

systems when asphaltene precipitation occurs. It was concluded that the presence of 

connate water enhances the VAPEX process and reduces adsorption of asphaltene. 

Diffusion and convective dispersion 

Diffusion and convective dispersion of solvent into the heavy oil or bitumen play a 

crucial role in the VAPEX process. Molecular diffusion is the analog of conduction in 

heat transfer that takes place solely due to the concentration gradient, while convective 
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dispersion is induced by variation in the convective velocity field created by the flow 

paths of porous medium (Shrivastava et al., 2002). 

The diffusion of gaseous solvent in heavy oil or bitumen is the primary, molecular 

phenomenon responsible for gas absorption and mixing with the heavy oil or bitumen, 

and it plays an important role in the VAPEX process (Das and Butler, 1996). Accurate 

diffusion data for a gaseous solvent-heavy oil system are important to determine the 

amount and flow rate of gaseous solvent required for its injection into a reservoir, the 

extent of heavy oil or bitumen that would undergo viscosity reduction, the time required 

by the reserves to become less viscous and more mobile, and the rate of the live oil 

production from the reservoir (Upreti et al., 2007). The Butler and Mokrys analytical 

model for predicting the heavy oil production rate in VAPEX takes account of solvent 

molecular diffusion only. Das (1995) reported that this molecular diffusion-based model 

can predict the oil recovery rate experimentally with a Hele-Shaw cell. However, the 

measured heavy oil production rate in sand-pack porous medium is higher than that 

predicted from the Butler-Mokrys model (Dunn et al., 1989; Das, 1995; Das and Butler, 

1998). This indicates that the increased heavy oil production rate was attributable to 

solvent convective dispersion. This is because when the fluids move through the porous 

medium, the mass transfer of the solvent into the heavy oil is enhanced (Perkins and 

Johnston, 1963). Therefore, the term ‘effective diffusivity’ is used to account for the 

combined effects of solvent diffusion and convective motion. Accordingly, the heavy oil 

production rate was increased by an order of magnitude (Dunn et al., 1989). 

Lim et al. (1996) found an effective solvent molecular diffusivity that was 2–3 

orders of magnitude higher than the molecular diffusion coefficient. In addition, 
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depending on the solubility of the solvent in the heavy oil or bitumen under the 

experimental conditions, the estimated effective diffusivity can change about two orders 

of magnitude. Das and Butler (1996) examined the relationship between the effective 

diffusivity of gas (Deff) and the viscosity (μmix) of its mixture with heavy oil and bitumen 

based on the following correlation proposed by Hayduk and Cheng (1971): 

eff mixD         (2.5) 

where   and   are two to-be-determined parameters. Das and Butler (1996) found that 

the optimum value of   is 4.13 × 10
-10

 for butane and 1.306 × 10
-9

 for propane. The 

optimum value of   is -0.46 for both gases. Boustani and Maini (2001) summarized 

some other correlations for estimating the liquid diffusivities. Das (2005) also found the 

concentration dependence of the solvent gas dispersion in the VAPEX process, and by 

using a constant dispersion coefficient value, this process cannot be adequately modelled. 

Kapadia et al. (2006) reported an effective diffusivity Deff is four orders of magnitude 

higher than the molecular diffusion of butane in Cold Lake bitumen. Alkindi et al. (2008) 

used a first contact miscible fluid system to measure the longitudinal and transverse 

dispersion coefficients, ranging from 3.6 × 10
-6

 – 2.0 × 10
-4

 cm
2
/s, as a function of flow 

rate and viscosity ratio. 

2.1.2 Factors affecting VAPEX performance 

Solvent type 

The selection of solvent type is the most influential parameter, as studied by 

Oliveira et al. (2009). The selection of solvent type is based on the following factors: 

equilibrium pressure, molecular weight, density difference, solubility, diffusivity, and the 

reservoir pressure and temperature (Ramakrishnan, 2003). Butler and Mokrys (1989) first 
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introduced liquid toluene as an extracting solvent in the solvent analog model of the 

SAGD process. They found that the production rate was very low. They suggested that 

use of a solvent as a vapour rather than a liquid could give a higher drainage rate because 

the vapour would have a high solubility in the liquid bitumen and increase the difference 

in density. Butler and Mokrys (1991) conducted experiments by using vapourized 

propane and along with hot water, which were chosen so that the reservoir temperature 

was raised to 40–80°C. The experimental results showed that a higher oil recovery factor 

was obtained while using vapourized propane with hot water rather than injecting hot 

water alone. 

In 1993, Butler and Mokrys found that injecting ethane as a solvent led to relatively 

lower oil production rather than injecting propane. Mokrys and Butler (1993) also 

conducted experimental studies that showed that the maximum oil production rate was 

obtained when the injection pressure was set as close as possible to the dew point 

pressure. Vapourized solvent can minimize the solvent usage, increase diffusivity and 

solubility, and produce a higher driving force for gravity drainage due to the density 

difference between heavy oil/bitumen and vapour solvent. It was found that a higher 

molecular weight hydrocarbon injected at a pressure near its vapour pressure results in a 

higher viscosity reduction of the produced oil so the oil production rate is subsequently 

increased (Das, 1995; Butler and Jiang, 2000).  

The selection of solvent or solvent mixture must be cost effective, and it must be 

able to be injected into a high-pressure reservoir in vapour phase. Pure solvent, such as 

propane and butane, are expensive solvents, and will be condensed during injection into 

the reservoir with high pressure because their vapour pressures are low. Reducing the 



 

16 

 

cost and maintaining the solvent in vapour phase at the reservoir pressure conditions can 

be achieved by co-injection with a non-condensable gas, such as methane and CO2. Das 

and Butler (1995) conducted experiments by using nitrogen as the non-condensable gas 

along with butane or propane. Other solvent mixtures, such as CO2-propane, methane-

propane, and methane-n-butane, were also used to extract the heavy oil in a VAPEX 

process (Talbi and Maini, 2008; Derakhshanfar et al., 2009, 2011). It was found that the 

CO2-propane mixture gave a better performance in the VAPEX process at a higher 

operating pressure.  

Operating pressure and temperature 

The operating pressure stands for the tested pressure of the physical model, and it 

governs the state of the injected solvent in porous medium. As a factor that affects the 

asphaltene precipitation, it is also a crucial factor that affects the heavy oil production 

rate in the VAPEX process. In addition, operating pressure affects the solubility of the 

vapourized solvent in heavy oil. As the operating pressure increases, the solvent 

solubility in a heavy oil system will be increased. Thus, the diluted oil viscosity will be 

significantly decreased. However, higher operating pressure will cause certain solvents, 

such as propane and butane, to condense into liquid state because of their low vapour 

pressure, which leads to higher asphaltene precipitation that will affect the heavy oil 

production rate. Therefore, the operating pressure must be maintained below the solvent 

vapour pressure (dew point pressure) to avoid solvent condensation. Many researchers 

(Butler and Mokrys, 1991; Das and Butler, 1998; Butler and Jiang, 2000; Boustani and 

Maini, 2001; Zhang et al., 2007) conducted their experiments at an operating pressure 

close to the solvent vapour (dew point) pressure, and it was found that higher oil 
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production rate might be obtained compared with that at a higher or lower operating 

pressures. Mokrys and Butler (1993) concluded that oil production is maximized when 

injection pressure is close to the solvent dew point pressure, and higher pressures lead to 

severe asphaltene precipitation, which reduces the oil recovery. Das and Butler (1995) 

also found that by adding nitrogen as a carrier gas to butane to increase its operating 

pressure, the operating pressure did not have a significant effect on the oil production rate 

if a solvent gas mixture was used to extract the heavy oil. 

Butler and Mokrys (1991) studied the effect of operating temperature on the heavy 

oil production rate, and the results showed that the production rate was low if the VAPEX 

process was performed at the reservoir temperature only. However, the production rate 

would be higher only if the reservoir temperature raised by 40–50°C. Karmaker and 

Maini (2003) conducted several VAPEX experiments at two different temperature 

conditions while other experimental conditions were kept the same. It was found that the 

heavy oil recovery was increased by approximately 2% for every 1°C increase in the 

operating temperature. In addition, it was found that an increase in the temperature would 

lead to an increase in the solvent diffusivity, which, thus, results in a viscosity reduction 

of the solvent-saturated heavy oil system while the solvent solubility will be decreased in 

the heavy oil system. 

Reservoir permeability 

Butler and Mokrys (1989) examined the permeability effects on heavy oil 

production rate from the solvent leaching gravity drainage process by changing the 

distance between the two planar plates of the vertical Hele-Shaw cell. The experimental 

results in the Hele-Shaw with the permeability of 50–900 Darcy verified that the heavy 
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oil production rate is proportional to the square root of the permeability. Das and Butler 

(1998), Yazdani and Maini (2005) confirmed the linear relation in the sand-pack model 

with the permeability range of 220–640 Darcy. Oduntan et al. (2001) conducted a series 

of tests in the sand-pack model with the permeability range of 25–192 Darcy. It was 

found that the ratio of volumetric heavy oil production rate to the permeability is within a 

power of 0.47. Moghadam et al. (2007) examined the effects of the permeability ranging 

from sixteen to several hundred Darcy on VAPEX through a visual rectangular sand-pack 

high-pressure physical model. The results showed that at very low and very high 

permeability, the heavy oil production rate dependence on the square root of the 

permeability is not valid. As the permeability decreased, the cumulative produced solvent 

to oil ratio (SOR) increased. Increased solvent to oil ratio can reduce the produced heavy 

oil viscosity significantly and, thus, increase the heavy oil production rate. 

Reservoir heterogeneity 

The VAPEX process is a mass transfer process that takes place in a porous 

medium, so the reservoir heterogeneity, such as a low permeability zone or shale, will 

significantly affect the performance of the VAPEX process. Jiang and Butler (1996) 

conducted a series of VAPEX experiments to study the effect of the reservoir 

heterogeneity on the heavy oil production rate in the VAPEX process. Their physical 

model was packed in horizontal layers with two different pore sizes of Ottawa sands, and 

gaseous n-butane was introduced to extract the heavy oil from this heterogeneous porous 

medium. The effects of both continuous low permeability layers and discontinuous low 

permeability lenses were studied, and the results were compared to those tested from the 

uniform sand-pack homogenous model. The results showed that the presence of the low 
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permeability layers resulted in a much lower oil production rate than that from the 

homogenous model. The heavy oil production rate with the presence of discontinuous 

low permeability lenses was higher than that of the continuous one. In addition, if the 

solvent was injected from the top, the existence of a vertical fracture in the reservoir with 

multiple continuous low permeability layers also improved the performance of the heavy 

oil production. 

Drainage height 

Heavy oil production rate will be increased in a VAPEX process while the drainage 

height increases, and it is proportional to the square root of the height according to 

Butler-Mokrys analytical model, as shown in Equation (2.6): 

o2 2 sq L khg S N       (2.6) 

where q is the stabilized heavy oil production rate, k is the permeability of the physical 

model, h is the vertical drainage height, g is the gravitational acceleration,   is the 

porosity of the physical model, ΔSo is the change of the oil saturation, and Ns is a 

dimensionless parameter that can be calculated by the Equation (2.7): 
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      (2.7) 

in the integrand, where   is the density difference between the solvent and the solvent 

diluted oil, D is the molecular diffusivity of the solvent, μ is the viscosity of the solvent 

diluted oil, and Csol is the solvent concentration in volume fraction in the solvent diluted 

oil. Cmin and Cmax denote the minimum and maximum concentration, respectively. 

Yazdani and Maini (2004; 2005; 2006) conducted a series of experimental tests to 

examine the effect of the drainage height on the oil production rate. They proposed that 
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the heavy oil production rate is a function of drainage rate to the power of 1.1 to 1.3 

instead of 0.5 predicted by the Butler-Mokrys model. Alkindi et al. (2010) used the 

exponent of 2/3 to match the production rates that were achieved by conducting 

experiments with glass beads sand-pack models and the analogue fluids. 

Connate water saturation 

VAPEX physical models with different connate water saturations were used by 

many researchers to evaluate the effect of connate water saturation on this process. The 

results were controversial. 

Das (1995) conducted experiments to compare the bitumen production rate with 

different water saturations. The results showed that the production rates were reduced 

when connate water saturation increased. Fisher et al. (2000; 2002) conducted 

experimental tests by using both dry- and water-saturated sand-pack models, and the 

results showed that, in the presence of the connate water, the solvent chamber spreads 

much faster than in the absence of connate water. In addition, in the presence of connate 

water, the threshold solvent concentration for asphaltene precipitation was lower than 

without connate water. The presence of connate water may lead to more asphaltene 

precipitation in the VAPEX process. Tam (2007) examined the effect of connate water on 

VAPEX and concluded that the small value of connate water saturation on the VAPEX 

process was insignificant in terms of production and solvent chamber growth. Etminan et 

al. (2008) performed a series of VAPEX tests with different connate water saturations in 

low permeability physical models. The results confirmed that the presence of connate 

water caused faster spreading of the solvent chamber in the lateral direction. The drainage 

rate increased at the beginning but decreased thereafter. Ardali et al. (2009) compared the 
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performance of the VAPEX process in dry and non-dry systems when asphaltene 

precipitation occurs. It was concluded that the presence of connate water enhances the 

VAPEX process and reduces adsorption of asphaltene. Derakhshanfar et al. conducted a 

series of VAPEX tests after waterflooding. It was found that with the initial 

waterflooding, the oil production was lower than that without initial waterflooding. The 

initial waterflooding resulted in a higher cumulative produced SOR because the injected 

solvent was produced through the channels that were created by the waterflooding. 

Well configuration 

Butler and Jiang (2000) conducted a series of VAPEX tests by placing the injector 

and producer at different locations to examine the effect of well spacing and 

configurations in the VAPEX process. Three well configurations were tested. The first 

was that the injector was placed right above the producer; the second was that the injector 

was positioned above the producer with a lateral distance; the third was that the injector 

was placed at the bottom of the model with a horizontal distance from the producer. The 

first configuration resulted in a lower average heavy oil production rate in comparison 

with the second one. The second well configuration showed that the heavy oil production 

rate was higher and could be even greater when horizontal well distance is increased. The 

third well configuration and the second well configuration resulted in similar heavy oil 

production rates. 3-D physical model experiments of solvent vapour extraction processes 

were conducted by Knorr and Imran (2011) by applying similar lateral well 

arrangements. The diluted oil started to drain to the production well by gravity, as well as 

by a small pressure differential that may be present. 
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2.2 Cyclic production process 

In the 1970s, Allen et al. developed a heavy oil recovery method by using multiple 

solvents. The recovery of the heavy oil and solvent may be from the same single well as 

is used for injection. The solvent would be injected into the reservoir through a single 

well for a period of time, and the diluted oil and solvent would be produced from the 

same well. This cyclic solvent injection (CSI) process is analogous to the steam 

stimulation process. The advantage of the cyclic solvent injection process is the halving 

of the well costs because it only requires a single well. Another advantage of the CSI 

process over the VAPEX process is that it is very easy to implement and considered a 

cost effective EOR technique (Liu et al., 2005). Cyclic solvent injection was considered 

to be an alternative to cyclic steam injection for enhanced heavy oil recovery.  

Cyclic solvent injection (solvent huff-n-puff process) has received a great deal of 

attention because it has substantial potential for enhancing heavy oil recovery and is very 

easy to implement after cold production. It includes three phases: injection of solvent; 

shut-in injector and soaking; production of diluted oil by pressure depletion. Carbon 

dioxide, flue gas, and the vapourized light hydrocarbon gases such as natural gas, 

methane, ethane, propane, and n-butane, are usually introduced as the gaseous solvent. 

2.2.1 Mechanisms of CSI process 

Like the VAPEX process, the main mechanisms involved include oil viscosity 

reduction, oil swelling effect, in-situ deasphalting, and diffusion and dispersion. 

Moreover, in the CSI process, the gas injection can substantially increase the reservoir 

energy. In addition, production by pressure depletion will cause a solution gas drive and a 
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foamy oil flow that substantially increases the residual oil saturation and the diluted oil 

will be easily produced. 

Clark et al. (1964) reported that combustion exhaust gases were injected into the 

reservoir. The oil rates were increased because of the decreased oil viscosity from the 

carbon dioxide absorption, and the reservoir energy was increased because of the injected 

gases. Other rich hydrocarbon gases that can reduce oil viscosity can also be used. 

Shelton and Morris (1973) also pointed out that viscosity reduction is the major 

mechanism during this process. If the reservoir lacks driving energy, the energy injected 

into the reservoir will benefit the oil production rate. 

2.2.2 Cyclic CO2 injection process 

CO2 injection for enhanced heavy oil recovery has been applied in the industry for 

decades. This includes CO2 immiscible/miscible flooding, water alternating gas (WAG), 

and cyclic CO2 injection processes (CO2 huff-n-puff) (Huang et al., 1987; Olenick et al., 

1992; Ma and Youngren, 1994; Farouq Ali and Thomas, 1996; Srivastava et al., 1997). 

The cyclic CO2 injection process has received a lot of attention because this process 

is easy to implement and does not require a lot of capital cost (Liu et al., 2005). 

Laboratory and field test results have shown that the oil production is enhanced when 

applying a CO2 huff-n-puff technique (Palmer et al., 1986; Gondiken, 1987; Olenick et 

al., 1992). Although CO2 has been widely implemented in cyclic stimulation techniques, 

there are certain situations in which applying pure CO2 is not feasible. CO2 sources are 

not available to most oil reservoirs, and considering the pipeline cost for transport of the 

CO2 from other locations, such as power plants, to the oil field, and the cost of CO2 

capture from such sources, the capital is greatly increased, making this process less 
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economical. Corrosion is also another problem with CO2 transport and utilization. 

2.2.3 Cyclic solvent injection process 

The solvent-based cyclic production process is more desirable because light 

hydrocarbons, such as methane, are available in the field. Meanwhile, the light 

hydrocarbons lead to a more significant oil viscosity reduction and oil swelling effects 

that are preferable in heavy oil recovery. 

Investigations of the solvent-based cyclic production processes are limited to those 

by Lim et al. (1995; 1996), Dong et al. (2006), Cuthiell et al. (2006), Ivory et al. (2010) 

and Jamaloei et al. (2012). In their studies, the cyclic solvent injection process consisted 

of three periods: a solvent injection period, a soaking period, and the production period. 

Relatively long injection and soaking periods were applied followed by short periods of 

production. In the production periods, the diluted oil was produced by the quick pressure 

depletion. The pressure drop during the production period is normally from over 3000 

kPa at the beginning of production cycle to 300–400 kPa or atmospheric pressure at the 

end of the production cycle (Ivory et al., 2010). Dong et al. (2006) mentioned that 

applying the pressure-cycling process with methane injection involves the restoring of the 

solution gas drive that provided primary production. Jamaloei et al. (2012) proposed an 

enhanced cyclic solvent process that introduced two types of hydrocarbons injected in 

two separate slugs. One was volatile solvent and the other was soluble solvent. This 

method provided the solution gas energy while the diluted oil viscosity was still kept low. 
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2.3 Summary 

The solvent-based EOR processes have been extensively studied by many 

researchers. The VAPEX process is a promising EOR technique for heavy oil recovery. 

However, due to the lack of gravity, it may not applicable to reservoirs with thin net pay 

zones. The solvent chamber evolution in the spreading phase was studied because the 

maximum drainage rate would be obtained in this phase. No attempts have been made to 

evaluate the solvent chamber rising phase in 1-D physical models. On the other hand, the 

cyclic solvent injection process is a desirable method for thin reservoirs and can be 

implemented easily in the field after primary cold production. However, this process 

requires a long injection cycle, which may make the average production rate low. In 

addition, the solvent injection is for restoring the reservoir energy, and the production 

relies on the solution gas mechanism, but, while in production period, the sudden 

pressure drop leads to a quick energy loss. Meanwhile, the quick pressure drop would 

release the dissolved solvent in the diluted oil, which may cause the heavy oil to regain 

its viscosity. Therefore, in this study, the solvent chamber evolution in the rising phase 

was evaluated. An improved enhanced heavy oil recovery technique, cyclic production 

with continuous solvent injection (CPCSI), was proposed. The performance of this 

process was experimentally examined by using a cylindrical physical sand-pack model 

saturated with an intermediate-viscosity heavy oil sample taken from a western Canadian 

heavy oil field. The applicability of this process on scale up in a 2-D physical model was 

also evaluated.  
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CHAPTER 3 EXPERIMENTAL 

3.1 Materials 

In this study, the heavy oil sample obtained from an oil field located in Western 

Central Canada was used to perform the cyclic production with continuous solvent 

injection (CPCSI) process, vapour extraction (VAPEX) process, and cyclic solvent 

injection (CSI) process. The measured density and viscosity of the dead oil sample were 

o  = 980 kg/m
3
 and o  = 8,411 mPa·s at atmospheric pressure (P = 101 kPa) and 

constant room temperature of T = 21°C, respectively. Asphaltene content of the original 

heavy oil sample was measured using the standard ASTM D2007 method with No.5 

Whatman filter paper with a pore size of 2.5 µm, and it was found to be wasph = 18.88 

wt.%. Research grade pure propane, purchased from Praxair Canada with 99.99 mol.% 

purity, was used as a gaseous solvent to extract the heavy oil. Potters glass beads with an 

average pore size of 90–150 µm were used to pack the physical sand-pack models 

homogeneously. 

3.2 Model description 

In this study, the performance of VAPEX, CPCSI, and CSI processes was 

evaluated using two different types of physical models: small cylindrical physical models 

with different model lengths and a visual rectangular sand-pack high-pressure physical 

model. 

Cylindrical physical models 

The cylindrical physical models with different lengths were used to conduct 1-D 

tests, including 1-D CPCSI tests, 1-D VAPEX test, and 1-D CSI test. The cylindrical 
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models were 3.8 cm in inner diameter and 34 cm, 63 cm, and 93 cm in length, 

respectively. Two caps were machined with 1/8 inch NPT ports to provide well 

placement. Figure 3.1 shows the cylindrical physical models that were used in this study. 

Rectangular physical model 

Figure 3.2 shows the visual rectangular sand-pack high-pressure physical model. 

The model had four components: a stainless steel rear plate with a rectangular cavity, 

chamber size of 40 × 10 × 2 cm
3
; a thin polycarbonate see-through plate; a thick acrylic 

glass plate to provide visual observation during the test; and a metal frame was utilized to 

attach the acrylic plate, polycarbonate plate and rear stainless steel plate. 

3.3 Experimental setup 

Experimental tests were performed in different production schemes, which include 

1-D vertical CPCSI, 1-D horizontal CPCSI, 1-D vertical VAPEX, 1-D vertical CSI, and 

2-D VAPEX with a lateral well pattern and 2-D CPCSI with a lateral well pattern. All 

experimental setups consisted of three major systems: the solvent injection system, the 

physical model, and the sample collection system. 

The solvent injection system consisted of a propane cylinder, a gas reducing 

regulator, a digital pressure gauge, a solvent injection valve, and an injector. The 

reducing regulator was set to the constant operating pressure for all tests, and the propane 

cylinder was left open to provide continuous gaseous solvent injection during the entire 

test run. A digital scale with a large, full-scale range (KILO TECH, KWS 301) was used 

to measure the weight changes of propane cylinder so that the total propane that was used 

for each test would be calculated. The sample collection system consisted of a producer, a 

back-pressure-regulator (BPR), a production ball valve, and sample collecting flasks. The   
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(a) 

 
(b) 

 

Figure 3.1 1-D cylindrical physical model view: (a) 34 cm cylindrical model and (b) 

63 cm cylindrical model.  
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Figure 3.2 2-D physical model view  
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BPR (Equilibar, EB1ZF1) was adjusted to maintain the pre-specified operating pressure. 

Another digital scale with a small full-scale range was used to measure the weight of the 

produced cumulative oil. A high-precision pressure transducer with a full-scale range of 

3000PSI (HEISE, PM1L, PPM-2-DIGPSI 3000A Sensors) was connected to the model to 

precisely measure the pressure of both the injector and the producer simultaneously. 

Figure 3.3 (a) shows the schematic diagram of the 1-D vertical CPCSI experimental 

setup. One injector was located on the top of the model, and the producer was located at 

the bottom of the model. This setup was used for Tests #2–4, where the pure gaseous 

propane was introduced into the model at a pre-specified constant pressure through the 

top injector. Figure 3.3 (b) shows the schematic diagram of the 1-D horizontal CPCSI 

experimental setups. Different to the 1-D vertical CPCSI, the model was placed 

horizontally. The injector and the producer were placed at the each side of the model. 

This setup was used for Tests #5–7. Pure gaseous propane was introduced into the model 

at a pre-specified constant pressure. 

Figure 3.4 (a) shows the schematic diagram of the 1-D VAPEX/CSI processes. The 

model was placed vertically and both injector and producer were located at the bottom of 

the model. In order to simulate the VAPEX well pair, as well as to eliminate the quick 

gas breakthrough between injector and producer, the injector was placed about 4 cm 

above the producer. This setup was used for Tests #8–10 for VAPEX and #11 for CSI. In 

Test #10, the injector was connect with a 4 cm long spring that was used for simulating a 

wormhole, and the effect of the wormhole on the vertical 1-D VAPEX process was 

evaluated. Figure 3.4 (b) shows the schematic diagram of the 2-D VAPEX and 2-D 

CPCSI setup with lateral well pattern. The injector was placed at the right top corner and   
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Figure 3.3 Schematic diagrams of (a) 1-D vertical CPCSI and (b) 1-D horizontal 

CPCSI setups  
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Figure 3.4 Schematic diagrams of (a) 1-D vertical VAPEX/CSI setups and (b) 2-D 

lateral VAPEX/CPCSI setups  
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the producer was placed at the left bottom corner. This setup was used for 2-D lateral-

VAPEX Tests #12 and 2-D lateral-CPCSI Test #13. 

3.4 Experimental preparation 

3.4.1 Packing 

Before packing, the bulk volume of each model was measured. For the 1-D 

cylindrical model, the model was sealed and the filter was properly placed on each port, 

except that one port was left open on one side of the cap for filling with the glass beads. 

Dry glass beads were filled into the model through the open port. At the same time, the 

physical model was shaken with an air-actuated vibrator so a void space would be formed 

on the top of the model when the loose glass beads were shaken downward. Filling in the 

glass beads until there was no void space was visually observed. Then, the port was 

sealed. For the 2-D physical model, the model was sealed and the filters were applied for 

all ports, except that one port was left open for filling with the glass beads. Then the same 

procedure was followed as for the 1-D model. 

3.4.2 Porosity measurement 

The imbibition method was used to measure the porosity of the sand-pack physical 

models. First, the physical model was placed horizontally and vacuumed over two hours 

by using a vacuum pump (Fisher Scientific, Maxima plus M16C). After the model was 

vacuumed, the injection and the production control valves were closed tightly. The inlet 

of the injection valve was submerged into a graduated cylinder, which contained the 

distilled water and the weight of the distilled water was recorded. Then, the valve was 

opened and the distilled water was imbibed into the sand-pack model. After the 

imbibition process was finished, the weight of the remaining distilled water in the 
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graduated cylinder was recorded. With the weight changes of the distilled water before 

and after the imbibition process, with the known density of the distilled water, the volume 

of the distilled water imbibed into the sand-pack model was calculated. The pore volume 

of the sand-pack model was then determined by subtracting the measured dead volume of 

the physical model from the total measured volume of water imbibed into the physical 

model. The porosity of the physical model was then determined as the ratio of the pore 

volume to the bulk volume of the model. The porosity of the sand-pack model in each 

test was measured in the range of   = 34–36%, and all of the measurements are listed in 

Table 3.1. 

3.4.3 Permeability measurement 

After the porosity measurement, the absolute permeability was measured. More 

specifically, the distilled water was used as a working medium and injected into the 

physical model from one side at different flow rates (10, 20, 30, 40, and 50 mL/min). A 

fluid transfer cylinder was used to contain the distilled water, and a syringe pump 

(TELEDYNE ISCO, 500D) was used to control the injection flow rate at a constant 

value. The pressure drop through the physical model was measured and recorded by 

using the high-precision digital pressure transducer. The permeability of the sand-pack 

model was then determined by applying the Darcy’s Law for steady-state fluid flow. The 

permeabilities of the physical model for each test are summarized in Table 3.1.  
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Table 3.1 Physical properties of sand-pack models for all experimental tests 

Test  Production scheme 
  

(%) 

k  

(D) 
oiS  

(%) 

PV  

(mL) 

#1 Pre-Test 35.55 5.36 95.47 375 

#2 V-CPCSI 35.46 4.50 88.24 374 

#3 V-CPCSI 35.47 4.23 96.61 295 

#4 V-CPCSI 35.79 4.22 96.38 138 

#5 H-CPCSI 35.17 4.20 95.96 371 

#6 H-CPCSI 35.83 4.79 96.48 256 

#7 H-CPCSI 35.66 4.20 94.55 137 

#8 1-D VAPEX 35.41 4.61 95.26 253 

#9 1-D VAPEX 35.53 4.28 96.35 137 

#10 
1-D VAPEX 

w/Wormhole 
35.79 4.21 95.65 138 

#11 1-D CSI 35.36 5.94 96.51 373 

#12 2-D VAPEX 36.75 5.05 96.60 294 

#13 2-D CPCSI 36.88 4.75 96.95 295 
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3.4.4 Initial oil saturation and connate water saturation 

After the permeability measurement, the physical model was fully saturated with 

distilled water. The heavy oil sample, which was contained in another transfer cylinder 

and controlled by the syringe pump, was then injected into the model from the port on the 

side at a constant flow rate of qoil = 0.1 mL/min, so that the gravity would have a limited 

effect on the saturation process. After the model was saturated with heavy oil sample and 

no more water was produced out, the connate water saturation was obtained by 

calculating the ratio of the remaining volume of water inside the physical model to the 

pore volume of the physical model. The range of the connate water saturation was found 

to be Swc = 3–12%. Accordingly, the initial oil saturation was in the range of Soi = 88–

97%. The initial oil saturation and connate water saturation are summarized in Table 3.1. 

3.5 Experimental tests 

3.5.1 CPCSI tests 

Tests #2–7 and #13 were performed as 1-D CPCSI and 2-D lateral CPCSI 

processes. More specifically, the gaseous propane was used as the extracting solvent and 

injected into the physical models saturated with the heavy oil sample at atmospheric 

pressure and constant room temperature of T = 21°C. The propane cylinder was directly 

connected to the physical model. The solvent injection valve was opened, and the 

injection pressure was increased by adjusting the reducing regulator on the cylinder until 

it reached the pre-specified operating condition (Pinj = 800 kPa). The solvent was 

continuously introduced into the physical model. Meanwhile, the BPR was used to keep 

the outlet production pressure at a constant operating pressure condition that was about 

200–250 kPa lower than the injection pressure until the gas breakthrough occurred, which 
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was observed by using a bubbler. The cumulative oil produced at different times during 

this stage was recorded. After that, the BPR was adjusted to the CPCSI operating 

condition, which was 10 kPa lower than the injection pressure. Then, the production 

valve was shut in. After that, the production valve was controlled in a cycle of 50-min-

close/10-min-open. The cumulative oil production was measured for each cycle. The total 

amount of solvent used in each test was measured by the weight change of the propane 

cylinder before and after the test using a large-scale balance. 

3.5.2 VAPEX tests 

Tests #8–10 and #12 were performed as 1-D VAPEX and 2-D lateral VAPEX 

processes. The same procedures as described for the CPCSI process before starting 

injection of the propane into the physical models were followed. Unlike the CPCSI 

process, the production pressure was set by the BPR at a pre-specified condition, which 

was as close as the injection pressure. The bubbler was used to observe the gas 

breakthrough to make sure that the production pressure was as close as the injection 

pressure so that the process was dominant by gravity only. Once the test operating 

conditions were set, the production was started and the produced cumulative oil at 

different times was recorded.  

3.5.3 CSI test 

Test #11 was performed as a 1-D CSI process by using the 93 cm long cylindrical 

model. The physical model was saturated with heavy oil sample at constant room 

temperature of T = 21°C and atmospheric pressure, which was the same as in the CPCSI 

process. The gaseous propane was injected into the physical model at a pre-specified 

constant pressure, which was the same as it was in the CPCSI and VAPEX processes. 
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The process comprises an injection period of 1 hour, a soaking period of 50 minutes, and 

a production period of 10 minutes. The injection valve was closed at the soaking period. 

The production pressure was set by the BPR at the operating pressure of Ppro = 200 kPa. 

The cumulative oil production at each cycle was recorded. 

3.6 Asphaltene content measurement 

The asphaltene content of original dead oil sample and produced oil sample were 

measured by using the standard ASTM D2007 method. First, 5 mL of heavy oil sample 

was collected and mixed with 200 mL n-pentane in a flask (heavy oil and n-pentane 

mixed with 1:40 volume ratio). Then, the mixture of heavy oil and n-pentane was stirred 

by using a magnetic stirrer (Fisher Scientific, Thermix Stirrer 120S) for at least 12 hours. 

After that, the mixture was filtered by using Whatman No.5 filter paper with a pore size 

of 2.5 µm. The filter cake was then dried in an oven (JEIO TECH, Lab Companion OF-

21E) at a temperature of T = 100°C. The asphaltene content was measured by the total 

weight change of the flask, the stirrer, and the filter paper. 

3.7 Measurement of residual oil saturation 

The residual oil saturations were measured at different locations of the physical 

model after each test done. More specifically, several oil sand samples were taken from 

the physical model at different locations. The weight of each sample was measured and 

then placed into the oven at a temperature of T = 100°C for over 12 hours to evaporate 

the residual water (irreducible water). The water-free oil sand sample was then cleaned 

by kerosene and/or toluene to extract the residual oil until the sands became colourless. 

The water- and oil-free clean sand sample was then measured as Ws, and the weight 



 

39 

 

change (the weight of residual oil) was noted as Wo. With the known oil and sand density 

( o  and s ), and porosity ( ) of the physical model, the residual water and oil saturations 

were obtained with the following equations: 

s
or

s

1o

o

W
S

W

 

 


      (3.1) 

3.8 Pressure-volume-temperature of propane-heavy oil system 

PVT tests were conducted to measure the saturation pressure, swelling factor, 

solubility, and viscosity of propane-heavy oil systems, respectively. The PVT 

measurements were performed using a mercury-free PVT system built by DBR (DBR 

Canada, PVT-0150-100-200-316-155). Figure 3.5 shows the schematic diagram of the 

DBR PVT system. The PVT cell of this system was a visual, high-pressure glass tube that 

had an inner diameter of 3.177 cm and a length of 20.320 cm. During the experiment, the 

fluid sample was isolated from the hydraulic oil by a floating piston. The pressure of the 

PVT cell was controlled by an automatic pump (DBR Canada, PMP-0500-1-10-MB-316-

M4-C0) with the floating piston moving downward or upward. A magnetic stirrer was 

equipment to mix the fluid mixture of propane-heavy oil effectively. The PVT cell and 

transfer cylinders, which contain the compressed liquid propane and the heavy oil 

sample, were placed inside an air bath that maintained the constant experimental 

temperature of T = 21°C. Prior to each test, the PVT cell, tubing, and fitting connections 

were carefully cleaned by flushing with kerosene or toluene and then air dried. The 

vacuum pump was used to evacuate any remaining air inside the tubing.  
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Figure 3.5 Schematic diagram of PVT experimental setup  
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3.8.1 Saturation pressure, swelling factor, solubility 

A given amount of compressed liquid propane was firstly injected into the PVT 

cell. This was because injecting liquid solvent prior to injecting heavy oil sample could 

accelerate the mass transfer process of propane and heavy oil system. The total volume of 

liquid propane injected into the PVT cell was measured by reading the cathetometer. The 

cathetometer could precisely measure the height changes of the floating piston by 

projecting an image that was displayed on a monitor. With the density of the liquid 

propane, the mass of propane injected into the PVT cell was obtained. After that, a 

certain amount of heavy oil sample was added into the PVT cell while the magnetic 

stirrer continued to mix the liquid propane and heavy oil sample. The volume of heavy oil 

sample added into the PVT cell was determined by subtracting the volume of the propane 

injected into the cell from the total volume of the fluid in the PVT cell. Assuming the 

volume of propane-heavy oil mixture would not change due to the solvent and heavy oil 

mixing during this process. The mass of the heavy oil added to the PVT cell was then 

determined by calculation of its density. The PVT cell was maintained at a constant 

pressure, which was relatively high to ensure that the fluid mixture was in the liquid 

phase during the entire process. Once the expected fluid composition was achieved, the 

fluid mixture was continuously mixed for over 12 hours to ensure that the propane-heavy 

oil system was fully mixed and reached the stable condition. 

Continuous depressurization method was introduced to determine the saturation 

pressure of the propane-heavy oil system in this study. More specifically, the propane-

heavy oil mixture was depressurized starting from the liquid state at an extreme low 

withdrawal flow rate by using the automatic displacement DBR pump while the magnetic 
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stirrer was kept on. The volume change of the mixture was read by the cathetometer at 

different times, and, hence, the pressure-volume curve was obtained. The saturation 

pressure was read from the transition point from the curve. The mixture volume at the 

saturation pressure obtained was used for determining the swelling factor, which was the 

propane-heavy oil mixture volume divided by the volume of heavy oil in the PVT cell at 

atmospheric pressure and pre-specified experimental temperature. Meanwhile, the 

solubility of the propane-heavy oil system in mole percentage at different saturation 

pressures was determined by the volume/density of the propane and the heavy oil sample 

that were injected into the PVT cell. 

3.8.2 Viscosity of propane saturated heavy oil 

The viscosity of propane saturated heavy oil sample was measured by a capillary 

tube viscometer, which was made by using a piece of long Swagelok tubing with 1/8 inch 

outer diameter. Prior to the viscosity measurement, the capillary tube was cleaned, air 

dried, and vacuumed by the vacuum pump. The viscometer was placed inside the air bath 

to ensure the tested temperature was the same as it was in the PVT cell. The outlet 

pressure of the back-pressure-regulator (BPR) was set at a pre-specified value by using 

the syringe pump. The set value was relatively higher than the measured saturation 

pressure of the given propane-heavy oil mixture to ensure the mixture of propane and 

heavy oil was in the liquid phase only when it flew through the capillary tube. The 

mixture was displaced into the viscometer by using the automatic displacement pump at 

different given flow rates (qmix = 1.5 mL/min, 3 mL/min and 6 mL/min), and the pressure 

drops, ΔP, along the capillary tube were measured by using the high-precision pressure 

transducer. The differential pressure was recorded when it reached a stable value. The 
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viscosity of the given propane-heavy oil mixture was calculated with the following 

equation: 

c

mix

P
k

q



      (3.2) 

where the kc was the characteristic factor that depends on the capillary tube application 

and test temperature. For this particular self-made capillary tube viscometer, the kc was 

calculated by using standard calibration fluid with known viscosity, which was 

determined to be 4.83664 cP/[kPa/(cm
3
/min)] at the test conditions.  
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CHAPTER 4 RESULTS AND DISCUSSION 

4.1 Solvent chamber rising phase in 1-D model 

A pre-test, Test #1, was conducted to simulate the solvent chamber rising phase. 

The effect of gravity drive in the 1-D physical model was examined. The experimental 

setup was firstly set as the VAPEX/CSI process shown in Figure 3.4. The injector and 

producer were both located at the bottom of the 93 cm long cylindrical model. The 

gaseous propane was injected into the model through the injector at a constant pressure of 

Pinj = 800 kPa. The production pressure was set by adjusting the BPR to the value close 

to the injection pressure to avoid possible gas breakthrough so that this process was 

dominated by gravity only and can simulate the solvent chamber rising phase of VAPEX 

process. 

Figure 4.1 presents the oil production versus time data. As shown, the oil 

production is extremely low in the first 17 hours, which indicates that a low production 

rate is obtained during the solvent chamber rising phase in the VAPEX process. In 

comparison with the production performance results of the 2-D VAPEX laboratory tests 

from the literature, it can be known that the production increment mainly occurs during 

the solvent chamber spreading phase. In this case study, though the physical model height 

was 93 cm, the sufficient drainage height did not improve the production during the 

solvent chamber rising phase in the VAPEX process. However, in the 2-D experimental 

tests, the sufficient drainage height was still beneficial for the heavy oil production rate. 

In general, sufficient drainage height and the time of the solvent chamber starting to 

spread are the keys to implementing traditional VAPEX processes successfully.  
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Figure 4.1 Operating pressure and cumulative oil production data versus time for Test 

#1  
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Since the 1-D test failed to simulate the 1-D rising phase of the VAPEX test, the 

injector was re-located from the bottom of the model to the top of the model in order to 

speed up oil production. The propane was injected into the model through the top injector 

and the gaseous solvent flush production scheme was employed, as is shown in Figure 

4.1. A higher differential pressure was applied between the injector and producer for the 

next 7 hours. Then, the production pressure was set as close as possible to the top 

injection pressure to avoid a greater gas-oil-ratio. The gaseous solvent flush production 

period lasted about 55 hours. During this period, the heavy oil production was stable, and 

the average heavy oil production was found to be at 2.67 g/h. After the total 72 hours of 

production, the process turned into a cyclic production scheme while the injector was 

kept on to see if the cyclic production process could improve the performance. The cyclic 

production process lasted about 35 hours, and it was found that the heavy oil production 

increased significantly. The oil production rate jumped to 3.91 g/h on average. It is also 

worth mentioning that significant foamy oil flow was observed during the cyclic 

production period, as is shown in Figure 4.2. It is believed that the heavy oil was diluted 

and drained downward during the producer shut-in period. Continuous solvent injection 

at constant pressure conditions allowed continuous solvent diffusion, and the diluted oil 

was continuously drained downward to the producer under the assistance of gravity 

during the producer shut-in period. After the producer was opened, the continuous 

solvent injection flushed the diluted oil out, which had accumulated near the producer 

during the producer shut-in period. In the meantime, the continuous solvent injection 

maintained the reservoir pressure; thus, the oil viscosity would not re-increase.  
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Figure 4.2 Foamy oil flow observed in the cyclic production period  
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4.2 Vertical CPCSI tests 

4.2.1 Heavy oil production of vertical CPCSI production scheme 

The experimental conditions for three vertical CPCSI tests are listed in Table 4.1, 

and the cumulative oil production data for the three tests are listed in Table 4.2 

Figure 4.3 presents the cumulative oil production and recovery factor versus time 

data for Test #2–4. It obviously indicates that the CPCSI process can be divided into 

three phases: the first phase is the build up of communication between the injector and 

the producer; in the second phase, production starts to increase; and in the third one, 

production started to decline. 

In the first phase, a relatively higher differential pressure (ΔP = 200–250 kPa) was 

applied between the injector and the producer in order to build up the communication. 

Convective dispersion and diffusion processes occurred. As shown in Figure 4.3, from 

Tests #2–4, then the model length decreased, the solvent breakthrough time became 

earlier, and the communication time was shorter. This is because the same differential 

pressure was applied in these three tests so that as the model length was shortened, the 

pressure gradient became greater. Since the shortest model led to the highest production 

rate in the first phase, it was concluded that convective dispersion is a more important 

factor than diffusion in terms of their effects on the production rate in this period. Figure 

4.4 shows the breakthrough time data versus pressure gradient with respect to model 

length. 

Once the solvent breakthrough occurred, the production pressure was increased by 

adjusting the BPR to a pre-specified pressure, which was 10 kPa lower than the injection 

pressure, and the CPCSI process entered the second phase as production started to  
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Table 4.1 Experimental conditions for three vertical CPCSI tests 

Test 
Production 

scheme 

Height 

(cm) 
T  

(°C) 

  

(%) 

k  

(D) 
oiS  

(%) 

PV  

(mL) 
injP  

(kPa) 

#2 V-CPCSI 93 21 35.46 4.5 88.24 374 ~800 

#3 V-CPCSI 63 21 35.47 4.23 96.61 295 ~800 

#4 V-CPCSI 34 21 35.79 4.22 96.38 138 ~800 

 

 

 

Table 4.2 Cumulative oil production data for three vertical CPCSI tests 

Test solQ  

(g) 

oQ  

(g) 

SOR 

(msol/mo) 
asphw  

(wt.%) 

#2 349 273 1.2784 15.50 

#3 218 248.2 0.8783 15.82 

#4 157 112.4 1.3968 16.38 
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Figure 4.3 Cumulative oil productions (a), and recovery factors (b) versus time data 

for Tests #2–4, vertical CPCSI production scheme  
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Figure 4.4 Solvent breakthrough time versus pressure gradient respects to model 

length  



 

52 

 

increase. During this period, the production valve was operated in a cycle of 50-min-shut-

in/10-min-open. The production rate increased significantly in this phase. When opening 

the production valve, the foamy oil flow was observed in the very early minutes, 

normally less than five minutes. In the next five minutes of the production period, a few 

more oil drops were recovered with the gas flush. After the ten-minute production period, 

only gaseous propane was produced. It is believed that because the small pressure drop 

between the injector and the producer was applied, the foamy oil flow formed inside the 

model and kept its foamy behaviour during the production period. The small pressure 

drop demonstrated that the diluted oil was in the foamy form and the reduced oil 

viscosity did not re-increase significantly. The oil saturation in the porous medium 

substantially increased because of the foamy oil behaviour, as well as the oil swelling 

effect. It was noticed that the average production rate in this phase was found to be 7.37 

g/h, 14.38 g/h, and 5.01 g/h in Tests #2–4, respectively. The shortest model led to the 

lowest average production in this phase. It was because of that the same well open/shut-in 

time was used, and it was too long for the shortest model. It can be seen that the well 

open/shut-in scenario is an important factor that affects the production performance in 

this period. 

After a certain time in the CPCSI process, the production rate started to decline so 

that the CPCSI process shifted to the third phase. Production started to decline mainly 

because the residual oil saturation of the physical model was low. The average heavy oil 

production rate was found to be 1.81 g/h, 2.27 g/h, and 1.00 g/h, respectively. Though 

production could be continued, it was not economical due to the significant reduction of 
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oil production rate. It can be seen that the start time of decline versus the model length 

had a linear relation in Tests #2–4, as shown in Figure 4.5. 

4.2.2 Solvent injection 

The total propane that was injected into the model was measured by weighing the 

total weight changes of the propane cylinder before and after each test, as listed in Table 

4.2. From Tests #2–4, total propane used was 349 g, 218 g, and 157 g, respectively. 

Figure 4.6 presents the total solvent usage versus model length data. Considering the 

solvent to oil ratio, it clearly shows that 0.8783 g propane was used to produce 1 g oil in 

Test #3, which is the lowest among these three tests. In Test #2 and Test #4, 1.2784 g 

propane and 1.3968 g propane were used to produce 1 g oil, respectively. The middle 

length model led to the lowest SOR among these three tests. 

4.2.3 The effect of differential pressure between injector and producer 

The effect of differential pressure between the injector and the producer in the 

second phase, production start to increased period, was examined in Test #2. During this 

period, a relatively higher differential pressure between the injector and the producer was 

applied. As shown in Figure 4.7, when the higher differential pressure was applied, the 

production rate did not increase. However, it led to great gas production. It can be seen 

that the differential pressure of the injector and the producer did not affect the oil 

production of cyclic production with continuous solvent injection. Higher differential 

pressure will lead to a higher gas-oil-ratio, which increases the cost of solvent used and 

makes this solvent injection process less economical.  
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Figure 4.5 Decline time versus model length  
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Figure 4.6 Propane usages versus model length  
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Figure 4.7 Pressure and production data for Test #2  
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4.2.4 Residual oil saturations 

The residual oil saturation distribution profiles through the cylindrical models were 

measured by analyzing the sand samples at the end of each test. Figure 4.8 presents the 

measured residual oil saturations at different locations of the physical model after each 

test. The values of the model length for each test were normalized to a dimensionless 

form. Value 0 represents the location where the injector was located and value 1 

represents the location where the producer was located. It clearly shows that the residual 

oil saturation on the top of the model was low. In contrast, at the bottom of the model 

where the producer was located, the residual oil saturation was higher. This was because 

the propane that was injected into the model through the top injector was dissolved into 

the oil and the diluted oil drained down by gravity, in addition to gas flush. The oil was 

accumulated near the producer during the injection/soaking period and then was 

produced in the opening of the production period. Hence, the oil saturation was higher 

near the bottom producer than in any other area inside the model. The oil sand samples of 

Tests #2 and #3 were also analyzed, as shown in Figure 4.9. From left to right, the 

pictures represent the top of the model to the bottom of the model. At the top of the 

model, where the injector was located, the colour of the cross section of the model 

appears lighter and evenly distributed whereas, at the bottom of the model, where the 

producer was located, the colour of the cross section of the model appears darker, which 

means the residual oil saturation of this area is higher. 

It is worth noting that the colours most parts of the cross section of the model were 

not evenly distributed, which indicated that viscous fingering and the wall effect were 

significant. Solvent fingering can enlarge the contact area of the solvent and oil, which is   
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Figure 4.8 Residual oil saturation distribution profiles of Tests #2–4  
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Figure 4.9 Digital photographs of residual oil saturation distributions of physical 

models taken at the ends of Test #2 and Test #3 (Original in colour)  

#2-top #2-bottom#2-top 10cm #2-top 83cm

#3-top #3-bottom#3-top 10cm #3-top 53cm
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helpful in diluting the oil. The wall effect for these tests was controversial. The wall 

effect can make the gaseous solvent pass through quickly in the production period. On 

the other hand, during the injection and soaking period, the diluted oil can be swelled and 

re-saturate the wall then drain downward through the wall so that the oil can be easily 

produced during production period. This may explain why the residual oil saturation was 

lower at the surrounding area of the inside wall. 

4.2.5 Asphaltene contents 

In-situ deasphalting of the heavy oil is one of the most important mechanisms in 

solvent-based EOR techniques. The produced oil viscosity is substantially decreased 

during these processes. However, the precipitated asphaltene content may be deposited 

inside the porous medium and, thus, cause the porous medium to plug, lowering 

permeability. 

The average asphaltene content of the produced oil sample was measured at the end 

of each test in this study. Compared with that of the original heavy oil sample, the 

asphaltene content changes were quantified. A summary of measured asphaltene content 

is listed in Table 4.2. The asphaltene content of the original oil sample was found to be 

wasph = 18.88 wt.%. The asphaltene content of produced oil samples in Tests #2–4 was 

found to be wasph = 15.50 wt.%, 15.82 wt.%, and 16.38 wt.%, respectively. The 

asphaltene content changed significantly, particularly in the top of the model, where the 

oil sand samples are more consolidated. The some asphaltene content was left inside the 

porous medium, which can be seen while taking sand samples out from the physical 

model. Asphaltene content made the oil sand sample more cement like, which appears 

white and grey in sample pictures that were taken after each test. 
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4.3 Horizontal CPCSI tests 

4.3.1 Heavy oil production of horizontal CPCSI production scheme 

The experimental conditions for the three horizontal CPCSI tests are listed in Table 

4.3. The cumulative oil production data for the three tests are listed in Table 4.4. 

Figure 4.10 presents the oil production and recovery factor data for Tests #5–7. 

Similar to the vertical placement production scheme, it shows the same three phases in 

the horizontal placement production scheme. The only difference is that for Test #7, the 

gas breakthrough occurred very early and the production rate was kept almost constant. 

This was mainly because of the wall effect, and the gas overriding that was caused by the 

gravity differentiation. The wall effect affected the performance of the horizontal CPCSI 

process significantly, particularly in the first phase. As shown in Figure 4.10, the first 

phase barely existed in Test #7 because the wall effect caused the solvent to pass through 

the wall and reach the producer very quickly so that the production shifted to the second 

phase very early. It was also noticed that the production rate was similar to that in the 

third phase in Test #5 and Test #6. In general, the wall effect and gas overriding caused 

the solvent to pass through the model and be produced easily. On the other hand, gas 

overriding and the wall effect enlarged the solvent-oil contact in the porous medium 

during the solvent injection period, and the porous medium was re-saturated by the foamy 

oil and swollen oil. That might be the reason that, in the second phase, the production 

rates were even slightly higher than those in the vertical placement production schemes. 

Figure 4.11 presents the breakthrough time data versus pressure gradient with 

respect to model length. Similarly to the vertical placement production scheme, the same 

differential pressure was applied between the injector and the producer in phase one. As   
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Table 4.3 Experimental conditions for three horizontal CPCSI tests 

Test 
Production 

scheme 

Length 

(cm) 
T  

(°C) 

  

(%) 

k  

(D) 
oiS  

(%) 

PV  

(mL) 
injP  

(kPa) 

#5 H-CPCSI 93 21 35.17 4.2 95.96 371 ~800 

#6 H-CPCSI 63 21 35.83 4.79 96.48 256 ~800 

#7 H-CPCSI 34 21 35.66 4.20 94.55 137 ~800 

 

 

 

Table 4.4 Cumulative oil production data for three horizontal CPCSI tests 

Test solQ  

g 

oQ  

g 

SOR 

(msol/mo) 
asphw  

(wt.%) 

#5 386 220.7 1.7490 12.46 

#6 257 152.6 1.6841 13.22 

#7 123 66.2 1.8580 13.64 
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Figure 4.10 Cumulative oil production (a), and recovery factors (b) versus time data 

for Tests #5–7, horizontal CPCSI production scheme  
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Figure 4.11 Solvent breakthrough time versus pressure gradient with respect to model 

length  
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the model length decreases, the pressure gradient increases. The pressure gradients were 

2.4194 kPa/cm, 3.5714 kPa/cm, and 6.6176 kPa/cm for the 93 cm model, 63 cm model, 

and 34 cm model, respectively. Unlike those in the vertical placement production 

schemes that had a linear relation, the breakthrough time versus pressure gradient data for 

the horizontal placement production scheme was in power order. This is mainly because 

the phenomena of gas overriding and the wall effect were severe, which resulted in an 

unpredicted breakthrough time for horizontal placement. Gas passed through the top layer 

of the model that led to early gas breakthrough. 

Comparison with the results of the vertical placement production scheme clearly 

shows that the gravity plays an important role and the well configuration and production 

scheme will be very important in implementing CPCSI. 

4.3.2 Solvent injection 

The total solvent that was injected into the model for Tests #5–7 was measured by 

following the same procedure that was described previously. The data are listed in Table 

4.4, and they are 386 g, 257 g, and 123 g, respectively. Figure 4.12 presents the solvent 

usage versus model length data. Considering the solvent to oil ratio, 1.6841 gram, 

propane was used for producing 1 g oil in Test #6. It was lower than that in Test #5 and 

Test #7, in which were used 1.7240 g propane and 1.8580 g propane, respectively. It was 

found that the middle length model led to the lowest SOR, which agreed with the results 

from the vertical CPCSI production scheme. 

4.3.3 Residual oil saturation  

The residual oil saturation distribution profiles were measured after each test, and 

the same procedure was followed as was described in the vertical placement production   
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Figure 4.12 Propane usage versus model length  
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scheme. The values of the model length for each test were normalized to a dimensionless 

form. Value 0 represents the location where the injector was located, and value 1 

represents the location where the producer was located. Figure 4.13 presents the 

measured residual oil saturations at different locations of the physical model after testing. 

The residual oil saturations were lower at the top layer of the physical model. In 

contrast, the residual oil saturations were relatively higher at the bottom layer. The 

difference between them was not significant near the injector because the gas overriding 

phenomenon was not severe at that location. As the length increased, the difference 

became more severe. The gas overriding that was caused by the gravity differentiation, 

and wall effects made the gas pass through the top layer of the model easily so that the 

solvent-oil contact area was even larger than that in the vertical placement scheme. In 

addition, the top layer was easily re-saturated with the foamy and swollen oil so that it 

could be produced in the production period. However, once a certain amount of oil on the 

top layer was produced, insufficient foamy and swollen oil existed to re-saturate the top 

layer of porous medium so that the production started to decline quickly. 

It is clear that by neglecting the gravity drainage in the horizontal placement 

production scheme, as well as employing the gas overriding effect, the production 

decreased significantly. In addition, in the second phase, production started to increase, 

but this period lasted less time, and the production started to decline very quickly.  

4.3.4 Asphaltene content change 

As mentioned previously, the asphaltene contents of the produced oil sample are 

listed in Table 4.4. The asphaltene content of produced oil in Tests #5–7 was 12.46 wt.%, 

13.22 wt.%, and 13.64 wt.%, respectively. Compare with that of the original oil sample   
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Figure 4.13 Residual oil saturation distribution profiles of Test #5–7  
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and the produced oil in Tests #2–4, the asphaltene content changes in produced oil in 

Tests #5–7 were more significant than that in the vertical CPCSI production schemes. 

Because of the gas overriding phenomenon, the solvent mainly passed through the upper 

layer of the model, which caused the asphaltene contents to be mainly deposited on the 

upper layer of the model, and the oil sands sample became consolidated, appearing white 

and grey in colour. 

4.4 Summary of vertical and horizontal production schemes 

4.4.1 Heavy oil production 

Table 4.5 presents a summary of cumulative oil production, production time, 

recovery factors, and average production rate. As discussed above, the ultimate oil 

productions in the vertical production scheme were significantly greater than those in the 

horizontal production scheme. More specifically, horizontal placement led to early 

breakthrough during the first phase and the production shifted to the second phase 

quickly. In addition, the highest production rate of the second phase was shorter and the 

production shifted to the third phase early. It is also worth noting that the middle length 

model generated the highest average production rate among each group. This is because 

constant pressure drop between the injector and the producer was employed, and different 

model lengths led to different pressure gradients, so there was an optimal pressure 

gradient for the specific applications. Recalling the SOR data for these tests, it can be 

seen that the 63 cm model was the optimum model for implementation of the CPCSI in 

the small cylindrical models.  
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Table 4.5 Summary of six CPCSI tests 

Test oQ  

(g) 

t  

(h) 

RF 

(%) 
oq  

( g/h) 

#2 273.0 67 84.41 4.07 

#3 248.2 46 88.87 5.40 

#4 112.4 35 86.23 3.21 

#5 220.7 67 63.26 3.29 

#6 152.6 45 63.05 3.39 

#7 66.2 36 52.15 1.84 
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4.4.2 Solvent trap 

In the SAGD process, the concept of a steam trap was developed to control the 

steam short circulation between the injector and the producer. A similar concept, the 

solvent trap in the solvent injection process, was developed in this work. In the CPCSI 

process, the producer shut-in period allows continuous solvent diffusion and the diluted 

oil continuously drains downward to the producer under the assistance of gravity. The 

drained oil accumulates around the producer, which is always placed at the bottom of the 

reservoir. Therefore, a liquid zone with diluted oil will be formed above the producer 

while the solvent will be trapped in the chamber above this liquid zone. The increased oil 

saturation around the wellbore will yield higher production once the producer is opened. 

This can be used to explain why the higher residual oil saturation was observed near the 

producer, whereas the lower residual oil saturation was observed near the injector. This 

concept can be further applied to the physical model with a lateral well pattern, which has 

a producer located at the bottom of the reservoir and an injector located above the 

producer with a lateral distance. 

4.5 1-D vertical VAPEX and CSI tests 

4.5.1 Heavy oil production of 1-D VAPEX and CSI production schemes 

The experimental conditions for three 1-D vertical VAPEX tests and one 1-D 

vertical CSI test are listed in Table 4.6. The cumulative oil production data for these four 

tests are listed in Table 4.7. The performances of the 1-D vertical VAPEX process and 1-

D vertical CSI process were evaluated. In Test #10, the injector was connected with a 

short spring in order to simulate a wormhole connected to the injector. The effect of the 

presence of a wormhole was evaluated. In Test #11, a traditional CSI production scheme  
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Table 4.6 Experimental conditions for three VAPEX tests and one CSI test 

Test Production scheme 
Length 

(cm) 
T  

(°C) 

  

(%) 

k  

(D) 
oiS  

(%) 

PV  

(mL) 
injP  

(kPa) 

#8 1-D VAPEX 63 21 35.41 4.61 95.26 253 ~800 

#9 1-D VAPEX 34 21 35.53 4.28 96.35 137 ~800 

#10 
1-D VAPEX 

w/Wormhole 
34 21 35.79 4.21 95.65 138 ~800 

#11 1-D CSI 93 21 35.36 5.94 96.51 373 ~800 

 

 

 

Table 4.7 Cumulative oil production data for three VAPEX tests and one CSI test 

Test solQ  

(g) 

oQ  

(g) 

RF 

(%) 

SOR 

(msol/mo) 
asphw  

wt.% 

#8 247 67.6 28.62 3.6538 13.99 

#9 138 40.3 31.15 3.4243 12.68 

#10 140 55.8 43.14 2.5090 13.88 

#11 181 29.0 8.22 6.2414 N/A 
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was employed. The production ceased after 22 hours of oil production because the 

solvent was injected into the physical model in liquid phase after 22 hours. An inspection 

was conducted, and it was found that the regulator attached on the propane cylinder was 

damaged, so the injection pressure was increased to the cylinder pressure that was beyond 

the dew point pressure and could not be decreased to the desired operating pressure that 

was below the propane dew point pressure. 

Figure 4.14 presents cumulative oil production and recovery factor versus time data 

for Tests #8–11. It was found that during the 1-D VAPEX process, the cumulative 

production curves had two significant stages. The production rate was relatively stable at 

the beginning, and after a certain time, the production rate started to decrease. Comparing 

the results of Test #8 and #9, it clearly shows that the production rate decreased as the 

model height increased. This means that at the first stage of solvent chamber evolution, 

the solvent rising phase, if the solvent chamber grows vertically upward, the production 

rate would be decreased while the drainage height increases. It was worth noting that the 

assumption here was that the solvent chamber evolution was growing vertically linearly 

upward. However, in most traditional 2-D VAPEX laboratory tests, the solvent chamber 

growth will spread towards the two horizontal sides while it is growing upwards. In those 

cases, the relation of production rate and drainage height may vary. In addition, for Test 

#10, the injector was connected to a 4 cm long spring to simulate a wormhole that was 

connected to the injector, and all other experimental conditions were kept the same as 

Test #9. The results show that in the, first 9 hours the production rates were almost the 

same, and the production rate did not start to decline in Test #10 until 15.5 hours passed. 

However, the production rate started to decline after 9 hours in Test #9. This means that   
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Figure 4.14 Cumulative oil production (a), and recovery factors (b) versus time data 

for Tests #8–11  
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in the solvent chamber rising phase, if a wormhole or a high permeability zone exists, the 

solvent chamber would reach the top easily and start to spread towards the two sides 

earlier than in those without wormhole connections. The results of Test #11 show that in 

the CSI process, the production rate was kept constant in the first 20 hours, and there was 

no significant production rate change. For the vertical placement 1-D physical model 

with the injector/producer located at the bottom of the model, the CSI process was not as 

promising as the 1-D VAPEX process. 

4.5.2 Solvent injection 

The total solvent used in Test #8–11 was recorded by measuring the cylinder 

weight change before and after each test. The data are listed in Table 4.7, and they are 

247 g, 138 g, 140 g, and 181 g, respectively. Considering the solvent to oil ratio, 2.5090 g 

propane was used to produce 1 g of oil in Test #10. It was lower than in Test #8, Test #9, 

and Test #11, which were 3.6538 g, 3.4243 g, and 6.2414 g, respectively. 

It was found that the shorter height model led to the lower SOR because, even 

though sufficient drainage height existed, the diluted oil was not able to drain downward 

easily through the vertical solvent chamber. Only when the wormhole or a high 

permeability zone near the well bore exists is the production rate higher. In addition, the 

CSI production data shows that vertical CSI production was the lowest among all four 

tests, with the highest SOR. Because during the production period in the CSI process the 

pressure depletion is very quick, the solvent that had dissolved into the diluted oil is 

released so the oil might regain its original viscosity. In addition, due to the significant 

pressure drop, the energy loss might cause the oil viscosity to become even higher so that 

the heavy oil inside the model is not able to drain downward. 
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4.5.3 Residual oil saturation  

The residual oil saturation distribution profiles were measured after Test #8 and 

Test #9. As was mentioned earlier, the values of the model length for each test were 

normalized to a dimensionless form. Value 0 represents the location where the injector 

was located, and value 1 represents the location where the producer was located. 

Figure 4.15 presents the measured residual oil saturations at different locations of 

the physical model after the two tests. Visual pictures were taken after Tests #8–10, as 

shown in Figure 4.16. The pictures clearly show that at the top of the model, the colour of 

the sample was dark black, which means that the sample was highly oil saturated. As the 

location went deeper, the colour of the sample became lighter. The results indicate that 

the residual oil saturation was high at the top of the model. This was because even though 

the solvent rose to the top of the model and there was sufficient drainage height, the 

diluted oil could not drain downward effectively. 

4.5.4 Asphaltene contents 

The same procedure was followed as described earlier, the asphaltene contents of 

produced oil samples were measured after each test and are summarized in Table 4.7. The 

asphaltene content changes in Tests #8–10 were found to be 13.99 wt.%, 12.68 wt.%, and 

13.88 wt.%, respectively. The asphaltene content changes were significant and were 

similar with those of produced oil in Tests #5–7. In these cases, the asphaltene content 

was mainly deposited near the injector that was located at the bottom of the model, which 

might plug the porous medium and lower the permeability so that the drainage rate would 

decline. This might be the reason that the oil production rate started to decline earlier at 

the later time than in CPCSI production schemes.  
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Figure 4.15 Residual oil saturation distribution profiles of Test #8 and Test #9  
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Figure 4.16 Digital photographs of residual oil saturation distributions of physical 

models taken at the ends of Tests #8–10 (Original in colour)  

#8-top 18cm

#8-top 29cm #8-top 46cm

#9-top 2cm #9-bottom#9-top 7cm #9-top 22cm

#10-top 2cm #10-bottom#10-top 12cm #10-top 22cm
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4.6 2-D lateral VAPEX and CPCSI tests 

4.6.1 Heavy oil production of 2-D VAPEX and CPCSI tests 

A 2-D VAPEX Test #12 and a 2-D CPCSI Test #13 were conducted with the same 

well configuration to further verify the potential applicability of the CPCSI production 

scheme for scale-up in the 2-D model. The experimental conditions for both tests are 

listed in Table 4.8, and the cumulative oil production data are listed in Table 4.9. With 

the 2-D lateral well configuration, the effects of gravity and well distance were evaluated 

for CPCSI processes. The results were compared with those of the VAPEX process. 

Figure 4.17 presents the cumulative oil production and recovery factor versus time data 

for Test #12 and Test #13. From the oil production curves of Test #12 and Test #13, it 

can be seen that the ultimate cumulative oil production was close, but it took about 24 

hours more to achieve in the lateral VAPEX test. At the time of 56 hours, the oil recovery 

factors for the two tests, VAPEX and CPCSI, were 43.11% and 54.87%, respectively. 

The recovery factor increment was 11.76% from the VAPEX test to the CPCSI test. The 

average heavy oil production rate in the lateral CPCSI test was significantly higher than 

that in the VAPEX process, as per the data shown in Table 4.9. 

4.6.2 Residual oil saturations 

Figure 4.18 presents the digital photographs of residual oil saturation distributions 

of the 2-D physical models taken at the ends of Test #12 and Test #13. It can be seen that 

the solvent chamber boundary and the untouched oil zone moved downward further in 

Test #13 (CPCSI) than in Test #12 (VAPEX). This means that the foamy oil and partial 

diluted heavy oil are produced in the CPCSI process, which is different than in the 

VAPEX process in that only the diluted oil will be produced by the gravity. It is also   
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Table 4.8 Experimental conditions for Test #12 and Test #13  

Test Production scheme 
T  

(°C) 

  

(%) 

k  

(D) 
oiS  

(%) 

PV  

(mL) 
injP  

(kPa) 

#12 2-D lateral VAPEX 21 36.75 5.05 96.60 294 ~800 

#13 2-D lateral CPCSI 21 36.88 4.75 96.95 295 ~800 

 

 

 

Table 4.9 Cumulative oil production data for Test #12 and Test #13  

Test oQ  

(g) 

t  

(h) 

RF 

(%) 
oq  

(g/h) 

#12 151.6 80 54.47 1.90 

#12* 120.0 56 43.12 2.14 

#13 153.8 56 54.87 2.75 
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Figure 4.17 Cumulative oil productions (a), and recovery factors (b) versus time data 

for Test #12 and Test #13  
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Figure 4.18 Digital photographs of residual oil saturation distributions of physical 

models taken at the ends of (a) Test #12 and (b) Test #13 (Original in colour)  
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worth noting that the colour of the solvent chamber of the VAPEX test appears evenly 

light. In the CPCSI test, a few diluted oil fronts existed in the solvent chamber. This 

occurred mainly because for two reasons. One is the interface of the liquid zone with 

diluted oil and the solvent chamber that was formed due to the solvent trap mechanism, 

which was discussed previously; the diluted oil accumulated near the producer. The other 

reason is that during the production period, where a pressure drop was applied, the oil 

swelled and foamy oil formed, which caused the saturation front to move. Hence, that 

part of the oil was very easy to be flushed out during the production period. 

4.7 PVT test of propane-heavy oil system 

The propane-heavy oil system has been tested in this study. The measured pressure-

volume relations for the feed of 18.28 wt.% propane and 81.72 wt.% heavy oil, the feed 

of 13.59 wt.% propane and 86.41 wt.% heavy oil, and the feed of 10.71 wt.% propane 

and 89.29 wt.% heavy oil are shown in Figure 4.19, Figure 4.20, and Figure 4.21, 

respectively.  

The density of liquid propane can be determined from correlation in the following 

form: 

   
0.2870

sol
10 10 10log log 0.2215 log 0.2774 1

1000 C

T

T

   
    

   
  (4.1) 

where sol  is the density of the liquid propane in kg/m
3
, T is the test temperature in K, 

and CT  is the critical temperature of the propane. The calculated liquid propane density is 

found to be 0.49953 g/cm
3
. The propane mole percentage and heavy oil mole percentage 

of the propane-heavy oil system is determined using the calculated liquid propane density   
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Figure 4.19 Measured pressure-volume relations for the feed of 18.28 wt.% propane 

and 81.72 wt.% heavy oil at 21°C  
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Figure 4.20 Measured pressure-volume relations for the feed of 13.59 wt.% propane 

and 86.41 wt.% heavy oil at 21°C  
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Figure 4.21 Measured pressure-volume relations for the feed of 10.71 wt.% propane 

and 89.29 wt.% heavy oil at 21°C  
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and the known heavy oil sample density. The saturation pressures for the feeds of 18.28 

wt.% (69.35 mol.%) propane, 13.59 wt.% (61.41 mol.%) propane, and 10.71 wt.% (54.80 

mol.%) propane were found to be 815.75 kPa, 757.08 kPa, and 688.67 kPa, respectively. 

Figure 4.22 shows the measured saturation pressures and swelling factors for the 

propane-heavy oil system at T = 21°C. It can be seen that the saturation pressure 

increases as the solubility of propane in heavy oil increases, and the propane dissolution 

tends to enhance the oil swelling effect. The heavy oil sample swells 1.45 times with the 

dissolution of 18.28 wt.% of propane (69.35 mol.%). Larger swelling factors would lead 

to better recovery performance and higher ultimate oil recovery in solvent EOR 

processes. It clearly shows that a slight pressure drop during production period of the 

CPCSI process would not lead to significant decrease of oil swelling factor. In addition, 

due to the decreased saturation pressure, partial dissolved solvent would be released from 

the diluted oil and, thus, offer an additional free gas drive during the production period in 

the CPCSI process.  

The viscosity of propane-saturated heavy oil was measured by using the capillary 

viscometer at T = 21°C. The heavy oil viscosity reduced from 8411 cp to 85 cp with the 

dissolution of 10.71 wt.% (54.80 mol.%) of propane. At the experimental operating 

conditions, which had higher propane dissolution in the heavy oil, the viscosity of 

propane-saturated heavy oil would reduce even more. The viscosity of propane fully-

saturated diluted oil at experimental conditions (Pinj = 800 kPa) was found to be 14.98 cP 

by using WinProp
®
 with tuned experimental data.  
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Figure 4.22 Measured saturation pressures and swelling factors for the propane-heavy 

oil system at 21°C  
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CHAPTER 5 SIMULATION AND HISTORY MATCH 

In addition to conducting laboratory tests, performing a numerical simulation study 

is an approach that can be used to analyze the performance and uncertainty prior to 

implementing field pilot test. A numerical simulation was performed using CMG 

WinProp
®
 and STARS

®
 from the Computer Modeling Group. A lab-scale simulation 

model was built with the same properties and dimensions as the 2-D experimental model. 

Sensitivity analysis was performed to evaluate the impacts of different parameters on the 

CPCSI performance. A history matching analysis was conducted to find the tuning 

parameters to reduce the difference between the simulation results and experimental 

results. 

5.1 PVT model 

The experimental PVT data were used to tune the PVT model that was used for the 

simulation study. The tuned PVT model is crucial for the simulation model because the 

interaction between the hydrocarbon component and the heavy oil vary for different 

solvent saturated heavy oil systems. The PVT influences the solvent dissolution and 

solvent solubility so that the viscosity and mobility of the diluted oil will be known. 

Those factors directly affect the heavy oil production rate in solvent-based heavy oil 

recovery processes. The measured PVT data, as previously mentioned in Figures 19–22, 

were used to tune up the simulation PVT model, and the regression data generated by 

using CMG WinProp
®
 are listed in Figure 5.1 and Figure 5.2. 
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Figure 5.1 Regression data for the oil sample  
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Figure 5.2 Diluted oil viscosity versus propane mole fraction (semi-log)  
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5.2 Simulation model 

Figure 5.3 illustrates the reservoir simulation model for the numerical simulation 

study. The simulation model was built with a grid system of 20×1×5, and the dimension 

of each grid was 2×2×2 cm
3
. The injector was located at the right top corner grid and the 

producer was located at the left bottom corner grid. The wells penetrated the grid where 

they were located. The well was set as the K axis and the well index was set by 

calculating from the geometry. The components were imported to the STARS
®

 PVT 

model generated with WinProp
®
. 

5.3 History match results 

Attempts were made to achieve appropriate comparison between the production 

data of the simulation run with those observed from the experiments. The history match 

analysis was conducted for Tests #12 and #13. The operating pressure was the key 

constraint investigated, and the corresponding simulation results were compared with the 

experiment data. The liquid-gas relative permeability curve was adjusted in order to 

match the experimental results. Meanwhile, the numerical control keywords, such as time 

step control, solution method, and linear solver, were adjusted respectively in order to 

avoid iteration failure and convergence issues because the simulation model is on a small 

scale. The effect of differential pressure between the injector and producer and the 

dispersion coefficient were evaluated. The numerical controls that were modified in this 

history matching study are listed in Table 5.1 and the liquid-gas relative permeability 

curves are shown in Figures 5.4 and 5.5. 
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(a) 2-D view (IK)  

 
(b) 3-D view 

 

Figure 5.3 Illustration of reservoir simulation model (Original in colour)  
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Table 5.1 Numerical controls for Test #12 and Test #13 

MAXSTEPS 99999 

DTWELL 1e-008 day 

ISOTHERMAL ON 

NEWTONCYC 30 

NCUTS 10 

MAXPRES 10000 kPa 

MINPRES 10 kPa 

ITERMAX 300 

NORTH 300 
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Figure 5.4 Liquid-gas relative permeability curve for Test #12 
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Figure 5.5 Liquid-gas relative permeability curve for Test #13 
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Figure 5.6 and Figure 5.7 present the history matched cumulative oil production 

data for Tests #12 and #13. The results show overall acceptable history matched results. 

For Test #12, the late period production rate of the simulation result is lower than the 

observed result, which caused a lower ultimate oil production. This is mainly because in 

the late period, the injection gas mainly passed through the model along the highest 

pressure gradient direction, which is a straight line that connects the injector and the 

producer. The lower part of the physical model that was saturated so the heavy oil could 

not be produced effectively. The difference between the simulation results with those of 

experimental results was 9%. However, in Test #13, which is shown in Figure 5.7, the 

simulation results perfectly matched the observed data regarding the ultimate cumulative 

oil production. There was a small difference at the early stage. This was because the 

simulation model was fully homogeneous; however, in the real case, it was impossible to 

duplicate in the experimental physical model due to the sand-packing procedure itself. 

Without the confining pressure to the physical model, the wall effect must be taken into 

consideration. The wall effect caused a high permeability channel on the top of the 

physical model, which helped the gas pass through the model earlier so that the oil near 

the producer could be produced at an earlier time. However, in the simulation model, the 

fluid flow always flows along the grid system in a logical order, which means it takes a 

longer time to start producing the same amount of oil than in the experimental physical 

model. 
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Figure 5.6 Cumulative oil production for Test #12  
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Figure 5.7 Cumulative oil production for Test #13  
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The effect of the dispersion coefficient for the simulation of the CPCSI process was 

evaluated. The results are shown in Figure 5.8. As the dispersion coefficient increases, 

the ultimate oil production rate would increase slightly. However, the oil production rate 

was lower in the early stage. This is because with the increased the diffusivity, the 

solvent injected into the model is dissolved into the heavy oil more effectively and 

quickly so that the gas that offers the driving force is less than in the case of a smaller 

dispersion coefficient. Generally, the dispersion coefficient should be an insensitive 

parameter in this study because the simulator is modeling a larger value of dispersion 

than the input dispersion coefficients with a numerical dispersion. The input dispersion 

coefficients in the simulation should be treated as the true physical dispersion coefficients 

minus a numerical dispersion (CMG, 2010). 

The effect of differential pressure between the injector and the producer was 

evaluated as well, as is shown in Figure 5.9. While the differential pressure was doubled 

(from 10 kPa to 20 kPa), the ultimate oil production increased by 17.47%; however, the 

solvent production increased by 190%, as shown in Figure 5.10. It is obvious that by 

increasing the differential pressure, this process would not perform well regarding the 

solvent to oil ratio. It is also worth noting that in the experiment, the production rate 

would not increase even when a higher differential pressure was applied. The possible 

reason could be the same as was mentioned previously: the heterogeneity of the 

experimental physical model and the wall effect. Because of this, while a higher 

differential pressure was applied, the gas would pass through those high permeability 

zones very quickly so that there might even be no oil production increment. 
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Figure 5.8 The effect of diffusion coefficient for Test #13  
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Figure 5.9 The effect of differential pressure on cumulative production in the second 

phase  
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Figure 5.10 The effect of differential pressure on solvent production in the 

second phase  
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The observed foamy oil flow was another phenomenon that was drawn from the 

experimental study so an attempt was made in the simulation model in order to take into 

consideration the foamy oil model. In CMG STARS
®
, a bubble oil approach was 

employed to simulate the foamy oil flow. More specifically, the foamy oil model with 

dispersed gas approach was used. It was assumed that the production period without free 

gas flow was half of the total production period. Propane was chosen as the solution gas 

component. The reaction frequency factor was the evaluated parameter. The results are 

shown in Figure 5.11. Appropriate reaction frequency factor selection could result in 

similar simulation results regarding the ultimate oil production. However, at the end of 

the simulation, the residual oil saturation distribution showed significant differences over 

the experimental results, as shown in Figure 5.12. When the foamy oil model was 

introduced, the solvent dissolved in the heavy oil near the injector during the solvent 

injection period will be released in the production period and, thus, form a solution gas 

drive, which played an important role in pushing the diluted oil front from the right side 

to the left side. Once the diluted oil moved leftward, the right side of the model had 

greater gas saturation zones during the solvent injection period, and, thus, the diluted oil 

would always be pushed leftward. This was the possible reason that the residual oil 

saturation was low at the right-bottom corner, which was different from that of the 

experimental results. 
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Figure 5.11 Cumulative oil production with different reaction frequency factors  
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Figure 5.12 Residual oil saturation distribution at the end of the simulation for the 

foamy oil model (Original in colour)  
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

In this study, a total of thirteen tests were conducted experimentally to evaluate an 

improved vapour solvent injection technique for enhanced heavy oil recovery: cyclic 

production with continuous solvent injection. Two types of physical models, small 

cylindrical physical models and a visual rectangular physical model, were used to study 

the effects of the model length, gravity, and differential pressure on this process. The 

tests were performed at relatively low permeabilities, close to the actual heavy oil 

reservoir conditions. Pure propane was used as the extracting solvent. In addition, the 

PVT of the propane saturated heavy oil system was analyzed. The major conclusions that 

can be drawn from this study are summarized as follows: 

1. The solvent chamber rising phase in the VAPEX process cannot be evaluated 

through the cylindrical physical models. The production rates were very low in this 

phase even though sufficient drainage height was applied, so the production 

increment is mainly occurring during the solvent chamber spreading phase in the 

VAPEX process. 

2. An new solvent injection technique, cyclic production with a continuous solvent 

injection process, was developed, and the experimental results showed that the 

production rates were substantially increased by applying the CPCSI process.  

3. The CPCSI process has three phases: the first phase is to build up the 

communication between injector and producer; the second phase is the start of 

increase in production; and the third phase is the start of production decline. A 
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relatively higher differential pressure was applied between the injector and the 

producer in the first phase in order to build up the solvent channelling between 

them. A 50-min-shut-in/10-min-open well cycle was applied for the producer in the 

production period. During the production period, a small differential pressure was 

applied in order to avoid a large gas to oil ratio. 

4. The differential pressure between the injector and the producer did not affect the 

production rate in the cyclic production period. In addition, higher differential 

pressure caused a greater gas to oil ratio in the production period, which would 

make this process less economical. 

5. The vertical placement model yielded higher production because the gravity still 

played an important role in this process. The diluted oil was drained down to the 

producer by the assistance of gravity during the solvent injection/soaking period 

and was easily flushed out through the producer while in the producer opening 

period. 

6. The middle-length model yielded the highest average production rate in both the 

vertical placement and the horizontal placement production schemes. In addition, 

the solvent to oil ratios were also the lowest. The optimal pressure gradient and 

well shut-in/open scenario can be found in these cylindrical models. 

7. The advantage of this CPCSI process is that the continuous solvent injection during 

the production period will maintain the reservoir pressure so that the viscosity of 

the diluted oil will not be re-increased due to the release of dissolved solvent and 

sudden energy loss. While a small differential pressure is applied between the 

injector and the producer, a small portion of the dissolved solvent will be released 
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from the diluted oil to form foamy oil flow and a solution gas drive. In conjunction 

with the gas flush in the well opening period, the oil will be flushed out. 

8. The solvent trap concept was developed and verified in this work. The producer 

shut-in period allows the solvent continuous diffusion, and the diluted oil will 

continuously drain downward to the producer that is placed at the bottom of the 

reservoir. The diluted oil will accumulate around the producer while the solvent 

will be trapped in the chamber above the accumulated diluted oil zone. Thus, a 

great amount of diluted oil can be produced at the very beginning of the opening 

producer period. 

9. While applying the lateral well pattern, the production rate was higher than that in 

the VAPEX process. The foamy oil flow and the solvent trap mechanism will cause 

a diluted oil saturation front to move, and the reservoir will be re-saturated through 

this process so that the production rate will be increased. 

10. Solvent viscous fingering and the high permeability zone will cause early solvent 

break-though during heavy oil production; however, the viscous fingering and the 

high permeability zone can enlarge the solvent-oil contact so that more heavy oil in 

the porous medium will be diluted during the producer shut-in period. More heavy 

oil will become swelled, and the swollen oil will substantially increase the residual 

oil saturation in the porous medium. 

6.2 Recommendations 

The following recommendations are made for future work: 

1. A solvent mixture, such as CO2-propane or methane-propane, can be examined as 

an extracting solvent for this process. In addition, because the purpose of 
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continuous solvent injection is to maintain the reservoir pressure, keeping the 

diluted oil viscosity low and offering a gas flush drive, a non-condensable gas can 

be used and evaluated as an alternate injection gas during the production period 

after soluble gas (propane) injection during the injection/soaking period. 

2. The optimal shut-in/open wells scenarios and optimal pressure control conditions 

need to be evaluated. Optimized well shut-in/open scenarios will further improve 

the average heavy oil production rate, and optimal pressure conditions will reduce 

the solvent to oil ratio. 

3. The experimental tests were all based on a constant injection pressure condition, so 

a more sophisticated experimental setup needs to be introduced to evaluate the 

performance based on injection rate control. The effects of solvent injection rate 

during the injection/soaking period and production period need to be examined. 

Mass transfer rate needs to be determined. 

4. More experimental tests need to be conducted to evaluate the well configurations 

and well distances for current 2-D physical models and scaled up 3-D physical 

models so that this process can be further validated in order to implement a field 

pilot. 

5. A comprehensive simulation study needs to be conducted in order to further 

validate this process, with the consideration of the foamy oil model and asphaltene 

model, as well as giving an approach to predict the performance in a scaled-up 

model.  
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