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Abstract 

Vapour extraction (VAPEX) process has a low production rate and is not 

suitable for thin reservoirs due to lack of efficient gravity drainage. Cyclic 

solvent process (CSP) has been proposed to improve the production rate of 

solvent processes. A major problem of CSP is that during production, the 

reservoir pressure has to be greatly reduced in order for the solvent gas drive to 

occur during which oil regains its high viscosity because a significant amount of 

solvent gas evolves out of oil. Also, at low-to-intermediate pressures, the 

methane solubility in the oil is not high. Additionally, continuous free gas 

saturation during early production results in high gas mobility and the pressure, 

and thus, the drive energy can be quickly depleted by gas production. To 

overcome the problems of VAPEX and CSP, a new process for in-situ heavy-oil 

recovery- Enhanced CSP (ECSP) is developed in this study. ECSP effectively 

utilizes the viscosity reduction and solvent gas drive mechanisms during the 

production.  

ECSP experiments are performed to analyze the mechanisms and 

develop the optimal combination of two solvent slugs and injection/production 

strategy to optimize the injection process for improving the CSP in thin heavy-

oil reservoirs. It is also shown that other ways of improving CSP is either to 

repressurize the system using water injection, i.e., conducting cyclic gas-

alternating-water injection, or to conduct surfactant-enhanced CSP. Various 

aspects of ECSP are investigated under different injection sequences of two gas 
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slugs. The impact of foamy solution gas drive mechanism on ECSP is also 

investigated. Then, phase behavior simulation is carried out for different heavy 

oil-solvent systems to predict the phase behavior of gas/gas mixtures with 

heavy-oil. Using a validated simulation model, the impacts of various 

parameters on ECSP are examined to analyze the mechanisms and illustrate the 

possible optimum ECSP designs.   

This study has produced experimental results for CSP, ECSP, cyclic gas-

alternating-water injection, surfactant-enhanced CSP, extended waterflood, PVT 

data and phase behavior simulation, detailed cyclic solvent injection technique, 

PVT and simulation models for evaluation and optimization of ECSP, history-

match and parametric study of ECSP, and guideline of ECSP for thin heavy-oil 

reservoirs. 
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Chapter 1:  Introduction 

 

1.1 Background and Motivations   

Oil reservoirs in Saskatchewan account for almost 62% of Canada’s total 

conventional heavy oil resource (conventional heavy oil typically has a viscosity 

in the range of 100 to 10,000 mPa∙s with an API gravity of between 13° and 

22.3°), including 1.7 billion m3 of proven and 3.7 billion m3 of probable 

reserves. A major portion of these heavy-oil reserves resides in thin deposits. 

According to Reservoir Annual (Saskatchewan Energy and Mines, 2000), of the 

province's proven initial heavy oil-in-place, 97% is contained in reservoirs with 

a less than 10 m pay zone, and 55% in reservoirs less than 5 m thick.  

Primary and secondary methods such as cold production (Bratli and 

Risnes, 1981; Geilikman and Dusseault, 1999; Tremblay, 2009; Tremblay et al., 

1999), combined, recover, on average, less than 10% of the initial-oil-in-place. 

After that the recovery process becomes uneconomical, in some cases because 

of reservoir pressure depletion and/or water influx (Ivory et al., 2010). Hence, 

the incentive is strong to develop an appropriate oil recovery technique, which 

will maximize the recovery potential of these thin heavy oil reservoirs (Dong et 

al., 2006). Thus, improved techniques have to be developed to enhance the oil 

recovery from thin heavy oil reservoirs in western Canada, particularly in 

Saskatchewan, where approximately two-thirds of Canada’s heavy oil reserves 

exist.  
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Heavy oil in thick-pay reservoirs is commonly extracted using thermal 

recovery methods, such as steam injection and its variants. These methods are 

generally not suitable for thin heavy oil reservoirs due to heat loss to 

overburden/underburden, or bottom water zones (Fairfield and White, 1982; 

Dyer et al., 1994). In some cases, steam injection is not suitable due to the 

presence of water-sensitive shaly sands (Lim et al., 1996), which may swell 

because of steam condensation. It is worth mentioning that properly designed in-

situ combustion may be beneficial in recovering the heavy oil from some 

problematic thin reservoirs. Hence, large, untapped thin heavy oil resources 

remaining after recovery by conventional technology have the potential to be 

tapped into by improved non-thermal recovery techniques.   

Thus, non-thermal recovery techniques, such as gas injection processes, 

have to be developed in order to exploit massive, untapped heavy oil deposits in 

thin formations. Different gas injection processes for heavy oil recovery have 

been examined in the literature. Light hydrocarbons, CO2, flue gas, and 

produced reservoir gas are the gases that have been utilized in a variety of gas 

injection methods, including slug-mode displacement, water alternating gas 

(WAG) injection, and cyclic solvent process (CSP) or solvent huff-n-puff for 

heavy oil recovery. A number of previous studies have tested these gases using 

different injection/production methods (Butler and Mokrys, 1989, 1991; Dong et 

al., 2006; Dunn et al., 1989; Huang et al., 1987; Issever et al., 1993; Ivory et al., 

2010; Jha et al., 1995; Lim et al., 1995, 1996; Ma and Youngren, 1994; Olenick 

et al., 1992; Srivastava et al., 1993, 1994, 1999; Srivastava and Huang, 1999; 
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Upreti et al., 2007; Yadali Jamaloei et al., 2012). Among the aforementioned 

works, Olenick et al. (1992) reported the field test of CO2 huff-n-puff with a 

significant enhancement of heavy oil production. While CO2 huff-n-puff for 

heavy oil recovery has shown very promising results in field tests, scarcity of 

natural CO2 sources (Olenick et al., 1992) and the relatively high cost of CO2 

capture (Padamsey and Railton, 1995) make it less economically attractive than 

other methods.  

Among CO2, flue gas and produced reservoir gas, the produced reservoir 

gas is the most readily available. By comparison, produced reservoir gas is also 

relatively cheap, and abundant. It is obviously more desirable to focus on a 

hydrocarbon-based CSP for heavy oil recovery which makes use of the 

produced reservoir gas. Thus, among non-thermal heavy-oil recovery 

techniques, the methane pressure-cycling process (Dong et al., 2006), cyclic 

hydrocarbon gas stimulation or CSP (Ivory et al., 2010; Lim et al., 1995, 1996), 

and light hydrocarbon gas injection (Butler and Mokrys, 1989, 1991; Dunn et 

al., 1989) have been the focus of some studies because the produced reservoir 

gas contains light hydrocarbons. 

Among the aforementioned gas injection methods, vapor extraction 

(VAPEX) has gained considerable attention over the past two decades (Butler 

and Mokrys, 1991; Jha et al., 1995). VAPEX has been proposed for the heavy 

oil recovery in reservoirs where thermal methods face serious challenges (Butler 

and Mokrys, 1991; Jha et al., 1995; Upreti et al., 2007). A main mechanism of 

VAPEX is gravity drainage, and as such, traditional VAPEX is not effective in 
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thin reservoirs because of the lack of efficient gravity drainage. Furthermore, 

traditional VAPEX suffers from extremely low production rates, particularly 

during its early stages. Considering this, hydrocarbon gas injection processes in 

huff-n-puff mode, have been tested to revamp the slow production rate of the 

traditional solvent injection process. One major reason for this slow production 

rate in hydrocarbon gas injection processes is the extremely slow rate of solvent 

gas dissolution in heavy oil and bitumen.  

Consequently, conducting CSP utilizing the produced reservoir gas 

seems to be a more technically and economically viable option for heavy oil 

recovery in thin reservoirs. Therefore, CSP has been studied and tested in 

laboratories and the field to find a way to speed up the production rate of the 

solvent injection process. Studies devoted to the investigation of the traditional 

hydrocarbon-based CSP for heavy oil recovery are limited to those by Dong et 

al. (2006), Ivory et al. (2010) and Lim et al. (1995, 1996). CSP can be 

implemented in heavy oil reservoirs to recreate the primary-production 

conditions after termination of either primary depletion or water flood in heavy 

oil reservoirs. The idea, therefore, is to restore the solution-gas-drive mechanism 

through reinjecting hydrocarbons (such as methane) and, if feasible, 

repressurizing the system back to approximately the initial reservoir pressure 

(Dong et al., 2006).  

A common theme of all the previous studies on hydrocarbon-based CSP 

is that they all comprise an injection cycle, a soaking period, and a production 

cycle. This includes: 1) injecting a light hydrocarbon gas (or a hydrocarbon-
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based mixture of gases) slug, preferably to a pressure sufficient to cause oil 

formation dilation and pore fluids compression, 2) allowing some portion of the 

solvent gas to dissolve in the oil in the reservoir, 3) reducing the reservoir 

pressure to produce a solvent-oil mixture, and 4) repeating steps 1) to 3) for a 

number of cycles. During the production cycle of CSP, when the reservoir 

pressure is greatly reduced, so as to establish a solvent gas drive, oil regains its 

high viscosity as a large portion of gaseous solvent leaves the oil. This is the 

main shortcoming of CSP. Other reasons for the poor performance of the 

methane CSP are that: (1) if the initial production pressures used are low or 

intermediate, the methane solubility in the oil is not high and the viscosity 

reduction is not significant, and (2) the presence of continuous free methane 

saturation, created by methane injection, at the start of production cycles results 

in high gas mobility and the pressure can be quickly depleted by methane 

production. As a result, the drive energy becomes depleted by methane 

production and very little is left for the oil production. 

 

1.2 Objectives   

It is a primary focus of this study to investigate and improve the behavior 

of the hydrocarbon-pressure cycling process at relatively low-to-intermediate 

pressures for the heavy oil recovery in thin formations. The idea, therefore, is to 

make use of viscosity reduction by solvent(s) and restore the solution-gas-drive 

mechanism through injecting ethane/propane and methane, and then 

repressurizing the system back into approximate initial reservoir pressure.  
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In order to overcome the problems of slow mixing encountered in 

VAPEX and re-gaining high oil viscosity in traditional CSP, a new process for 

thin heavy oil reservoirs, known as Enhanced Cyclic Solvent Process (ECSP), is 

introduced. ECSP illustrates:  

(1) How to effectively distribute the viscosity-reducing solvent into the 

oil; and  

(2) How to keep the oil viscosity low by maintaining some portion of the 

viscosity-reducing solvent in the oil during the production cycle.  

 

In ECSP, two types of hydrocarbon solvents are injected in a cyclic manner, but 

in two separate slugs; one slug is more volatile (methane) and the other is more 

soluble (propane or ethane) in heavy oil and bitumen. The volatile solvent in the 

first slug fingers into the oil to provide paths for the more-soluble solvent slug to 

mix with oil. For ECSP production cycles, the volatile gas provides a driving 

force (expansion) by reducing the reservoir pressure, and some portion of the 

more-soluble solvent stays in the oil to keep the oil viscosity low.  

 

1.3 Thesis Contents   

This thesis consists of seven chapters. More specifically, Chapter One 

provides an introduction to the topics, motivations, objectives and achievements 

of this work.  

Chapter Two includes a critical literature review of the topics covered, 

which include a technical background on the recovery methods for heavy oil and 
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bitumen recovery, various CSPs for heavy oil and bitumen recovery, different 

versions of hydrocarbon-based CSP, and important factors and recovery 

mechanisms in hydrocarbon-based CSP. At the end of this chapter, 

recommendations for future work are provided. 

Chapter Three is devoted to PVT characterization and phase behavior 

simulation using the two different oil samples employed in the physical 

sandpack tests. The oil samples from target heavy oil reservoirs are collected so 

as to determine the oil density, viscosity, acid number, molecular weight, 

composition, and so on. PVT characterization (including heavy oil-solvent 

system viscosity, saturation pressure, swelling factor, etc.) of both heavy oil 

samples are performed. Then, phase behavior simulation is carried out by using 

CMG WinPropTM to tune the equation of state (EOS) for different heavy oil-

solvent systems. The tuned EOS is then used to predict the phase behavior of 

gas/gas mixtures with the heavy oil. Using phase behavior simulation at the end 

of Chapter Two, the problems of CSP and the advantages of ECSP over CSP are 

explained. That is, it will be illustrated that in heavy oil-methane system, live oil 

viscosity increases immediately when pressure is reduced. On the contrary, in 

heavy oil-propane-methane system (if propane is used along with methane in the 

solvent blend), the increase in oil viscosity with depressurization becomes much 

slower. Also, adding propane in the solvent blend can greatly improve solvent 

solubility in the oil phase, which in turn maintains a lower oil viscosity during 

depressurization. 
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In Chapter Four, experimental set-up, materials and procedures are 

described in details. Procedures of physical model tests will be explained to 

investigate the effects of various operational parameters on the performance of 

traditional CSP, cyclic gas alternating water (GAW) injection, ECSP, surfactant-

enhanced CSP, and extended waterflood (EWF).  

Chapter Five consists of three major parts. In the first part, the behavior 

of methane CSP for heavy oil recovery is investigated by conducting a series of 

methane CSP cycles in a sandpack saturated with crude oil and brine, both from 

Brintnell reservoir in Alberta, Canada. The experimental results of six methane 

CSP cycles (i.e. oil recovery factor, ultimate oil recovery, oil recovery rate, 

pressure profiles during repressurization, soaking and production, and 

drawdown rate) are presented and analyzed to examine the behavior of methane 

CSP. Also, in the first part of this chapter, we introduce ECSP. The 

experimental results of six ECSP cycles using methane and propane are 

compared to those of six methane CSP cycles. This comparison indicates that 

ECSP improves the performance of traditional methane CSP, at relatively low-

to-intermediate pressures, for the heavy oil recovery in thin formations. In other 

words, ECSP effectively utilizes the viscosity reduction and solvent gas drive 

mechanisms during the early time of the production cycles. At the end of the 

first part of Chapter Five, the advantages of ECSP over CSP and VAPEX are 

demonstrated.  

The second part of Chapter Five is devoted to a parametric analysis of 

ECSP to further demonstrate and confirm the advantages of ECSP over CSP. In 
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this part, the impact of system repressurization using water injection in CSP is 

also tested by conducting two GAW cycles. It is shown that other ways of 

improving CSP is either to repressurize the system using water injection, i.e., 

conducting cyclic GAW instead of CSP, or to conduct surfactant-enhanced CSP. 

The impact of foam production on the CSP performance is also investigated.  

The focus of the third part of Chapter Five is finding the optimum 

injection sequence of the two solvent gas slugs in ECSP; this is accomplished 

through examining the impact of the solvent injection sequence on the 

performance of ECSP, using solvent pairs ethane-methane, propane-methane, 

methane-ethane, and methane-propane. Various aspects of ECSP are 

comprehensively investigated under different injection sequences of the two 

solvent gas slugs. The experimental results show that the oil recovery and 

production rate of ECSP increases in this order: ethane-methane, methane-

ethane, propane-methane, and methane-propane. The results overwhelmingly 

indicate that the optimum injection sequence in ECSP is to inject the volatile 

solvent slug before the more-soluble solvent slug, in order to effectively use the 

viscosity reduction and solvent gas drive mechanisms. At the end of the chapter, 

the impact of foamy solution gas drive on the ECSP is investigated. Moreover, 

the significance of other flow mechanisms and their impact on ECSP are 

illustrated.  

Chapter Six discusses the analysis and history-match of physical model 

results. First, the PVT model and EOS are tuned and validated in CMG-

WinPropTM phase behavior simulator using the measured PVT data for the 
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heavy oil-propane-methane system. Then, using CMG’s compositional 

simulator GEMTM, the physical model test results obtained from ECSP are 

history-matched. A parametric sensitivity study of ECSP is also performed using 

the validated simulation model. The impacts of various operation and reservoir 

parameters are examined on the performance of ECSP in order to analyze the 

mechanisms so as to illustrate the possible optimum designs of ECSP.     

Finally, Chapter Seven presents the concluding remarks drawn from this 

study and provides suggestions and recommendations for the future 

investigations. 

 

1.4 Novelties and Contributions   

The novel features of this thesis that make it distinct from previous 

works are highlighting the technical problems of CSP and providing solutions in 

this research, through searching for answers to the following questions: 

 

(1) How to effectively distribute the viscosity-reducing solvent into the oil? 

and  

(2) How to keep the oil viscosity low by maintaining most of the viscosity-

reducing solvent in oil during the production period (depletion stage)? 

 

By completion of the planned tests and simulation studies, this research 

has derived solutions to the above questions. The benefits of this study include: 
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(1) Improvement of the cyclic solvent process for the thin heavy oil 

reservoirs; 

(2) Improvement of the utilization of the two co-mechanisms, viscosity 

reduction and solvent gas drive, in cyclic solvent injection process; and 

(3) Demonstration of detailed improved cyclic solvent injection technique 

and the impact of various operation and reservoir parameters. 
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Chapter 2: Literature Review 

 

In some heavy oil and bitumen reserves in western Canada, steamflood, 

cyclic steam stimulation (CSS), and steam-assisted gravity drainage (SAGD) 

cannot be applied efficiently. One of the potential alternatives for these 

reservoirs is a hydrocarbon-based cyclic solvent process (CSP), which has been 

the subject of numerous laboratory investigations over the past two decades. In 

this chapter, advances on the hydrocarbon-based CSP for heavy oil and bitumen 

recovery are extensively reviewed and analyzed. The topics that are covered in 

this review are the technical background on the recovery methods for heavy oil 

and bitumen recovery, various CSPs for heavy oil and bitumen recovery, 

different versions of hydrocarbon-based CSP, and important factors and 

recovery mechanisms in hydrocarbon-based CSP. At the end, recommendations 

for future works are provided. It is expected that this chapter will serve as a 

reference tool for the engineers interested in the hydrocarbon-based CSP for the 

exploitation of heavy oil and bitumen. 

 

2.1 Methods for Heavy Oil and Bitumen Recovery  

In some of the current in situ recovery process practiced in western 

Canada, high pressure steam is used to reduce the viscosity of heavy oil and 

bitumen and mobilize the diluted oil. Steam-based thermal technology has long 

been applied successfully to produce bitumen and heavy oil from good quality 

sands in the thick heavy oil and bitumen deposits. It is known that a 

considerable fraction of heavy oil and bitumen reserves in western Canada is in 



13 
 

thin, shaley (which can be identified using drilling cuttings and a combination of 

information from resistivity and gamma ray logs) or bottom water reservoirs. 

These resources can only be partially exploited with cyclic steam stimulation 

(CSS) (Lim et al., 1995) or steam-assisted gravity drainage (SAGD) (Upreti et 

al., 2007). For example, almost 50% of the original bitumen in place at Cold 

Lake, Alberta is located either in bottom water reservoirs or water sensitive 

sands in which conventional steamflood, SAGD, and CSS cannot be used 

efficiently (Lim et al., 1995). Furthermore, approximately two-third of Canada’s 

total heavy oil resides in Saskatchewan (Reservoir Annual, Saskatchewan 

Energy and Mines, 2000). Of Saskatchewan's 5.4 billion m3 of proven and 

probable heavy-oil reserves, 55% is contained in reservoirs with less than 5 m 

pay zone. It is known that primary and secondary methods normally recover 

about 5–10% of the initial heavy-oil-in-place (Dong et al., 2006). For instance, 

after recovering heavy oil via cold production (Bratli and Risnes, 1981; 

Geilikman and Dusseault, 1999; Tremblay et al., 1998; Tremblay, 2009), the 

process becomes uneconomical because of the severe reservoir pressure 

depletion and/or excessive water influx (Ivory et al., 2010).  

In a sizeable fraction of heavy oil and bitumen reserve in western Canada 

where the deposits are categorized as either thin, shaley or bottom water 

reservoirs, CSS (Lim et al., 1995) or SAGD (Upreti et al., 2007) cannot be 

applied efficiently. The inefficiency of the steam-based processes in thin 

reservoirs is because of the heat loss to the overburden and underburden. In the 

bottom water reservoirs, however, these processes perform poorly due to a poor 
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steam conformance where the steam quickly channels to the aquifer. 

Additionally, in shaley reservoirs, some clays react with water and swell, in 

particular, when the bitumen saturation is low. All of these effects lead to both 

decreased oil rates and oil-steam ratio (Lim et al., 1995). Hence, it is of crucial 

significance to develop appropriate techniques so as to enhance the oil recovery 

from these heavy oil reservoirs (Yadali Jamaloei et al., 2012a).  

The non-thermal heavy-oil recovery techniques include toe-to-heel 

waterflooding (Turta and Singhal, 2004), low-rate waterflooding (Mai and 

Kantzas, 2010), surfactant-based chemical flooding in the presence and absence 

of polymer and alkali (Liu et al., 2006; Mai et al., 2009; Thomas et al., 2001; 

Yadali Jamaloei et al., 2010a, b), immiscible/miscible CO2 flooding (Dyer et al., 

1994 ; Huang et al., 1987; Issever et al., 1993; Spivak and Chima, 1984; 

Srivastava et al., 1993; Srivastava et al., 1994), water-alternating-CO2 injection 

(Farouq Ali, 1976; Rojas et al., 1991; Thomas et al., 2001), cyclic CO2 

stimulation (Olenick et al., 1992), subcritical CO2 flooding (Srivastava et al., 

1994), vapour extraction (VAPEX) (Butler and Mokrys, 1989, 1991; Jha et al., 

1995; Lim et al., 1996; Upreti et al., 2007), methane pressure-cycling process 

(Dong et al., 2006), cyclic hydrocarbon gas stimulation (Ivory et al., 2010; Lim 

et al., 1995), light hydrocarbon gas injection (Butler and Mokrys, 1989; Dunn et 

al., 1989), water-alternating-gas (WAG) injection (Ma and Youngren, 1994), 

and other gas injection process such as flue gas flooding (Srivastava and Huang, 

1997; Srivastava et al., 1999). 
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2.2 Cyclic Solvent Process (CSP)  

One of the potential alternatives for thin, shaley, and bottom-water 

reservoirs is a solvent injection process, which has been the subject of numerous 

laboratory investigations (Butler and Mokrys, 1989, 1991, 1993a, b; Cuthiell et 

al., 2006; Das and Butler, 1993; Dong et al., 2006; Dunn et al., 1989; Mokrys 

and Butler, 1993a, b; Ivory et al., 2010; Nenniger, 1979). Some of the 

advantages of the solvent based processes are little heat loss and limited water 

handling. On the other hand, the disadvantages of these processes include high 

solvent cost and low production rate constrained by low rate of gas dissolution 

and slow mass transfer of the solvent into the bitumen and heavy oil (Lim et al., 

1995). Solvent gas can be used as an effective viscosity reducing agent for 

mobilizing the oil, as an alternate to steam used in steamflood, SAGD, and CSS 

operations.  

The concept of cyclic solvent process (CSP) is different from solvent 

assisted gravity drainage with a pair of horizontal injector and producer. CSP 

has the potential of halving well costs (Lim et al., 1995). While VAPEX is 

analogous to SAGD, CSP would be analogous to the CSS (Cuthiell et al., 2006). 

In a single-well CSP cycle, solvent is first injected for a period of time, and then 

oil is produced from the same well after the soaking period. This procedure may 

be repeated for a desired number of cycles. The investigation of CSP, has been 

part of the ongoing studies into the use of solvents as a follow-up process in 

Cold Lake and Lloydminster reservoirs (Ivory et al., 2010; Lim et al., 1995) the 

pressure in which has been depleted by cold heavy oil production with sand 
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(CHOPS) (Ivory et al., 2010). Through applying CHOPS to these reservoirs, 

typically only 5%─10% of the original oil in place (OOIP) is recovered during 

cold production. Hence, all of the present evidence is indicative of the strong 

incentives for developing an effective follow-up process for Cold Lake and 

Lloydminster reservoirs. For example, Lim et al. (1995) reported that by 

solubilizing ethane in Cold Lake bitumen at 580.3 psia and room temperature, 

the viscosity of Cold Lake bitumen can be reduced from 100,000 mPa∙s to 100 

mPa∙s. This amazing viscosity reducing effect was illustrated by Lim et al. 

(1995) using the concept of CSP with a gaseous solvent and one horizontal well. 

In another study, Ivory et al. (2010) reported that the ultimate oil recovery from 

their conducted CSP test (consisting of primary production followed by six CSP 

cycles using a solvent mixture containing 28% propane and 72% carbon 

dioxide) using a dead oil with a dynamic viscosity of 39320 mPa∙s at 20°C was 

50% of OOIP. To be brief, these studies indicate the potential viability of the 

CSP for some of the problematic heavy oil and bitumen reservoirs (which can be 

thin, shaley, or with bottom water), and in particular, Cold Lake and 

Lloydminster reservoirs.  

To sum up, numerous gas injection studies for heavy oil recovery 

(including slug displacement, water alternating gas (WAG), and CSP) have used 

gases such as light hydrocarbons, CO2, flue gas, and produced reservoir gas 

(Dong et al., 2006; Huang et al., 1987; Issever et al., 1993; Ivory et al., 2010; 

Lim et al., 1995, 1996; Ma and Youngren, 1994; Olenick et al., 1992; Srivastava 

et al., 1993; Srivastava et al., 1994; Srivastava and Huang, 1997; Srivastava et 
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al., 1999). Although the field test of CO2 CSP (huff-n-puff) indicates a 

tremendous enhancement of heavy oil recovery, CO2 huff-n-puff is not the most 

economically attractive option due to the paucity of natural CO2 sources 

(Olenick et al., 1992) and the relatively high cost of CO2 capture (Padamsey and 

Railton, 1993). On the contrary, the produced reservoir gas is readily available, 

cheap, and abundant. Hence, for the heavy oil recovery, it is more desirable to 

focus on a CSP that makes avail of gas slugs whose large fraction is the 

produced reservoir gas.  

 

2.3 Hydrocarbon-based CSP  

Currently, the extraction of viscous heavy oil and bitumen by solvents in 

an economically-viable and technically-efficient manner is a major challenge in 

the petroleum industry. To tackle this challenge, a variety of solvent-based CSPs 

have been investigated in the past. Due to the availability and abundance of the 

produced reservoir gas, oil industry is more interested in hydrocarbon-based 

CSPs. The description of various hydrocarbon-based CSPs that have been 

examined so far (Dong et al., 2006; Ivory et al., 2010; Lim et al., 1995; Qi and 

Polikar, 2005) is the main focus here. 

    

2.3.1 CSP with Supercritical Ethane Using One Horizontal Well 

Lim et al. (1995) reported the results of the injection of ethane through a 

horizontal well in a three dimensional scaled physical model (saturated with 

Cold Lake bitumen) until the bottomhole pressure was slightly above the ethane 

saturation pressure. Immediately after the injection cycle, production of diluted 
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bitumen was started through the same, horizontal well until the pressure in the 

physical model was depleted slightly below the saturation pressure at which 

pressure the liquid production was slow. The developed method by Lim et al. 

(1995) resulted in reasonable efficiency, a small loss of ethane, and low ethane-

to-bitumen replacement ratio. The first advantage of the cyclic stimulation with 

ethane through a single horizontal well is the halving of well costs, as compared 

to the two-well VAPEX-type configuration. The second advantage of the CSP 

with supercritical ethane using one horizontal well proposed by Lim et al. 

(1995) is that the strategy of pressure-controlled production is followed once the 

maximum volume of the ethane solvent is injected, allowable at the pressure 

limit. This strategy of pressure-controlled production reduces the producing gas-

oil ratio (GOR). Thirdly, this CSP was capable of attaining up to 95% local 

depletion efficiency in some of the areas in the physical model, considering that 

the sands in some areas contained very little residual oil. 

 

2.3.2 CSP Using Two Horizontal Wells (Cyclic VAPEX) 

Mokrys and Butler (1993) proposed the concept of VAPEX (injecting 

light hydrocarbon solvent into the reservoir) as an alternative when SAGD faces 

technical challenges. For example, VAPEX can be beneficial for thin pay zone 

reservoirs where the heat loss to the over- and under-burden has a negative 

impact on SAGD (Qi and Polikar, 2005). The advantages of the VAPEX are that 

it does not require water recycling and treatment, it yields much lower carbon 

dioxide emissions and can be operated at reservoir temperature. Additionally, 

the costs of VAPEX project are much less than that of a SAGD (Zhao, 2004).  
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On the contrary, one of the disadvantages of the VAPEX is that, the 

solvent has to be injected in its gaseous phase, and it has to contain some liquid 

phase so that the contact interface between the heavy oil and the solvent can be 

maximized (Frauenfeld and Lillico, 1996), meaning that the solvent is preferred 

to be injected at a pressure close to its dew point pressure. This constrains the 

permissible reservoir and operating conditions (Qi and Polikar, 2005). Other 

disadvantage of VAPEX is that the mass transfer in VAPEX is a slow process 

because of the nature of the molecular diffusion (Zhang et al., 1998) and 

convective dispersion (Fisher et al., 2002) within the porous medium. This 

causes a very slow initial production rate in VAPEX. Also, gravity drainage is 

not very efficient in thin reservoirs (Yadali Jamaloei et al., 2010b). Because of 

all these reasons, solvent soaking in VAPEX has been suggested to promote 

more effective solvent dissolution and oil dilution in order to speed up the 

production rate of VAPEX (Yadali Jamaloei et al., 2012a). Using representative 

and accurate compositional simulations, the optimal soaking time for cyclic 

VAPEX could be obtained based on the selected injection rate and a given 

solvent mixture (Qi and Polikar, 2005). 

 

2.3.3 Methane Pressure-Cycling (MPC) Using One Horizontal Well 

MPC process was developed by Dong et al. (2006) as a follow-up 

recovery method for application in some thin heavy-oil reservoirs following 

either primary or waterflood production, after which a maximum of 5%─10% of 

the OOIP is recovered. They reported the results of tests in 30.5-cm (length) x 

5.0-cm (diameter) sandpacks for oils with dynamic viscosities in the range of 
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1700 to 5400 mPa∙s. Their experimental results demonstrate that MPC is capable 

of creating a favorable condition for the injected gas to contact the remaining oil 

in reservoirs. 

 

2.3.4 CSP Using a Mixture of Propane and CO2 

Ivory et al. (2010) investigated a CSP test comprising of a primary 

production followed by six solvent (28% propane and 72% carbon dioxide) 

injection cycles. They reported an oil recovery of approximately 50%, after 

primary production and six solvent cycles. They also developed a numerical 

simulation model so as to represent the observed behaviour of their CSP cycles 

by incorporating the foamy oil model. The main drawback of the 

characterization of fluid saturations and pressures by Ivory et al. (2010) is that it 

is valid only at the start of the solvent injection process.   

 

2.4 Important Factors in Hydrocarbon-based CSP  

A variety of hydrocarbon-based CSPs for the recovery of heavy oil and 

bitumen have been proposed over the past two decades (Dong et al., 2006; Ivory 

et al., 2010; Lim et al., 1995; Qi and Polikar, 2005; Yadali Jamaloei et al., 

2012a). In general, in any hydrocarbon-based CSP, the volume of gas injected is 

sensitive to solvent solubility in oil, dissolution rates, gas-phase diffusion 

coefficients, molar densities in the oil phase, gas-phase relative permeability and 

capillary pressure. On the other hand, the volume of gas injected is relatively 

insensitive to the oil-phase diffusion coefficients. One fundamental factor 

impacting the oil recovery and its rate is the rate of solvent dissolution in the oil 
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during injection and the rate of solvent exsolution from the oil during production 

(Ivory et al., 2010). If CSP is being conducted after the cold production or 

waterflood, the effects of cycle termination pressure, mobile-water saturation, 

infill wells, gas-injection rate, and of the wormholes become very significant 

(Dong et al., 2006). Furthermore, supercritical hydrocarbons have the potential 

to improve the early production rate in CSP and increase the recovery of solvent 

in the blowdown, both of which impact the process economics in a dramatic 

fashion (Lim et al., 1995). The type of solvent used in CSP is of vital importance 

as well. In some of the reported experiments with ethane gas contacting the Cold 

Lake bitumen in the system pressure range of 464.3 to 580.3 psia, a smaller 

improvement in product quality has been observed as compared to that from 

tests with propane (Lim et al., 1995). This is attributed to the phase behavior of 

ethane-Cold Lake bitumen system and the fact that supercritical ethane extracts 

more heavy fractions of Cold Lake bitumen (which is due to less precipitation of 

asphaltene and heavy fractions when ethane is used as compared to propane) 

resulting in lower product quality. 

One phenomenon that occurs in all of the CSPs is the viscous fingering, 

which is initiated under conditions typical of heavy oil and bitumen recovery 

(i.e., very high ratios of oil to solvent viscosity). Cuthiell et al. (2006) suggested 

that an assumption of random spatial variations of permeability in simulation 

could help reproducing realistic fingering patterns. Although relatively 

successful in modeling, this method obscures the viscous fingering due to the 

solvent-heavy oil adverse viscosity ratio. Thus, using the assumption of random 
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spatial variations of permeability in reproducing the fingering pattern is not the 

correct approach. The correct modelling of dispersion is also crucial in matching 

the observed saturation profiles and production rates in CSP experiments. 

Moreover, in the simulation of any hydrocarbon-based CSP, non-equilibrium 

rate equations, time delay in solvent reaching its equilibrium concentration, 

solvent dissolution or exsolution in the oil because of the changes in the pressure 

and gas composition, and the reduced gas permeability resulting from gas 

exsolution or foamy oil should be considered. If CO2 is used in the gaseous 

solvent, the dissolution/exsolution of CO2 in/from oil and water should also be 

taken into consideration (Ivory et al., 2010). Furthermore, for gaseous fingering 

and VAPEX, capillary effects are significant and should be accounted for in the 

simulation (Cuthiell et al., 2006).    

The state of solvent at the experimental pressure has been observed to 

drastically impact the CSP performance, including the oil production, recovery 

rate, and the product quality. Notably, at a comparable solvent to bitumen 

mixing ratio, Lim et al. (1995) reported that supercritical ethane extracts a larger 

amount of heavy fractions in bitumen than the sub-critical ethane. Thus, use of 

supercritical ethane enhances the bitumen production and recovery whereas it 

lowers the product quality. In fact, up to 100% improvement in the first cycle 

production rate and 25% in the average rate of CSP has been observed if 

supercritical ethane is used with the system pressure ranging from 464.3 to 

580.3 psia.  
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Finally, most of the reported hydrocarbon-based CSPs in the literature 

have not focused on the economic analysis of the experimental results. The only 

available analysis is the work of Lim et al. (1995). Under their experimental 

conditions and on the basis of their results, Lim et al. (1995) conclude that the 

ethane contribution to the cost of supply of bitumen, including its time value and 

loss, is 10-20% of the bitumen value. Also, the cumulative ratio of ethane 

volume lost to produce one unit volume of bitumen was about 0.3, which was 

further reduced to about 0.07 by pressure blowdown at the end, which recovered 

up to 75% of the remaining solvent in the reservoir. All these data indicate the 

potential viability of the CSP for some of the problematic heavy oil and bitumen 

reservoirs in western Canada. The hydrocarbon-based CSP is yet to be tested in 

western Canadian heavy oil and bitumen reservoirs.  

 

2.5 Flow Mechanisms in Hydrocarbon-based CSP  

2.5.1 Solvent Diffusion and Convective Dispersion 

Solvent diffusion and dispersion is one of the key mechanisms in 

hydrocarbon-based CSP for the heavy oil and bitumen recovery. Tables 2.1 to 

2.3 show a summary of diffusion coefficient data. Depending on the type of 

solvent, bitumen and oil viscosity, pressure, and temperature, the diffusion 

coefficient of hydrocarbons in heavy oil and bitumen ranges from 10-12 to 10-8 

m2/s. Because of these low orders of hydrocarbon solvent diffusion in heavy oil 

and bitumen, solvent-based processes that work solely based on the solvent 

diffusion have a very slow production rate in the field scale. Perhaps sufficiently 

high solvent injection rates are required to boost the production rate of 
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hydrocarbon injection processes in cyclic or continuous injection modes in the 

field.        

 

Table 2.1: Summary of diffusion coefficient data 
 

 
 

 

 

 

 

Author (s) Pair P, psia T, ºC µo, mPa·s D, m2/s Remark 

Riazi 

(1996) 

C1– n-C7 1479.8 37.8 - 1.51 × 10-8 - 

Riazi and 

Whitson 

(1993) 

C1– n-C7 1479.8 37.8 - 1.37 × 10-8 - 

Reamer et 

al. (1956) 

C1– n-C7 1479.8 37.8 - 1.43 × 10-8 - 

Wen et al. 

(2004) 

C7–Cold Lake 

bitumen 

14.5 30 130,000 2.93 × 10-10 (5%) In the absence of 

sand at different  

solvent-oil ratios  

that are given in 

parenthesis in 

(wt.%) 

14.5 30 130,000 4.16 × 10-10 (10%) 

14.5 30 130,000 4.92 × 10-10 (15%) 

14.5 30 130,000 5.06 × 10-10 (20%) 

14.5 30 130,000 5.10 × 10-10 (30%) 

14.5 30 130,000 5.39 × 10-10 (50%) 

C6–Cold Lake 

bitumen 

14.5 30 130,000 8.32 × 10-10 (20%) 

C5–Cold Lake 

bitumen 

14.5 30 130,000 8.89 × 10-10 (20%) 

C7–Peace 

River oil 

14.5 30 671,000 4.95 × 10-10 (20%) 

C7–Atlee 

Buffalo oil 

14.5 30 6,038 7.81 × 10-10 (20%) 
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Table 2.2: Summary of diffusion coefficient data 

 

Author (s) Pair P, psia T, ºC µo, mPa·s D, m2/s 

Upreti and 

Mehrotra 

(2002) 

 

C1– Athabasca Bitumen ≈ 1160.6 50 - 1.5 × 10-10 

C1– Athabasca Bitumen ≈ 587.6 90 - 4.3 × 10-10 

C1– Athabasca Bitumen ≈ 1160.6 90 - 8.6 × 10-10 

C1– Athabasca Bitumen 580.3 25 224,500 (0.08–0.11) × 10-9 

C1– Athabasca Bitumen 
580.3–

1160.6 
25 821,00 (0.06–0.08) × 10-9 

C2– Athabasca Bitumen ≈ 583.2 75 - 4.2 × 10-10 

C2– Athabasca Bitumen ≈ 580.3 90 - 6.0 × 10-10 

C2– Athabasca Bitumen ≈ 1160.6 75 - 4.9 × 10-10 

C2– Athabasca Bitumen ≈ 1160.6 90 - 6.9 × 10-10 

C2– Athabasca Bitumen 580.3 25 821,000 (0.21–0.38) × 10-9 

Zhang et al. 

(2000) 
C1– Heavy oil 496.2 21 5,000 8.6 × 10-9 

Schmidt (1989) C1– Heavy oil 725.4 50 8,360 (0.4–0.75) × 10-9 

Civan and 

Rasmussen 

(2002) 

C1– Heavy oil 496.2 21 - 2.2 × 10-8 

Civan and 

Rasmussen 

(2003) 

C1– Heavy oil 496.2 21 - 5.0 × 10-8 

Yang and Gu 

(2006) 

C1– Lloydminster oil 
870.5–

2031.1 
23.9 23,000 (0.12–0.19) × 10-9 

C2– Lloydminster oil 
217.6–

507.8 
23.9 23,000 (0.13–0.77) × 10-9 

C3– Lloydminster oil 58–130.6 23.9 23,000 (0.09–0.68) × 10-9 

Tharanivasan 

(2004) 

C1– Lloydminster oil 
710.9–

725.4 
23.9 20,267 (0.21–0.22) × 10-9 

C3– Lloydminster oil 
58–

1160.6 
23.9 20,267 (0.49–0.79) × 10-9 

Jamialahamadi 

et al. (2006) 

C1– Dodecane 
507.8–

5077.7 
45-81 µo =  µo (T) (0.8–1.7) × 10-8 

C1– Iranian crude oil 
507.8–

5077.7 
25-50 µo =  µo (T) (0.8–1.6) × 10-8 
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Table 2.3: Summary of diffusion coefficient data 

*
In the absence of sand at different solvent-oil ratios that are given in parenthesis in (wt.%) 

 

Author (s) Pair P, psia T, ºC µo, mPa·s D, m2/s 

Etminan et al. (2010) 
C1– Dodecane 502 65 - 4.86 × 10-9 

C1– Dodecane 500 45 - 4.32 × 10-9 

Jamialahamadi et al. 

(2006) 

C1– Dodecane 507.8 65 - 10.6 × 10-9 

C1– Dodecane 507.8 45 - 9.0 × 10-9 

Zhang and Shaw (2007) 
C5–Athabasca bitumen - 21.9 ≈ 18,000 1.0 × 10-10 

C7–Cold Lake bitumen - 21.9 - 2.0 × 10-10 

Tharanivasan et al. 

(2004) 

C1– Lloydminster oil - 23.9 20,267 2.1 × 10-10 

C1– Lloydminster oil - 23.9 20,267 2.0 × 10-10 

C1– Lloydminster oil - 23.9 20,267 2.1 × 10-10 

C3–  Lloydminster oil - 23.9 20,267 1.76 × 10-9 

C3–  Lloydminster oil - 23.9 20,267 0.79 × 10-9 

C3–  Lloydminster oil - 23.9 20,267 1.78 × 10-9 

Afsahi and Kantzas 

(2007) 

C6–Cold Lake bitumen 14.5 30 - 2.06 × 10-11 (10%)* 

C6–Cold Lake bitumen 14.5 30 - 2.19 × 10-11 (20%)* 

C6–Cold Lake bitumen 14.5 30 - 5.95 × 10-11 (66%)* 

C7–Cold Lake bitumen 14.5 30 - 3.17 × 10-12 (5%)* 

C7–Cold Lake bitumen 14.5 30 - 3.60 × 10-12 (10%)* 

C7–Cold Lake bitumen 14.5 30 - 7.19 × 10-12 (20%)* 

C7–Cold Lake bitumen 14.5 30 - 5.73 × 10-11 (50%)* 

Afsahi and Kantzas 

(2007) 

C7–Cold Lake bitumen 14.5 30 130,000 7.33 × 10-12 (5%)* 

C7–Cold Lake bitumen 14.5 30 130,000 3.50 × 10-11 (10%)* 

C7–Cold Lake bitumen 14.5 30 130,000 3.60 × 10-11 (15%)* 

C7–Cold Lake bitumen 14.5 30 130,000 7.11 × 10-11 (20%)* 

C7–Cold Lake bitumen 14.5 30 130,000 7.15 × 10-11 (30%)* 

C7–Cold Lake bitumen 14.5 30 130,000 2.09 × 10-10 (50%)* 

C6–Cold Lake bitumen 14.5 30 130,000 1.62 × 10-11 (20%)* 

C5–Cold Lake bitumen 14.5 30 130,000 1.25 × 10-11 (20%)* 

C7–Peace River oil 14.5 30 671,000 8.80 × 10-12 (20%)* 

C7–Atlee Buffalo oil 14.5 30 6,038 6.61 × 10-11 (20%)* 
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Solvent dispersion triggers mixing of the solvent and oil at the edges of a 

finger. This mixing reduces the viscosity of the heavy oil and bitumen and 

allows the diluted oil to be produced. Under fully miscible conditions, mixing of 

the solvent and heavy oil is a result of molecular diffusion and convective 

dispersion (Cuthiell et al., 2006). The estimation of the longitudinal and 

transverse dispersion coefficients under a variety of conditions has been the 

topic of interest for many years, especially for the groundwater flow problems. 

In most of these studies, the focus has been on the dispersion of a phase within a 

fluid whose change in viscosity is not significant as the phase concentration 

changes (e.g., dispersion of a gas in water). 

Moreover, some of the widely used correlations (Perkins and 

Geankopolis, 1969; Wilke, 1950) are only valid for the dispersion of a dilute 

component in a fluid. Consequently, it is of significant interest to study the 

mutual dispersion of two components with significantly different viscosities 

(gaseous hydrocarbons and heavy oil/bitumen), when the mixture viscosity 

(viscosity of hydrocarbons-heavy oil mixture) changes in a noticeable manner 

during the dispersion process (Cuthiell et al., 2006; Oballa and Butler, 1989). 

The latter has not been addressed comprehensively so far. In the study of solvent 

dispersion in the heavy oil and bitumen, Cuthiell et al. (2006) has used the 

dispersion correlations developed by Blackwell (1962). One major problem in 

using Blackwell’s correlations for characterizing the dispersion of hydrocarbon 

solvents into the heavy oil and bitumen is that those correlations were developed 

for equal viscosity miscible fluids. For the miscible and partially miscible 
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displacements conducted by Cuthiell et al. (2006), oil-to-solvent viscosity ratios 

are as high as 100,000. For such systems, and thus, for hydrocarbon-heavy oil 

mixtures, the Blackwell correlations (which demonstrate the dependence of 

longitudinal and transverse dispersion coefficients on the velocity and porous 

medium) may produce misleading results for the dispersion coefficients. Thus, 

the experiment and modeling that could properly characterize the solvent 

dispersion in displacements involved in a CSP for heavy oil and bitumen 

recovery are yet to be conducted.   

 

2.5.2 Viscous Fingering 

The other key phenomenon in hydrocarbon-based CSP for the heavy oil 

and bitumen recovery is viscous fingering. Viscous fingering is important in any 

CSP in which a low viscosity solvent is injected into the heavy oil and bitumen. 

The mechanisms of viscous fingering in CSP have not been understood fully. 

The term viscous fingering stems from the concept that the displacing fluid is 

said to finger into the resident fluid (Cuthiell et al., 2006). It may occur in 

miscible, immiscible, and partially miscible displacements in a porous medium 

or a Hele-Shaw cell (Homsy, 1987; Stalkup, 1984; Yadali Jamaloei et al., 2011, 

2012b). The experimentally determined set of characteristics of the miscible 

viscous fingering by Blackwell et al. (1959) at different oil-to-solvent viscosity 

ratios (as high as 383 to 1), flow velocity, and flow geometry forms a basis for 

some of the available simulation studies (Araktingi and Orr, 1988; Peaceman 

and Rachford, 1962). To study fingering in CSP for heavy oil recovery, the oil-

to-solvent viscosity ratios can be as high as 10,000 or even 100,000 to 1. 
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Moreover, in CSP, the gaseous solvent is not fully miscible with the heavy oil. 

Hence, the experimentally determined set of characteristics of the miscible 

viscous fingering by Blackwell et al. (1959) cannot be used in studying the 

fingering in CSP for heavy oil recovery, which is a partially miscible process 

with the oil-to-solvent viscosity ratios as high as 100,000 to 1 (Cuthiell et al., 

2006). Thus, quantitative data for studying the fingering in CSP for heavy oil 

recovery are not available in the literature. What is known about the fingering in 

CSP for heavy oil recovery is limited to some qualitative interpretations, such as 

the conditions under which fingering is suppressed due to transverse dispersion 

and gravity (Coskuner and Bentsen, 1990). So far, the only qualitative 

interpretation of gaseous hydrocarbon solvent fingering in heavy oil systems has 

been done by Cuthiell et al. (2006) where they examined the effects of gravity 

and dispersion on the growth of fingers and the oil mobilization. Their 

observations illustrate that in high-viscosity contrast systems, viscous fingering 

is initiated due to a formation of a single dominant finger, and its subsequent 

enlargement due to oil mobilization (Cuthiell et al., 2006). 

 

2.5.3 Solution-gas Drive 

The essence of MPC process for some heavy-oil reservoirs after 

termination of either primary or waterflood production is the restoration of the 

solution-gas-drive mechanism via injecting a solution gas and then 

repressurizing the gas back into solution by injecting water to reach the initial 

reservoir pressure. The three effects in MPC are the replacement of produced oil 
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by water, restoration of the primary-production conditions, and creating a 

favorable condition for the gas-oil contact (Dong et al., 2006). 

 

2.5.4 Wellbore Inflow and Gravity Drainage 

During the stimulation of Cold Lake bitumen by supercritical ethane, the 

presence of two production mechanisms is evident: (i) wellbore inflow and, (ii) 

gravity drainage. The near wellbore inflow mechanism explains the declining 

rate of production in early cycles. Afterwards, the gravity drainage effect 

becomes dominant and the rate increases due to a growing solvent chamber. In 

this kind of displacements, the residual oil saturation is usually higher in the 

parts away from the production point (Lim et al., 1995). Hence, in operating a 

CSP process where two production mechanisms of wellbore inflow and gravity 

drainage are dominant, it is essential that the oil saturation in the vicinity of the 

production point is maintained as high as possible. The magnitude of the 

effective diffusivity of the solvents into the Cold Lake bitumen obtained has 

been reported as two to three orders of magnitude higher than the molecular 

diffusivity (Lim et al., 1995). 

 

2.5.5 Phase Change and Dissolution of the Solvent 

In a CSP where two production mechanisms of wellbore inflow and 

gravity drainage are dominant, bitumen becomes less viscous due to the rise of 

the solvent gas and the dissolution of the gas during the injection. Provided that 

the solvent gas is injected until the bottomhole pressure exceeds the solvent 

saturation pressure, the phase change of the solvent increases the solvent mass 
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concentration everywhere, in particular, in the area of solvent-bitumen contact. 

This ensures higher diffusion rates of the solvent (Lim et al., 1995). 

 

2.5.6 Oil Swelling 

It is known that significant oil swelling occurs because of the solvent 

dissolution into the heavy oil, which can reduce solvent injectivity during 

solvent injection into a heavy oil reservoir. Ivory et al. (2010) suggested that for 

matching the experimental oil and gas production, low oil- and gas-phase 

relative permeabilities are required during the production periods. 

 

2.5.7 Capillary Mixing 

Capillary mixing may occur in partially miscible displacements (Fayers 

and Lee, 1992). It occurs when the liquid phase is imbibed into the gas-filled 

pore-space, and gas flows counter-currently into the area originally occupied by 

liquid phase (Cuthiell et al., 2006). Capillary mixing enhances gas-liquid contact 

around the developed finger, and improves the oil recovery. This has been the 

subject of investigation in some studies (Araktingi and Orr, 1988; Fayers et al., 

1994; Peaceman and Rachford, 1962).  

 

2.6 Summary and Recommendations for Future Work 

The early experimental works on gas injection using light hydrocarbon 

gas for heavy oil and bitumen recovery are those of Dunn et al. (1989) and 

Butler and Mokrys (1989), which were conducted in two-dimensional physical 

models employing Athabasca oil sands and Peace River bitumen, respectively. 
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Among numerous gas injection processes for heavy oil recovery, vapor 

extraction (VAPEX) has gained some attention (Butler and Mokrys, 1991; Jha et 

al., 1995; Upreti et al., 2007). However, the main drawback of the traditional 

VAPEX in thin reservoirs is that its production rate is extremely low and there is 

a paucity of efficient gravity drainage.  

Traditional CSP has been studied to improve the production rate of the 

solvent injection process. One problem of traditional CSP is that during the 

production cycle the reservoir pressure has to be greatly reduced where oil 

regains its high viscosity. Albeit some studies have been conducted on the CSP 

for heavy oil recovery (Dong et al., 2006; Ivory et al., 2010; Lim et al., 1995, 

1996), none of them has addressed this critical issue. It is therefore of particular 

concern to address the aforementioned technical issues of CSP, which include: 

(1) How to effectively distribute the viscosity-reducing solvent into the oil? and 

(2) How to keep the oil viscosity low by maintaining most of the viscosity-

reducing solvent in oil during the production period? As described in Yadali 

Jamaloei et al. (2012a), we propose answers to the above-mentioned questions, 

by introducing a new process for in-situ heavy oil and bitumen recovery in thin 

reservoirs – Enhanced Cyclic Solvent Process (ECSP). However, the impact of 

the gaseous solvent type and the injection sequence of the two gas slugs on the 

performance of ECSP require further investigation. This subject is also 

investigated in depth in this thesis by conducting experiments and numerical 

simulation. 
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A reliable prediction of the level of solvent dispersion in CSP is vital for 

its successful simulation. At the injection rates tested by Cuthiell et al. (2006), 

which are at the level of field injection rates, the convective dispersion 

comprises a sizeable fraction of the total dispersion. The results of the 

experiments reported by Lim et al. (1995) has revealed that in a single horizontal 

well CSP, the rate of bitumen production assuming a gravity drainage 

mechanism was significantly higher than what could be expected from the 

molecular diffusion rate of solvent into the bitumen. This observation suggests 

that solvent dispersion or fingering, are far more important than the mass 

transfer of solvent into the bitumen. Nevertheless, there are still some 

unanswered questions about the level of solvent dispersion in the oil and 

bitumen. Although the magnitude of convective dispersion in some of the 

reported experiments (Cuthiell et al., 2006) can be predicted by Blackwell’s 

correlation (Blackwell, 1962), various possibilities are consistent with some of 

the experimental data reported by Cuthiell et al. (2006). Thus, further work is 

needed to identify the true level of the solvent dispersion in the oil and bitumen.  

The experimental results reported by Lim et al. (1995) demonstrate a 

partial improvement in product quality as a result of in-situ separation. Further 

work is necessary for a more accurate understanding of phase behaviour and 

separation capability of gaseous solvent mixtures in order to further improve the 

quality of the produced liquid. In addition, further improvements should be done 

in order to fully utilize the single horizontal well in CSP so as to enhance the 

production by recovering the bitumen depleted not only from the region in close 
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proximity to the production end of the horizontal well, but also from other 

potential regions along the horizontal well. The major problem observed in the 

experiments of Lim et al. (1995) is that the gaseous solvent preferentially 

contacted the region in the vicinity of the production end of the horizontal well. 

Unlike the available studies on the gaseous phase fingering relevant to 

the conventional oil recovery processes (Rubin et al., 1993), there is no study on 

the partially miscible displacements with implication for the heavy oil recovery, 

except the work of Cuthiell et al. (2006). They claimed that the fingering 

phenomenon in both miscible and partially miscible displacements can 

reasonably be simulated by incorporating random permeability variations in 

available commercial simulators in order to reproduce the experimental 

fingering patterns, breakthrough times and post-breakthrough oil recovery. 

Using the assumption of random spatial variations of permeability in 

reproducing the fingering pattern is not the correct approach as it obscures the 

viscous fingering attributed to the solvent-heavy oil adverse viscosity ratio. 

Thus, using this approach, the true level of viscous fingering due to the solvent-

heavy oil adverse viscosity ratio remains unknown and cannot be specified.  

The only work for examining the viscous fingering in partially miscible 

displacements involving gaseous solvent and heavy oil has been conducted in a 

heavy oil-saturated sandpack contained within a 30 cm × 60 cm × 1.4 cm visual 

cell (Cuthiell et al., 2006). Some of the major limitations of these experiments of 

viscous fingering in partially miscible displacements are that the porous media 

utilized have very high permeabilities (i.e., ≈ 400 μm2) and the displacement 
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schemes are linear. Hence, the findings may not be valid in displacement 

schemes similar to the low-permeability oil-field patterns (e.g., five-spot) in 

which one should deal with varying velocity profiles (Yadali Jamaloei et al., 

2010b). For example, if the top-down injection of a gaseous solvent (as 

conducted by Cuthiell et al. (2006)) is conducted using the oil-field patterns, the 

gaseous solvent fingering may not display features of a gravity-driven VAPEX 

in its later stages. Hence, the effect of dispersion caused by varying velocity 

profiles from injector(s) to producer(s) has not been tested completely on the 

viscous fingering in partially miscible displacements. Thus, the experiments that 

could mimic the displacements involved in a CSP in the field are yet to be 

conducted and analyzed in order to have a representative study of the viscous 

fingering occurring under the actual field condition.   
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Chapter 3: PVT Characterization and Phase Behavior Simulation for Heavy Oil-

Solvent Systems 

 

Before GEMTM module of the Computer Modeling Group (CMG) is used 

to history-match the experimental data and study the performance of the ECSP, 

Pressure-Volume-Temperature (PVT) characterization and phase behavior 

simulation for heavy oil-solvent systems should be performed. Two sets of PVT 

data are presented in this chapter: 

  

(1) The first set of data (given in Section 3.1.1) characterizes the PVT 

behavior of heavy oil Sample A with different solvent combinations. This 

set of data will later be used in CMG-WinPropTM in order to generate and 

tune an equation of state (EOS) and fluid PVT model. Once tuned, the 

PVT model will be imported into CMG-GEMTM to history-match the 

ECSP experimental data obtained in the sandpack (see Chapter Six). 

(2) The second set of data (given in Section 3.1.2) characterizes the PVT 

behavior of Brintnell heavy oil Type B with different solvent 

combinations. This set of data will later be used in CMG-WinPropTM 

module in order to generate and tune an EOS and fluid PVT model for 

performing phase behavior simulation for heavy oil-solvent systems.    

 

In summary, PVT and phase behavior simulation for heavy oil-solvent 

systems shows that the viscosity of Brintnell heavy oil (with a viscosity of 2064 

mPa∙s at 15 °C) can be reduced to approximately 500 mPa∙s by saturating the oil 
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with methane or with blends of methane and propane to a pressure of 1000 psia, 

regardless of the solvent type. However, where only methane is used, oil 

viscosity increases immediately when pressure is reduced. On the other hand, if 

propane is used along with methane in the solvent blend, the increase in oil 

viscosity with depressurization becomes much slower. Adding propane in the 

solvent blend can also greatly improve solvent solubility in the oil phase, which 

in turn maintains a lower oil viscosity during depressurization. 

   

3.1 Physical Properties of Heavy Oil Samples and PVT Characterization of Heavy 

Oil-Solvent Systems   

In this section, physical properties of the dead crude oils, oil-gaseous 

solvent pressure–volume–temperature (PVT) data, and PVT model validation 

are presented and discussed. Sets of PVT fluid study were conducted in a PVT 

set-up to identify the phase behavior of the solvent-heavy oil systems. The phase 

behavior of the solvent-heavy oil systems will be simulated using the CMG-

WinProp™ (Ver. 2012) phase behavior simulator. 

 

3.1.1 Heavy Oil Sample A  

Table 3.1 summarizes the physical properties (measured at the 

University of Regina, SK) of the heavy oil Sample A used in constructing the 

PVT model for history-matching the second set of ECSP tests. The temperature 

at which all the physical sandpack tests and the corresponding history-match 

were conducted was 22 °C. Table 3.2 summarizes the carbon distribution of the 
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heavy oil Sample A (measured at the University of Regina, SK) used in 

constructing the PVT model and conducting ECSP tests whose experimental 

results will be history-matched in Chapter Six.  

 

Table 3.1: Physical properties of the dead oil sample A used in the second set of 

ECSP tests (to examine the impact of solvent gas type and injection sequence) 

and PVT model validation for solvent-heavy oil systems and history-matching 

of ECSP tests  

Physical property of heavy oil 
Temperature (°C) 

15 25 35 50 

Dead oil viscosity (mPa∙s)  4820 1620 718 253 

Dead oil density (kg/m3) 974 969 962 952 

Dead oil molecular weight (g/mol) 389 

 

Table 3.3 to 3.5 shows the results of PVT analysis (conducted at the 

University of Regina, SK) for different heavy oil-solvent systems. The results of 

CCE for methane-propane-heavy oil system are given in Table 3.4. The reported 

values of saturation pressure and swelling factor for different feed compositions 

and temperatures will be used in order to tune the EOS and validate the PVT 

model to history-match the results of ECSP experiments (see Chapter Six).     
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Table 3.2: Carbon equivalent number distribution of heavy oil Sample A  

Components Mole% Components Mole% Components Mole% 
Methane 0.00 C20's 2.97 C42's 0.62 

Ethane 0.00 C21's 3.13 C43's 0.88 

Propane 0.00 C22's 1.98 C44's 0.89 

i-Butane 0.00 C23's 2.40 C45's 0.56 

n-Butane 0.00 C24's 1.98 C46's 0.50 

i-Pentane 0.00 C25's 2.04 C47's 0.54 

n-Pentane 0.00 C26's 1.83 C48's 0.53 

i-Hexane 0.00 C27's 1.78 C49's 0.47 

n-Hexane 0.00 C28's 1.74 C50's 0.45 

C7's 0.00 C29's 1.46 C51's 0.45 

C8's 4.42 C30's 1.38 C52's 0.43 

C9's 3.06 C31's 1.36 C53's 0.40 

C10's 3.62 C32's 1.23 C54's 0.39 

C11's 4.54 C33's 0.98 C55's 0.36 

C12's 4.41 C34's 0.84 C56's 0.31 

C13's 5.11 C35's 1.13 C57's 0.31 

C14's 4.75 C36's 1.23 C58's 0.35 

C15's 5.21 C37's 0.69 C59's 0.30 

C16's 4.23 C38's 0.66 C60's 0.32 

C17's 3.88 C39's 1.12 C61+'s 6.75 

C18's 3.95 C40's 1.02 

C19's 3.48 C41's 0.56 
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Table 3.3: Measured PVT data for propane-heavy oil sample A system 

Propane 

(Mole%) 

Oil 

(Mole%) 

Temperature

(oC) 

Saturation pressure 

(psia) 

Swelling factor 

57.94 42.06 

20.7 96.5 1.304 

35.0 132.6 1.312 

49.5 178.3 1.324 

50.57 49.43 

20.6 92.5 1.227 

35.1 125.1 1.229 

49.5 164.6 1.230 

 

Table 3.4: Measured PVT data for methane-propane-heavy oil sample A system 

Methane

(Mole%) 

Propane

(Mole%) 

Oil 

(Mole%) 

Temperature 

(oC) 

Saturation pressure 

(psia) 

Swelling factor 

13.81 

 

49.52 

 

 

36.67 

 

20.5 633.8 1.362 

35.0 722.7 1.370 

49.5 824.6 1.377 

10.67 53.97 35.36 

20.5 511.6 1.404 

35.0 588.2 1.412 

49.5 678.7 1.415 
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Table 3.5: Measured PVT data for ethane-propane-heavy oil sample A system 

Ethane 

(Mole%) 

Propane

(Mole%) 

Oil 

(Mole%) 

Temperature 

(oC) 

Saturation pressure 

(psia) 

Swelling 

factor 

 

27.75 

 

33.65 

 

38.60 

 

20.2 222.2 1.358 

34.8 294.0 1.363 

49.5 383.7 1.370 

22.29 

 

39.68 

 

 

38.03 

 

20.0 206.2 1.367 

35.0 270.7 1.372 

49.5 348.7 1.379 

 

3.1.2 Brintnell Heavy Oil Type B    

In order to conduct phase behavior simulation for the solvent-

heavy oil systems, the composition of Brintnell oil was analyzed. 

Physical properties of the Brintnell oil (measured at Saskatchewan 

Research Council, Regina) used in the phase behavior simulation of the 

solvent-heavy oil systems are given in Table 3.6. The initial reservoir 

pressure and temperature of the Brintnell reservoir range from 275 to 

377 psia and 13 to 17 °C, respectively. The viscosity of different dead 

oil samples from Brintnell reservoir varies from 800 to 80,000 mPa∙s at 

15 °C.  
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Table 3.6: Physical properties of the Brintnell oil used in phase behavior 

simulation of the solvent-heavy oil systems (in WinPropTM, Ver. 2012) and in 

the physical sandpack tests of CSP, cyclic GAW injection, surfactant-enhanced 

CSP, and the first set of ECSP tests  

Physical property of Brintnell heavy oil 
Temperature (°C) 

15 20 25 

Dead oil viscosity (mPa∙s)  2064 1255 835 

Dead oil density (kg/m3) 969 965 962 

Dead oil molecular weight (g/mol) 371 

Total acid number (mg KOH/g)  1.09 

BS & W (Vol.%)   0.00 

 

Table 3.7: Saturation pressure and viscosity for Brintnell oil-methane system 

Feed methane mole fraction 
Saturation pressure (psia) Oil viscosity (mPa·s) 

Measured Predicted Measured Predicted 

0 14.5 - 1700 - 

0.104 290.1 323.8 1380 1300 

0.1566 580.2 511.7 930 995 

0.2402 870.2 856.2 622 618 

0.3018 1160.3 1158.0 424 416 
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Table 3.8: Carbon equivalent number distribution of Brintnell Type B oil 

Components Mole% Components Mole% Components Mole% 
Methane 0.00 C20's 2.68 C42's 0.58 

Ethane 0.00 C21's 2.84 C43's 1.02 

Propane 0.00 C22's 1.86 C44's 0.65 

i-Butane 0.30 C23's 2.11 C45's 0.63 

n-Butane 0.50 C24's 1.82 C46's 0.51 

i-Pentane 1.25 C25's 1.91 C47's 0.59 

n-Pentane 0.89 C26's 1.67 C48's 0.50 

i-Hexane 0.66 C27's 1.65 C49's 0.48 

n-Hexane 0.92 C28's 1.53 C50's 0.45 

C7's 0.00 C29's 1.44 C51's 0.41 

C8's 0.00 C30's 1.30 C52's 0.40 

C9's 2.99 C31's 1.24 C53's 0.37 

C10's 4.71 C32's 1.27 C54's 0.34 

C11's 4.04 C33's 0.87 C55's 0.34 

C12's 4.24 C34's 0.89 C56's 0.32 

C13's 4.66 C35's 1.13 C57's 0.37 

C14's 4.25 C36's 1.08 C58's 0.36 

C15's 4.49 C37's 0.69 C59's 0.32 

C16's 3.69 C38's 0.71 C60's 0.34 

C17's 3.54 C39's 1.16 C61+'s 11.01 

C18's 3.60 C40's 1.12 

C19's 3.03 C41's 0.61 
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The saturation pressure and Brintnell oil viscosity data were used to tune the 

Peng-Robinson EOS. Experimental data of saturation pressure and solvent-oil mixture 

viscosity with respect to feed mole fraction of methane are listed in Table 3.7. The carbon 

equivalent number distribution of the Brintnell oil is shown in Table 3.8. These properties 

were measured at Saskatchewan Research Council, Regina. 

 

3.2 Phase Behavior Simulation for Brintnell Heavy Oil-Solvent Systems 

3.2.1 PVT Model Validation  

The phase behavior of the methane-Brintnell heavy oil system was 

simulated using the CMG-WinProp™ (Ver. 2012) phase behavior simulator. In 

summary, in the CMG-WinProp™ module, first, the experimental physical data 

for the Brintnell heavy oil were introduced. These physical properties of the 

Brintnell oil include the crude oil composition, density, and viscosity. The 

physical properties for the Brintnell oil sample used in this phase behavior 

simulation study are given in Table 3.6. The heavy crude oil flashed 

composition (reported in Table 3.7) was lumped into three groups entitled as C4 

to C14, C15 to C30, and C31+. Table 3.9 shows the lumped composition of 

Brintnell heavy oil using CMG-WinPropTM. In this PVT model, the following 

components and three pseudocomponents were introduced into the simulator: 

methane, C4-C14, C15-C30 and C31+.  

Table 3.8 provides the conditions of the live oil samples at its 

corresponding saturation pressure. The components present in the live oil 

sample were selected from CMG’s built-in database. Then, the Modified 
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Pedersen Corresponding States Model was selected for viscosity calculations. 

The standard procedure in validating the PVT model using this kind of PVT data 

in CMG-WinProp™ is to match the saturation pressure for different 

temperatures. Afterwards, it is tried to match the methane-heavy oil mixture 

viscosity. A zero weight factor for the saturation pressure must be assumed 

when matching the mixture viscosity data at this stage.   

Regression analysis was conducted to match the data and tune the EOS. 

Using multiple regressions on various available data, we tuned the EOS model 

in order to accurately represent the phase behaviour of the methane-Brintnell 

heavy oil system used in this phase behavior simulation study. Regressions were 

carried out to match saturation pressure and viscosity at different methane 

solubility. The predicted saturation pressure and viscosity for Brintnell oil-

methane system are given in Table 3.8. A reasonable match for the saturation 

pressure was obtained, which is shown in Figure 3.1. Then, after updating the 

components, this procedure produced a reasonable match for the methane-heavy 

oil mixture viscosity (see Figure 3.1). Now this tuned EOS model could be used 

to perform phase behavior simulation (see Section 3.2.2). 
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Figure 3.1: Match of saturation pressure versus temperature for different feed 

compositions (mole%) of methane-propane-heavy oil system. 

 

Table 3.9: Composition of Brintnell heavy oil after components lumping 

Component Mole fraction 

C4 to C14 0.30 

C15 to C30 0.39 

C31+ 0.31 

 

3.2.2 Phase Behavior Simulation  

Once the EOS model was tuned to accurately predict saturation pressure, 

density, and the mixture viscosity, the model could be used to perform phase 
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behavior simulation for different heavy oil-solvent systems. Phase behavior 

modeling was performed for the following five heavy oil-solvent systems: 

 

• Blend 1: 75 mole% Brintnell Heavy Oil + 25 mole% Methane 

• Blend 2: 75 mole% Brintnell Heavy Oil + 25 mole% Propane 

• Blend 3: 75 mole% Brintnell Heavy Oil + 12.5 mole% Methane + 12.5 

mole% Propane 

• Blend 4: 75 mole% Brintnell Heavy Oil + 16.75 mole% Methane + 8.25 

mole% Propane 

• Blend 5: 75 mole% Brintnell Heavy Oil + 20 mole% Methane + 5 mole% 

Propane 

 

Two-phase flash calculations were carried out with pressures changing 

from 1,000 psia (typical reservoir pressure) to 14.7 psia (blowout pressure). 

Flash calculation results for Blends 1, 2, 3, 4 and 5 are presented in Tables 3.10, 

3.11, 3.12, 3.13, and 3.14, respectively. 

The calculated oil viscosities of the five blends are plotted in Figure 3.2 

as a function of system pressure. It is observed that injecting 25 mole% solvent 

into Brintnell heavy oil reservoir will reduce the oil viscosity from roughly 2000 

mPa∙s to around 500 mPa∙s, regardless of the solvent type. However, for Blend 

1, where only methane is injected, oil viscosity increases immediately when 

pressure is reduced.  
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Figure 3.2: Brintnell oil viscosity for five blends 

 

On the other hand, if propane is used in the solvent blend, the increase in 

oil viscosity with depressurization becomes much slower. For instance, if 

pressure is reduced to 500 psia, oil viscosity remains at around 500 mPa∙s for 

Blend 2, 3, and 4 while oil viscosity for Blend 1 increases from 500 mPa∙s to 

over 1000 mPa∙s. The corresponding solvent mole percent in oil phase is plotted 

in Figure 3.3. A comparison of Figure 3.2 with Figure 3.3 shows that the 

increase in oil viscosity results from the decrease in the amount of remaining 

solvent in the oil phase. Adding propane in solvent can greatly improve solvent 

solubility in oil phase, which in turn maintain a lower oil viscosity during 

depressurization. For example, for Blends 2 and 3 (containing propane), no gas 
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is formed up to pressures of 40 and 520 psia, as shown in Tables 3.11 and 3.12, 

respectively. In Blend 2, there is no methane in the gas phase at any pressure, as 

neither solvent (i.e. propane) nor Brintnell oil contain any methane.    

 

Figure 3.3: Solvent mole percent in liquid phase for five blends 
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Table 3.10: Flash results for blend of Brintnell heavy oil-methane (Blend 1) 

 Liquid phase composition (Mole%) Gas phase composition (Mole%)  

Pressure (psia) C1 C4-C14 C15-C30 C31+ C1 C4-C14 C15-C30 C31+ Liquid viscosity (mPa·s ) 

1000.0 25.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 586 

760.0 21.84 23.51 30.61 24.04 99.99 0.01 0.00 0.00 704 

520.0 15.88 25.30 32.94 25.88 100.00 0.00 0.00 0.00 984 

280.0 9.10 27.34 35.60 27.96 100.00 0.00 0.00 0.00 1384 

40.0 1.38 1.38 38.62 30.34 99.98 0.02 0.00 0.00 1947 

14.7 0.51 29.92 38.96 30.61 99.96 0.04 0.00 0.00 2019 
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Table 3.11: Flash results for blend of Brintnell heavy oil-propane (Blend 2) 

 Liquid phase composition (Mole%) Gas phase composition (Mole%)  

Pressure (psia) 
C3 C4-C14 

C15-

C30 
C31+ C3 C4-C14 C15-C30 C31+ 

Liquid viscosity (mPa·s ) 

1000.0 25.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 624 

760.0 25.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 613 

520.0 25.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 603 

280.0 25.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 592 

40.0 25.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 581 

14.7 12.09 26.44 34.43 27.04 99.96 0.04 0.00 0.00 1192 
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Table 3.12: Flash results for Brintnell heavy oil blended with combined solvents (mole ratio of methane to propane = 

1.00 (Blend 3)) 

 Liquid phase composition (mole%) Gas phase composition (mole%)   

Pressure  

(psia) 

C1 C3 C4-C14 C15-C30 C31+ C1 C3 C4-C14 C15-C30 C31+ Liquid viscosity 

(mPa·s ) 

C1+C3 

(mole%) 

1000.0 12.50 12.50 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 605 25.00 

760.0 12.50 12.50 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 594 25.00 

520.0 12.50 12.50 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 584 25.00 

280.0 8.52 12.76 23.68 30.83 24.21 92.82 7.17 0.00 0.00 0.00 725 21.28 

40.0 0.99 9.27 26.99 35.14 27.61 71.05 28.93 0.02 0.00 0.00 1305 10.26 

14.7 0.30 4.97 28.49 37.10 29.14 58.85 41.11 0.04 0.00 0.00 1646 5.27 
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Table 3.13: Flash results for Brintnell heavy oil blended with combined solvents (mole ratio of methane to propane = 

2.00 (Blend 4)) 

 Liquid phase composition (mole%) Gas phase composition (mole%)   

Pressure  

(psia) 

C1 C3 C4-C14 C15-C30 C31+ C1 C3 C4-C14 C15-C30 C31+ Liquid viscosity 

(mPa·s ) 

C1+C3 

(mole%) 

1000.0 16.75 8.25 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 598 25.00 

760.0 16.75 8.25 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 588 25.00 

520.0 15.47 8.33 22.92 29.84 23.44 0.00 0.00 0.00 0.00 0.00 584 23.80 

280.0 8.71 8.60 24.87 32.38 25.44 95.18 4.81 0.00 0.00 0.00 908 17.31 

40.0 1.14 5.85 27.98 36.43 28.61 81.75 8.24 0.02 0.00 0.00 1523 6.99 

14.7 0.38 3.15 29.01 37.78 29.68 73.91 26.05 0.04 0.00 0.00 1777 3.53 
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Table 3.14: Flash results for Brintnell heavy oil blended with combined solvents (mole ratio of methane to propane = 

4.00 (Blend 5)) 

 Liquid phase composition (mole%) Gas phase composition (mole%)   

Pressure  

(psia) 

C1 C3 C4-C14 C15-C30 C31+ C1 C3 C4-C14 C15-C30 C31+ Liquid viscosity 

(mPa·s ) 

C1+C3 

(mole%) 

1000.0 20.00 5.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 593 25.00 

760.0 20.00 5.00 22.56 29.37 23.07 0.00 0.00 0.00 0.00 0.00 583 25.00 

520.0 15.63 5.17 23.82 31.02 24.36 98.05 1.95 0.00 0.00 0.00 747 20.80 

280.0 8.86 5.30 25.82 33.62 26.41 97.04 2.95 0.00 0.00 0.00 1075 14.15 

40.0 1.24 3.45 28.67 37.33 29.32 89.25 10.73 0.02 0.00 0.00 1690 4.69 

14.7 0.43 1.86 29.38 38.27 30.06 84.59 15.37 0.04 0.00 0.00 1874 2.29 
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Chapter 4: Experimental Set-up and Procedures 

 

4.1 Experimental Set-up 

Figure 4.1 shows the experimental set-up, which comprises a visual 

sandpack, an oil injection system, a gas injection system, a back pressure 

regulator (BPR) unit, an oil-gas separator, an effluent gas meter, and the flow 

pressure gauges. 

The oil injection system includes a transfer vessel, which contains the 

crude oil. The crude oil vessel, flow lines and sandpack are continuously heated 

using a network of heating belts (which is connected to transfer vessels, flow 

lines, and the sandpack), a heat circulator, and a temperature controller during 

the process of saturating the sandpack with heavy oil. The temperature of the 

crude oil vessel is controlled and monitored through the digital temperature 

controller. A high-precision, low-rate high-performance liquid chromatography 

(HPLC) pump is used to inject the warmed crude oil into the sandpack for 

desaturating the brine. The injection flow rate and pressure of the pump can be 

adjusted in the range of 0.0001–10 cm3/min and 1.5–5801.5 psig, respectively. 

The gas injection system consists of gas cylinders, two-stage regulators, 

and a digital, programmable mass flow meter and totalizer with display (Omega 

FMA 4000- Digital Mass Flow Meters). Two digital, programmable mass flow 

meters and totalizers are inserted in the lines, and can display the flow rate and 

the total volume of the gas injected into/produced from the sandpack. The 

temperature and pressure ranges of the Omega FMA 4000- Digital Mass Flow 

Meters are 5–50 °C and 0–500 psig, respectively. 
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(a) Schematic of the experimental set-up 
 

 
(b) Photograph of the set-up including the oil, brine and gas injection systems 
 

 
(c) Close-up of the long visual sandpack 
 
Figure 4.1: Experimental set-up 
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 The BPR unit consists of a BPR especially designed for systems 

producing heavy oil, a nitrogen cylinder and regulator, sample vessels, and 

pressure gauges. The nitrogen cylinder is used to adjust the BPR pressure. 

The oil-gas separator and effluent gas meter are used to measure the 

amount of produced oil and gas. The produced effluent from the sandpack enters 

the separator, which sits on a high-precision digital scale. The gas is separated 

from the oil and leaves the separator through a wet gas meter, and the oil content 

is collected at the bottom of the separator. The weight of the oil collected, and 

the volume of the gas released, are recorded continuously.   

The central unit of the experimental set-up includes the sandpack, flow 

pressure gauges and monitoring system. The sandpack is a 101.3 cm long porous 

medium that was specifically designed to resemble a thin formation. A total of 

eight ports have been included in the body of the visual sandpack. This provides 

a great deal of flexibility for the operator in regards to injection/production and 

pressure monitoring, over the entire length of the sandpack. Heating belts are 

connected to the sandpack and flow lines, in order to heat up the system during 

the process of saturating it with the heavy oil. A total of three digital pressure 

gauges are used to monitor the pressure along the sandpack. Physical and 

hydraulic properties of the visual sandpack in each run are given in Tables 4.1, 

4.2 and 4.3. 

 

4.2 Materials 

Two samples of oil were used in the PVT analysis and physical sandpack 

tests. Heavy oil and brine samples from the Brintnell reservoir, in northern 
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Alberta, Canada, were supplied by Canadian Natural Resources Limited. 

Physical properties of the Brintnell oil Type B are given in Table 4.1. This oil 

sample was used in partially saturating the sandpack employed for a series of 

runs, which include the CSP, cyclic gas alternating water (GAW), the first set of 

ECSP (3 ECSP tests), and surfactant-enhanced CSP (see Tables 4.1 and 4.2). 

Table 4.3 shows the physical properties of the dead oil sample A, which was 

used in the second set of ECSP tests (to examine the impact of solvent gas type 

and injection sequence), and PVT model validation for solvent-heavy oil 

systems in history-matching of ECSP tests. 

 

Table 4.1: Summary of materials (oil and brine samples taken from South 

Brintnell) and physical properties of the sandpack for CSP and ECSP  

Materials 
 
Dead oil viscosity at 22 °C, mPa.s 1080 
Dead oil density at 22 °C, kg/m3 964  
Dead oil total acid number , mg KOH/g 1.09 
Dead oil molecular weight, g/mol 371 
 

Physical and hydraulic properties of visual sandpack 
 
 CSP using Methane ECSP using (Methane + Propane) 
Length (m) 1.013 1.013 
Width (m) 0.049 0.049 
Thickness (m) 0.032 0.032 
Porosity 0.38 0.38 
Permeability (Darcy) 41.8 41.8 
Initial oil saturation (%) 60.0 52.4 
Initial water saturation (%) 23.9 29.0 
Initial gas saturation* (%) 16.1 18.6 
*
Residual methane saturation (which was obtained by volumetric material balance) trapped after water and oil injection. 
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Table 4.2: Summary of materials (oil and brine samples taken from South 

Brintnell) and physical properties of the sandpack used for CSP, ECSP, cyclic 

gas alternating water, EWF, and blowdown 

Materials 
 
Dead oil viscosity at 22 °C, mPa∙s 1080 
Dead oil density at 22 °C, kg/m3 964  
Dead oil total acid number , mg KOH/g 1.09 
Dead oil molecular weight, g/mol 371 
 

Physical and hydraulic properties of visual sandpack in each series of runs 
 
 ECSP 

((65-80)% 
CH4 + 

(20-35)% 
C3H8) 

ECSP 
(90% CH4 

+ 
10% C3H8) 

CSP (CH4) and 
GAW*** 

(CH4 + Water) 

Surfactant-
enhanced CSP 

(Surfactant + CH4) 

    
Length (m) 1.013 1.013 1.013 1.013 
Width (m) 0.049 0.049 0.049 0.049 
Thickness (m) 0.032 0.032 0.032 0.032 
Porosity 0.38 0.38 0.38 0.37 
Permeability (D) 41.8 41.8 17.5 39.3 
Initial oil (%) 52.4 56.3 87.5 86.4‡ 
Initial water (%) 29.0 27.8 5.2 0 
Initial gas** (%) 18.6 15.9 7.3 13.6 
**

Residual methane saturation after water and oil injection. 
*** Gas alternating water. 
‡ Includes the amounts of injected mineral oil (60 g) and oil-soluble surfactant (15 g).    

 

Methane, ethane, propane, and nitrogen were supplied by Praxair with 

purities of 99.99%, 99.0%, 99.99%, and 99.99%, respectively. A surfactant 

(FlourN™ 20158M) and a mineral oil (ShellflexTM 810) were used in surfactant-

enhanced CSP run (Table 4.2). Standard industrial quartz (supplied by Unimin 

Limited) and crystalline silica (CAS# 14808-60-7) have been used as the sand 

material to pack the visual porous medium. It should be noted that the standard 

industrial quartz was used in filling the sandpack employed for one series of 
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runs, which include both the CSP and cyclic gas alternating water injection (as 

given in Table 4.2). Crystalline silica was used to pack the visual porous 

medium in CSP, three ECSP, and surfactant-enhanced CSP runs (Table 4.2), and 

four ECSP tests (Table 4.3).  

 

Table 4.3: Summary of physical properties of the oil and sandpack used in ECSP 

tests 

Materials 

Dead oil viscosity at 22 °C, mPa∙s 2246 
Dead oil density at 22 °C, kg/m3 970 
Dead oil molecular weight, g/mol 389 
 

Physical properties of visual sandpack in each series of ECSP runs 
 
 ECSP ECSP ECSP ECSP 

(Methane 
+ 

Propane) 
 

1.013 
0.049 
0.032 
0.39 
43.2 
73.9 
26.1 

(Ethane 
+ 

Methane) 

(Propane 
+ 

Methane) 

(Methane 
+ 

Ethane) 
    
Length (m) 1.013 1.013 1.013 
Width (m) 0.049 0.049 0.049 
Thickness (m) 0.032 0.032 0.032 
Porosity 0.40 0.40 0.39 
Permeability (Darcy) 43.6 43.6 42.9 
Initial oil saturation (%) 80.8 70.0 82.6 
Initial gas saturation** (%) 19.2 30.0 17.4 
**

Residual methane saturation after oil injection. 
 

 

If shale (or clay) is used in the pack, significantly lower porosity 

(because of the presence of shale microsporosities) and permeability are 

obtained, leading to a higher capillary pressure in the system because of the finer 

capillaries. Ivory et al. (2010) reported that in the presence of higher capillary 

pressure, both the injectivity of the gases and the oil production increase in 



 61 

cyclic CO2-propane injection. The effect of capillary pressure in lower 

permeability media on the injectivity of methane and propane and the oil 

production in ECSP are yet to be investigated in the future.  

 

4.3 Procedures  

4.3.1 Procedures of Conducting First Set of CSP and ECSP Tests  

In the first part of the physical sandpack tests, the performance of CSP 

and ECSP is compared. To conduct the primary depletion and six CSP/ECSP 

cycles given in Table 4.1, the sandpack was first packed with crystalline silica 

(CAS# 14808-60-7). Afterward, the sandpack was tested for leakage using 

methane. Brine was then injected to displace methane. Then, warm crude oil 

was injected into the sandpack to displace the brine and methane. In this way, 

the condition of connate water and initial gas saturations is established in the 

sandpack. The desaturated brine and methane were collected at the outlet. The 

initial oil, water, and gas saturation in the sandpack are given in Table 4.1. At 

the end of this stage, the warm sandpack was allowed to cool to the experiment 

temperature (22 °C). As shown in Table 4.1, the initial water saturations in the 

sandpack are relatively high. This is because the displacement of water by the 

warmed oil becomes progressively less efficient as the displacement front 

approaches the other end of the long model. Thus, the residual water saturation 

in the sandpack increases as oil injection proceeds.     

Once the sandpack reached the experiment temperature, the desired 

volume of methane in methane CSP or methane/propane in ECSP was injected 

into the sandpack, while all of the valves connected to the sandpack were closed, 
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except the injection valve. After termination of gas injection, the injection valve 

was closed, and the sandpack was left to soak. The sandpack pressure was 

recorded continuously during gas injection, soaking, and production stages. 

Once the sandpack pressure reached a steady state value, production from the 

sandpack was commenced through the inlet to mimic a single-well, cyclic 

hydrocarbon injection. The amounts of oil and gas production were measured 

continuously during the production cycle. This procedure was repeated for each 

CSP and ECSP cycle. In addition, for the primary depletion test before ECSP 

cycles, after injecting propane and methane gases, the sandpack was pressurized 

using brine injection. For the primary depletion test before CSP cycles, after 

injecting methane, the sandpack was not pressurized using brine injection.   

 

4.3.2 Procedures of Conducting Second Set of CSP and ECSP Tests, Cyclic Gas 

Alternating Water (GAW) Injection, and Surfactant-enhanced CSP  

The second part of the physical sandpack tests is devoted to a parametric 

analysis of ECSP to further demonstrate and confirm the advantages of ECSP 

over CSP. Also, the impact of system repressurization using water injection in 

CSP was tested by conducting two gas alternating water injection cycles. It will 

be shown that other ways of improving CSP is either to repressurize the system 

using water injection, i.e., conducting cyclic gas alternating water injection 

instead of CSP, or to conduct surfactant-enhanced CSP. The impact of foam 

production, due to injecting surfactant, on the CSP performance will also be 

investigated.     
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A total of four runs were conducted in the second part. First, two ECSP 

runs (each consisting of a depletion test and six cycles) were conducted. Then, 

another run was performed consisting of a depletion test and six cycles (CSP 

and gas alternating water injection). The last run was devoted to the 

investigation of surfactant-enhanced CSP (a depletion test and four cycles). All 

of the CSP and ECSP runs were conducted at relatively low-to-intermediate 

pressures, in a visual sandpack partially filled with crude oil, gas, and brine.  

In CSP, methane was used as the injectant. In ECSP, methane was 

employed as the volatile gaseous solvent slug, followed by propane or ethane as 

the more soluble gaseous solvent slug. The impact of operational pressure, 

initial production pressure, the type of more soluble solvent (propane or ethane), 

propane slug size, and the cycle initial oil saturation on the ECSP performance 

(recovery factor, recovery rate, and drawdown rate) are evaluated.  

Conducting gas alternating water injection, slug displacement, and CSP 

utilizing the produced reservoir gas is a more economically viable option for the 

heavy oil recovery. Thus, another focus of this study is to compare the behavior 

of methane CSP and gas alternating water injection for the heavy oil recovery by 

examining the impact of system repressurization using water injection before 

methane injection (i.e., conducting two gas alternating water cycles). Therefore, 

the second series of CSP cycles was conducted under different operational 

conditions and using methane as the injectant. In the second CSP run, in 

addition to the influence of well location, range of pressure operation, initial 

production pressure, the production end pressure on the CSP performance, the 
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impact of system repressurization using water injection was also evaluated by 

conducting two gas alternating water cycles. Furthermore, an extended water 

flood (EWF) and blowdown were conducted before the last cycle of CSP. The 

results are used to compare the behavior of CSP, cyclic gas alternating water 

injection, and EWF for heavy oil recovery. 

In order to evaluate the impact of foam production on the CSP 

performance, a series of surfactant-enhanced CSP cycles was also conducted. 

The impact of adding an oil-soluble surfactant prior to methane injection on the 

recovery factor and production rate is evaluated by comparing the results of 

surfactant-enhanced CSP to those of the first series of CSP cycles. 

In order to prepare the sandpack for the primary depletion test and 

follow-up processes (CSP, ECSP, gas alternating water), the visual sandpack 

was first filled with crystalline silica. Afterwards, the sandpack was tested for 

leaks using methane. Once the leakage test was complete, brine was injected to 

displace the methane in the sandpack. Next, warm crude oil was injected into the 

sandpack. At the end of this stage, the warm sandpack was left to cool to the 

experimental temperature (22 °C). The initial oil, water, and gas saturations in 

the sandpack at atmospheric pressure for each run are given in Table 4.2. It 

should be mentioned that because of the presence of initial gas saturation, the 

subsequently injected methane and ethane/propane have a better chance to be 

uniformly distributed in the sandpack.   

Once the sandpack reached the required experimental temperature (22 

°C), the desired volumes of methane (for primary depletion and CSP cycles), or 
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methane/ethane or methane/propane (for ECSP cycles), with different slug 

ratios, were injected into the system while all the valves connected to the 

sandpack were closed, except for the injection valve. After termination of gas 

injection, the injection valve was closed and the sandpack was left to soak. The 

sandpack pressure was recorded continuously during gas injection, soaking, and 

production. Once the sandpack pressure reached a steady state value, production 

from the sandpack was commenced through the inlet (i.e., conducting a single-

well CSP or ECSP). The amount of oil and gas produced was measured 

continuously during the production cycle. This procedure was repeated for each 

CSP/ECSP cycle. In addition, for the primary depletion test conducted before 

ECSP cycles, using the pair of methane/propane, after injecting the propane and 

methane, the sandpack was pressurized using brine injection. It is noted that, in 

each run, before conducting CSP, ECSP, or surfactant-enhanced CSP cycles, a 

primary depletion test was performed.    

In the second series of CSP runs and gas alternating water (GAW) 

cycles, production from the sandpack was commenced through either the outlet 

(CSP Cycle 1 and 2) or the inlet (CSP Cycles 3 to 6 and blowdown), once the 

sandpack pressure reached a steady state value. In addition, for GAW Cycles 4 

and 5, prior to injecting methane, the sandpack was repressurized using brine 

injection. GAW Cycle 5 was immediately followed by EWF and blowdown. 

Finally, CSP Cycle 6 was conducted using a similar procedure to that of CSP 

Cycle 3. Like the first series of CSP runs and ECSP runs (explained in Section 
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4.3.1), the produced oil and gas were measured continuously in this set of 

combined CSP and gas alternating water cycles.  

When conducting the surfactant-enhanced CSP cycles, the heavy oil was 

injected into the sandpack to displace the methane. The mixture of surfactant (15 

g FlourN™ 20158M) and mineral oil (60 g ShellflexTM 810) was then injected 

into the sandpack through the same injection-production end, prior to the 

primary depletion test and methane injection. The sandpack was put back into 

production after soaking. It is worth noting that the mixture of surfactant and 

mineral oil was only injected before the primary depletion test. 

 

4.3.3 Procedure of Conducting Third Set of ECSP Tests 

The focus of the third part of the physical model tests is to find the 

optimum solvent injection sequence. This was done through examining the 

impact of the solvent injection sequence on the performance of ECSP using 

different solvent pairs. Four series of ECSP tests, each consisting of six cycles, 

were conducted in a visual long sandpack partially filled with methane and 

heavy crude oil sample A (with a viscosity of 2246 mPa∙s at experimental 

temperature of 22 °C) to mimic the primary depletion phase. After the primary 

depletion, methane was deployed as the volatile hydrocarbon gas slug, followed 

or led by propane or ethane as the more soluble solvent slug. The size of injected 

gas slug in each cycle has been given in Tables 5.7 to 5.10 in Chapter Five. Each 

of the following solvent pairs and injection sequences were used in one series of 

six ECSP cycles: (1) ethane-methane, (2) methane-ethane, (3) propane-methane, 

and (4) methane-propane.   
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In order to prepare the sandpack for the primary depletion test and ECSP 

cycles, the visual sandpack was first packed with crystalline silica (CAS# 

14808-60-7) as the sand material. The sandpack was then tested for leaks using 

methane. After the leakage test, warm crude oil and methane were sequentially 

injected into the sandpack. At the end of this stage, the warm sandpack was left 

to cool to the experimental temperature (22 °C). The initial oil and gas 

saturations in the sandpack, for each run, are given in Table 4.3.  

Once the sandpack reached the experimental temperature (22 °C), the 

desired volumes of methane or propane (for primary depletion) or 

methane/ethane or methane/propane (for ECSP cycles), were injected into the 

system while all the valves connected to the sandpack were closed, except the 

injection valve. After termination of gas injection, the injection valve was closed 

and the sandpack was left to soak. Once the sandpack pressure reached steady 

state, production from the sandpack was commenced through the inlet. That is, a 

single-well ECSP was conducted. The amount of oil and gas production was 

measured continuously during the production cycle. This procedure was 

repeated for each ECSP test.  

In conducting any ECSP where methane is injected ahead of propane, 

and the final sandpack pressure before the soaking period (reported in Tables 

5.2, 5.4, and 5.10) exceeds the saturation pressure of propane, the following 

procedure was implemented, which includes: 1) injecting a portion of the 

methane slug to reach a sandpack pressure below the saturation pressure of 

propane, 2) injecting the propane slug to obtain a sandpack pressure close to the 
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saturation pressure of propane, and 3) injecting methane to pressurize the 

sandpack to reach its final pressure before soaking.           

 

 
 
     

 



‡The content of “Section 5.1” (including the text, figures, and tables) has been reprinted [with minor 
modification] with permission from {Yadali Jamaloei, B., Dong, M., Mahinpey, N., Maini, B.B. 2012a. 
Enhanced Cyclic Solvent Process (ECSP) for Heavy Oil and Bitumen Recovery in Thin Reservoirs. Energy 
& Fuels. 26(5): pp 2865–2874. DOI: 10.1021/ef300152b}. Copyright {2012} American Chemical Society.   

Chapter 5: Physical Sandpack Results and Discussion 
 
 

5.1 First Set of Experiments: Detailed Comparison of CSP and ECSP‡  

In the first part of this chapter, the behavior of methane huff-n-puff for 

heavy oil recovery is investigated by conducting a series of CSP cycles in a 

sandpack saturated at atmospheric pressure with Brintnell heavy crude oil Type 

B (with a viscosity of 1080 mPa∙s at 22 °C), brine, and methane before 

conducting the depletion test. The results of the six methane CSP cycles 

revealed that methane huff-n-puff is inefficient. The problem is that, during the 

production cycles, the reservoir pressure has to be greatly reduced to realize 

solvent gas drive. In doing this, the oil regains its high viscosity, because a large 

fraction of methane evolves out of the oil. In order to overcome this limitation, 

and keep the oil viscosity low by maintaining most of the viscosity-reducing 

solvent in oil during the production period, a new process, enhanced cyclic 

solvent process (ECSP), was examined. In ECSP, two types of hydrocarbon 

solvents are cyclically injected, but in two separate slugs. One slug is more 

volatile (methane) and the other is more soluble (propane) in the heavy oil. A 

series of six ECSP cycles was conducted in the same sandpack used in the 

methane huff-n-puff tests. A total oil recovery of 34.30% original oil-in-place 

(OOIP) was obtained through six ECSP cycles, compared to 4.28% OOIP of six 

methane huff-n-puff cycles, indicating that ECSP improves the methane huff-n-

puff for the heavy oil recovery in thin formations.  
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5.1.1 Methane CSP (Methane Pressure-Cycling Process)  

Table 5.1 summarizes the experimental conditions and results for the 

primary depletion test and the six CSP cycles (conducted at different sandpack 

pressures so as to investigate the effect of pressure) using only methane. For the 

primary depletion test, and all six CSP cycles, the injector and producer were 

chosen to be a single point (i.e. conducting single-well CSP through the 

sandpack inlet). It takes a long period of time for the effects of methane 

diffusion and oil swelling to reach the sandpack outlet. In order to simulate the 

performance of the primary depletion test, the sandpack was pressurized to 300 

psig using methane, so as to promote methane diffusion and oil swelling. In fact, 

because the initial model pressure was not enough to do a primary depletion test, 

methane was injected to increase the system pressure. Afterward, the system 

was brought to equilibrium by allowing it to soak for 75 hours. After soaking, 

primary depletion produced a fair amount of oil (1.72 % OOIP) with a relatively 

high recovery rate (0.29 g/min). The recovery rate of CSP Cycle 1 reached a 

peak of 0.34 g/min among all of the CSP cycles, which illustrates the significant 

impact of the initial production pressure on the CSP performance, when 

sufficient oil saturation is available. Cycle 1 recovered more oil than primary 

depletion, because of a higher initial sandpack pressure after soaking.        

A comparison of CSP Cycles 1 and 2 indicates the significance of cycle 

initial oil saturation (see Table 5.1). In order to improve the CSP performance, 

the sandpack should be pressurized by injecting methane at higher injection 

pressures, so as to increase methane solubility in order to create a more effective 
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solution gas drive. To do so, in all the CSP cycles, methane was injected into the 

sandpack at an injection pressure of 450 psig. Afterwards, the system was 

allowed to soak for 21–23 hours. Cycle 1 produced a considerable amount of oil 

(3.0 %OOIP), with a high recovery rate (0.34 g/min).  

 
Table 5.1: Experimental conditions and results for CSP cycles using methane  

Run Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 
Methane injected 
(scm3) 3996.9 1616.2 1625.9 2125.2 3755.2 3973.0 4335.8 

Methane 
injection 
pressure (psig) 

450 450 450 450 450 450 450 

Initial oil , g 348.4 342.4 332.1 329.9 329.5 329.2 328.9 

Soaking time 
(hr) 74.95 21.12 22.85 21.87 22.92 22.50 23.00 

Sandpack 
pressure before 
soaking (psig) 

400.0 438.0 60.0 111.4 209.5 267.2 400.0 

Initial production 
pressure (after 
soaking) (psig) 

217.3 357.8 55.6 93.4 184.4 245.9 345.3 

Cycle end 
production 
pressure (psig) 

10.6 5.5 0.9 0.8 0.7 0.7 1.0 

Production time 
(min) 21 30 40 14 15 15 25 

Oil recovered (g) 6.0 10.3 2.2 0.4 0.3 0.3 1.4 

Recovery factor 
(% Cycle Soi) 

1.72 3.05 0.66 0.12 0.09 0.09 0.43 

Oil recovery (% 
OOIP) 1.72 2.96 0.63 0.11 0.09 0.09 0.40 

Average 
recovery rate 
(g/min) 

0.29 0.34 0.06 0.03 0.02 0.02 0.06 

Drawdown rate 
(psig/min) 9.84 11.74 1.37 6.61 12.25 16.35 13.77 
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CSP Cycle 2 produced only 0.63% of OOIP with a significantly lower recovery 

rate (0.06 g/min). To conclude, higher oil recovery and rate of recovery can be 

obtained with a higher initial production pressure, when sufficient residual oil 

saturation is available. 

The effect of methane slug size on the production rate of CSP was 

investigated by increasing the size of methane slug in Cycle 4. Table 5.1 shows 

that the initial production pressure in Cycle 4 increased to 184.4 psig from 93.4 

psig in Cycle 3, but the performance of CSP Cycle 4 is not improved relative to 

Cycle 3. It was observed that there was a noticeable decrease in the residual oil 

saturation near the production end of the sandpack from CSP Cycle 2 to 3 when 

the initial production pressure was reduced from 357.8 psig to 55.6 psig. This 

partially explains why there was no increase in oil recovery with the increase in 

methane slug size and the moderate increase in initial production pressure. 

However, if the initial production pressure is elevated to a pressure high enough 

to create an effective solution gas drive, a fair improvement of methane CSP is 

observed, even in the presence of a sensible reduction in the residual oil 

saturation around the production well (compare the performance of CSP Cycles 

4 and 6). Hence, the behavior of methane CSP is sensitive to the initial 

production pressure. Finally, only small amounts of oil (0.3–0.4 g) were 

produced from CSP Cycles 3, 4 and 5, which had relatively low amount of 

initial oil (329.9–329.2 g). The major reason of the failure of CSP Cycles 3, 4 

and 5 is the relatively low pressure range of operation (93–245 psig) relative to 

CSP Cycle 6 (345 psig). 
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5.1.1.1 Recovery factor  

The oil recovery data in Figure 5.1 are indicative of a sharp increasing 

trend during the early stages, when sandpack pressure drops sharply. Moreover, 

the drawdown rate decreases dramatically over this early period of production 

time. Furthermore, the incremental oil recoveries of Cycles 3, 4 and 5 are far 

lower than those of Cycles 1, 2 and 6. This illustrates that a large methane slug 

size is needed to pressurize the sandpack to a pressure at which an efficient CSP 

could be conducted, when the oil saturation is significantly reduced after several 

CSP cycles.  

 

Figure 5.1: Incremental recovery factor (% cycle initial oil saturation) of CSP  

 

Later CSP cycles are not only inefficient relative to early CSP cycles but 

also need a large methane slug to increase the  system pressure and create an 

effective solution gas drive. Table 5.1 also shows that a higher initial production 

pressure for CSP cycles is equivalent to a higher ultimate oil recovery factor, 
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provided that sufficient cycle residual oil saturation around the production well 

is available. Hence, the effect of higher initial production pressure for CSP 

cycles might suppress the effect of a reduction in available cycle initial oil 

saturation for late CSP cycles. This indicates that methane CSP behavior is a 

stronger function of the initial production pressure than the residual oil 

saturation. 

 

 
Figure 5.2: Ultimate recovery factor (% OOIP) of CSP cycles  

 

According to Figures 5.2, the ultimate oil recovery of CSP cycles 

increases from one cycle to another and then decreases. This fluctuation of CSP 

cycles performance is attributed to the competing effect of the reduction in 
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available cycle initial oil saturation and the increase in the initial production 

pressure. Almost 6.0% of the OOIP was produced after primary depletion test 

and six CSP cycles. The combined heavy oil recovery through six CSP cycles 

was only 4.28% of OOIP. The main underlying reason behind the poor 

performance of CSP is that, during the production cycle, the sandpack pressure 

has to be reduced, whereby oil regains its high viscosity when a significant 

amount of methane leaves the oil and is produced. This will be further explained 

in a subsequent section.  

 
 
Figure 5.3: Average recovery rate of CSP cycles versus initial production 

pressure 

 

5.1.1.2 Recovery rate  

Increasing the initial production pressure is one way of increasing the 

production rate of CSP. Repressurization by methane injection, to high enough 
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pressure for creating an efficient solvent gas drive mechanism, speeds up the 

production rate, provided that sufficient starting oil saturation is available, 

especially in the vicinity of the injection-production well (compare the 

performance of CSP Cycles 1, 4 and 5). Additionally, decreasing the cycle 

initial oil saturation after performing several CSP cycles causes a significant 

drop in the recovery rate. Thus, the ultimate oil recovery rate in CSP cycles is 

significantly influenced by the cycle initial oil saturation and the initial 

production pressure, which is dependent on the methane slug size (Figure 5.3).  

 

5.1.1.3 Shortcomings of methane huff-n-puff   

Figure 5.4 shows an abrupt increase of the sandpack pressure during the 

repressurization by methane over 1–2 hours. Afterwards, the sandpack pressure 

drops slowly over the soaking time as a part of the free gas dissolves into the oil. 

Then, during the early production stage (1─5 minutes), the sandpack pressure 

drops abruptly and reaches 1–10 psig at the end of the CSP production cycles. 

The range of pressures over which the less-efficient CSP cycles (CSP Cycles 3, 

4, and 5) were conducted should also be elaborated on. Due to low pressure, a 

negligible amount of oil was produced from the sandpack in Cycle 3. One of the 

primary reasons is the absence of an effective solution gas drive mechanism; a 

large portion of methane leaves the sandpack during the early production, while 

the sandpack pressure drops quickly to approximately atmospheric pressure.  
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Figure 5.4: Sandpack pressure during CSP cycles versus time  

 

 
 
Figure 5.5: Sandpack pressure during primary depletion and CSP cycles versus 

production time  
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An underlying reason behind this behavior is that the residual oil 

saturation in the vicinity of the injection site at the end of Cycle 2 decreases 

considerably. Thus, it appears that a major portion of the injected methane in 

Cycle 3 tends to occupy the depleted spaces (and preferentially larger pores). 

During the production, a large portion of methane within the larger pores leaves 

the system without contributing to creating an effective solution gas drive. 

Moreover, the effect of available initial oil saturation, especially in the vicinity 

of the injection site, is significant. In Cycle 1, for example, the pressure behavior 

is similar to that of Cycle 6. However, considerably more oil was recovered in 

Cycle 1 over the same pressure range observed in Cycle 6. The reason is that, in 

Cycle 1 more of the methane slug is dissolved in the heavy oil in the vicinity of 

the injection site, thereby contributing to a moderate decrease in its viscosity.  

As shown in Figures 5.5 and 5.6, when the production valve is opened, a 

very sharp drop in the sandpack pressure is observed during the early 1─2 

minutes. The sandpack pressure drops to approximately 1–5 psig at the end of 

all the CSP cycles. Thus, during the early production cycle, a considerable 

portion of methane leaves the oil, once the pressure drops abruptly. The reasons 

for the poor performance of the methane CSP are that: (1) Because the initial 

production pressures used in these cycles are low or intermediate, methane 

solubility in the oil is low and viscosity reduction is not significant, and (2) the 

presence of continuous free methane saturation (created by methane injection) at 

the start of depletion results in high gas mobility and the pressure can be quickly 

depleted by methane production. Hence, the drive energy becomes depleted by 
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methane production and very little is left for the oil production. This is why only 

6.0% of OOIP was recovered as a result of primary depletion and six CSP 

cycles. All these data suggest that the best approach to improve the CSP process 

is to inject one slug of a more-soluble hydrocarbon (e.g., propane) after the 

methane slug, in order to keep the oil viscosity low during the production cycle. 

At the same time, the methane slug creates an effective solution gas drive during 

the production cycle. This modified version of traditional CSP utilizes the 

volatile solvent (methane) to gain an efficient gas drive and, simultaneously, 

maintains the viscosity-reducing solvent (propane) in the oil during the 

production cycle. Further details of this approach will be discussed in Section 

5.1.2.  

  

 

Figure 5.6: A close-up of sandpack middle-point pressure (in the range of 0-30 

psig) during primary depletion and CSP cycles versus production time  
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5.1.2 Enhanced Cyclic Solvent Process (ECSP)  

The experimental results of CSP indicate the enduring problem of CSP: 

the reservoir pressure has to be greatly reduced during production in order for 

the solvent gas drive to occur. In doing this, however, oil regains its high 

viscosity, because significant amounts of solvent gas leave the oil. It is, 

therefore, the main objective of this study to address the aforementioned 

technical issues of CSP, which include: (1) How can the viscosity-reducing 

solvent be effectively distributed into the oil? and (2) How can the oil viscosity 

be kept low by maintaining most of the viscosity-reducing solvent in the oil 

during the production period (depletion stage)? We propose answering the two 

above-mentioned questions by introducing a new process for in-situ heavy oil 

and bitumen recovery in thin reservoirs – Enhanced Cyclic Solvent Process 

(ECSP). 

ECSP is mainly comprised of an injection cycle, a soaking period, and a 

production cycle. It includes: 1) injecting a volatile hydrocarbon gas (or a 

mixture of gases) slug, followed by a more soluble solvent gas slug to a pressure 

sufficient to cause oil formation dilation and pore fluids compression, 2) 

allowing the solvent gases (mainly the more soluble solvent gases) to mix with 

the oil in the reservoir, 3) reducing the reservoir pressure to produce a solvent-

oil mixture in its low viscosity state, and 4) repeating steps 1) to 3) for a desired 

number of cycles.  
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In the proposed ECSP, two types of solvents are injected in a cyclic 

manner, but in two separate slugs. One is more volatile, and the other is more 

soluble in heavy oil and bitumen. The innovative aspects of the ECSP are:  

1. For injection cycles, the volatile solvent in the first slug fingers into the 

oil to provide paths for the second solvent slug to mix with oil. 

2. For production cycles, the volatile gas which has fingered deep into the 

oil provides a driving force (expansion) by solution gas drive when the 

reservoir pressure is reduced, and a considerable portion of the more 

soluble solvent stays in the oil to keep the oil viscosity low. 

  

A series of six ECSP cycles were conducted under different conditions. 

Methane was deployed as the volatile hydrocarbon gas slug followed by propane 

as the more soluble solvent gas slug. The impact of the range of pressure 

operation, initial production pressure, propane slug size, and residual oil 

saturation on the performance of ECSP cycles was evaluated. The parameters of 

interest in this part of experiments, which were used to analyze the behavior of 

ECSP cycles for heavy oil recovery, are the experimental oil recovery factor, 

ultimate oil recovery, oil recovery rate, pressure profiles during repressurization, 

soaking and production, and drawdown rate. 

Table 5.2 summarizes the experimental conditions for the primary 

depletion test and the six ECSP cycles. In order to overhaul the performance of 

the primary depletion test, after methane and propane injection to increase 

sandpack pressure from atmospheric pressure to approximately 40 psig, brine 

injection was commenced for 48 hours.     
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Table 5.2: Summary of experimental conditions and results for ECSP cycles 

using (65-80) % methane + (20-35) % propane 

Run Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 
Brine injection 
time (hr) 48 - - - - - - 

Brine injection 
pressure (psig) 870 - - - - - - 

Propane 
injected (scm3) 252.4 305.5 349.7 351.6 350.7 490.7 492.5 

Propane 
injection 
pressure (psig) 

105 105 105 105 105 105 105 

Methane 
injected (scm3) 2838.3 1090.3 1418.1 1421.8 3214.7 1409.4 1420 

Methane 
injection 
pressure (psig) 

450 450 450 450 450 450 450 

Initial oil (g) 304.8 287.7 279.6 259.0 253.2 245.0 184.1 

Soaking time 
(hr) 97.33 20.88 20.50 22.25 21.50 21.85 21.70 

Sandpack 
pressure before 
soaking (psig) 

380.0 76.3 394.7 49.9 435.6 104.2 44.3 

Initial 
production 
pressure (after 
soaking) (psig) 

208.2 74.1 297.7 46.1 408.8 100.0 42.9 

Final 
production 
pressure (psig) 

8.6 0.6 1.0 0.3 0.5 0.7 0.3 

Production 
time (min) 21 27 39 30 35 30 25 

Oil recovered 
(g) 17.1 8.1 20.6 5.8 8.2 60.9 1.0 

Ultimate 
recovery rate 
(g/min) 

0.81 0.30 0.53 0.34 0.23 2.03 0.04 
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Because of the low injectivity, brine injection was stopped at 45.2 psig and 

methane was reinjected to increase the system pressure to 380 psig. It should be 

mentioned that propane was injected in the depletion test in order to better create 

the initial live oil condition. After soaking for 48.8 hours, a considerable amount 

of oil (5.61 %OOIP) was produced with a relatively high recovery rate (0.81 

g/min) in the primary depletion test.  

The results of ECSP Cycle 6 show that a negligible amount of oil (1.0 g) 

was produced from this cycle, primarily because the production took place with 

a lower amount of initial oil (184.1 g). This indicates the importance of initial oil 

saturation in an ECSP cycle. Another reason behind the failure of ECSP Cycle 6 

is the relatively low range of pressures in which it was conducted, even though 

the size of the propane slug was increased by approximately 40%, relative to 

ECSP Cycle 4. In brief, when the available initial oil saturation decreases 

noticeably, the recovery factor of ECSP decreases abruptly, even when a large 

size of the propane slug is used. In subsequent sections, a more detailed analysis 

of the ECSP behavior is rendered.   

 

5.1.2.1 Recovery factor  

The recovery data of ECSP cycles given in Figure 5.7 suggest a sharp 

increasing trend during the early stages, during which the sandpack pressure 

drops sharply. A consistent trend among nearly all of the producing ECSP 

cycles is the uniformly slow increase of the recovery factor, after its early sharp 

increase. The recovery factor of ECSP Cycle 6 levels off after an early slow 

increasing trend. The initial oil saturation and initial production pressure of 
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ECSP Cycle 6 are relatively low (given in Table 5.2), which suggests that when 

the oil saturation is drastically reduced after numerous ECSP cycles, much 

larger slug sizes of methane and propane are required to repressurize the system 

to a pressure sufficient enough for an efficient ECSP.  

 

Figure 5.7: Recovery factor (% cycle initial oil saturation) of ECSP versus time  

 

According to Table 5.2, later ECSP cycles require a large slug size of both 

methane and propane to repressurize the system to a pressure sufficient enough 

for an effective solution gas drive mechanism to occur. This obviously increases 

the solvent cost, as a portion of the solvent is retained even if we recover some 

portion of the injected solvent gases. Also, a higher initial production pressure 

for ECSP cycles leads to a higher ultimate oil recovery factor. In fact, the effect 

of a higher initial production pressure for ECSP cycles overcomes to some 

extent the effect of reduction in available initial oil saturation as ECSP proceeds 

further (compare ECSP Cycle 1 to Cycle 2 and ECSP Cycle 3 to ECSP 4).  
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Figure 5.8 shows that the ultimate oil recovered during the primary 

depletion test is significantly higher than those of the ECSP cycles with 

significantly lower initial production pressure (ECSP Cycles 1, 3 and 6). The 

exception to this is ECSP Cycle 5, where almost one-fifth of the OOIP is 

recovered because: (i) the size of the propane was increased by approximately 

40% (from Cycle 4 to 5) and (ii) the reduction in available cycle initial oil 

saturation as ECSP proceeds further does not affect the ECSP cycles in a 

severely adverse fashion. If larger slug of propane is used in the early ECSP 

cycles, it is expected to observe further improvement. Figure 5.8 shows that, at 

the end of the ECSP Cycle 6, almost 40% of the OOIP was produced from the 

sandpack. This shows the success of the newly proposed ECSP in this study.  

 
Figure 5.8: Ultimate recovery factor (% OOIP) of ECSP cycles  
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5.1.2.2 Recovery rate  

The instantaneous recovery rate of the primary depletion test and the five 

ECSP cycles are given in Figure 5.9. The performance of the fifth cycle, which 

involved much higher recovery rates, is shown separately in Figure 5.10. The 

cumulative recovery rate in Figure 5.10 is the cumulative oil production of the 

cycle divided by the production time. One common theme of the primary 

depletion test, and nearly all of the ECSP cycles (except Cycle 4), is that the 

curve of instantaneous recovery rate peaks during the earliest stages of 

production when the sandpack pressure drops abruptly. Afterwards, the 

instantaneous recovery rate decreases sharply with some fluctuations.  

 

 

Figure 5.9: Instantaneous recovery rate of ECSP  

 

Another common theme is that the curve of the instantaneous recovery rate 

levels off during the later stages of production. Additionally, the maximum 
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instantaneous recovery rate belongs to Cycle 5 where a 40% increase in the size 

of the propane slug causes a significant increase in the oil production and its 

rate. According to Figure 5.10 and Table 5.2, an interesting observation, 

pertinent to the instantaneous and cumulative recovery rates of ECSP cycles, is 

the presence of multiple maxima on the recovery rate curves of ECSP cycles 

with the highest initial production pressures. This behavior is not observed for 

ECSP Cycle 5, where there is a 40% increase in the size of the propane slug. 

 

 
 
Figure 5.10: Cumulative and instantaneous recovery rate of ECSP Cycle 5 
 
 

Finally, Figure 5.11 suggests that increasing the size of the propane slug 

can be an effective way to speed up the production rate of ECSP. Also, 

repressurization of the porous medium by methane injection to a pressure 

sufficient enough so as to realize a very efficient solvent gas drive mechanism 
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speeds up the production rate, provided that a sufficient amount of cycle initial 

oil saturation is available (compare ECSP Cycles 2 and 4). 

 
 
Figure 5.11: Recovery rate of ECSP cycles versus initial production pressure 

 

Moreover, when the cycle initial oil saturation is significantly reduced, 

the recovery rate drops noticeably (by one order of magnitude), even when 

increasing the size of the propane slug. To sum up, the ultimate oil recovery rate 

in ECSP cycles is significantly influenced by the cycle initial oil saturation, the 

initial production pressure, and the size of the more soluble solvent (propane) 

slug. 

 

5.1.2.3 Pressure profiles  

The relationship between sandpack pressure during the six ECSP cycles 

versus time (repressurization + soaking + production) is represented in Figure 

5.12. One common theme among all of the ECSP cycles is the abrupt increase of 
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the sandpack pressure, during the repressurization by methane and propane, over 

a short period of time (1 to 2 hours). After the repressurization by methane and 

propane, the sandpack pressure drops marginally over the soaking time (21 to 23 

hours). The sandpack pressure, drops rapidly during the early production time (1 

to 5 minutes) and it reaches to approximately 1.0 psig by the end of the ECSP 

production cycles (production time of 20 to 40 minutes).  

Of particular note is the range of pressures over which the less-efficient 

ECSP cycles (ECSP Cycles 3 and 6) were conducted. Over this low-pressure 

range, a negligible amount of oil was produced from the sandpack during Cycle 

6. One of the primary reasons for the negligible oil production during Cycle 6 is 

the lack of effective solution gas drive. Most of the methane left the sandpack 

during the earliest stages of Cycle 6, where the sandpack pressure dropped to 

approximately 0.1 psig after 1 min. The reason for this behavior is that the 

residual oil at the end of Cycle 5 was only 60.4% OOIP. Thus, most of the 

injected gases in Cycle 6 (particularly methane) had a tendency to occupy the 

depleted spaces, and preferably larger pores. When the pack was put back into 

production, a major portion of the gases in larger pores left the pack without 

contributing to creating an effective solution gas drive. Moreover, a major 

portion of propane in the larger pores also left the pack without contributing to 

reducing the oil viscosity. In Cycle 3, a pressure behavior similar to that of 

Cycle 6 was observed. However, a larger amount of oil was recovered through 

Cycle 3, over the same low pressure range observed in Cycle 6. The reason is 

that in Cycle 3, unlike Cycle 6, more of the propane slug was dissolved in the 
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heavy oil, thereby contributing to a somewhat significant decrease in its 

viscosity. In other words, the effect of available cycle initial oil saturation 

cannot be overemphasized.           

 

 

Figure 5.12: Sandpack pressure during ECSP cycles versus time  

 

Figures 5.13and 5.14 depict the sandpack pressure during the primary 

depletion test and the six ECSP cycles versus production time. According to 

Figure 5.13, when the system was put back into production, a sharp drop in the 

sandpack pressure was observed during the early minutes of each of the ECSP 

cycles, during which the instantaneous and ultimate recovery rates peak. At the 

end of all of the ECSP cycles, the sandpack pressure dropped to approximately 

1.0 psig. As peaks in Figure 5.9 indicate, the production of diluted heavy oil 

over a low pressure range occurred for all the ECSP cycles.                
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Figure 5.13: Sandpack pressure during primary depletion and ECSP cycles 

versus production time  

 

 

Figure 5.14: A close-up of sandpack pressure (in the range of 0-50 psig) during 

primary depletion and ECSP cycles versus production time  
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This confirms that the viscosity of heavy oil had partially been reduced 

during the ECSP soaking time. This observation indicates that part of the 

propane helped to keep the oil viscosity low during the production cycle, and 

methane created a somewhat effective solution gas drive. Therefore, in addition 

to the major mechanisms of traditional CSP, that is, mixing of solvent and oil, 

formation dilation, and external solvent gas drive, ECSP utilizes methane to gain 

an efficient solution gas drive and, simultaneously, maintains some portion of 

the propane in the oil during the production cycle. Furthermore, when propane is 

used along with methane, the dissolution of propane not only reduces the oil 

viscosity but also causes the oil to swell. The oil swelling reduces the gas 

saturation and gas relative permeability. Additionally, it is very likely that, by 

increasing the propane slug size, the oil creates foam and a more efficient foamy 

solution gas drive occurs (Maini, 1996b). All of these factors help enhance the 

performance of ECSP compared to that of CSP. An immediate benefit of 

introducing ECSP in this study is the improvement of CSP in thin heavy oil 

reservoirs by improving the utilization of the two parallel mechanisms (viscosity 

reduction and solution gas drive) in the CSP. 

 

5.1.3 Summary: Main Features of ECSP  

The behavior of ECSP for heavy oil recovery was experimentally 

investigated here. A series of six ECSP cycles were conducted over a low-to-

intermediate pressure range (0–500 psig) in a visual sandpack at atmospheric 

pressure partially filled with crude oil, brine, and methane. To conduct the 

ECSP, the desired volumes of methane and propane were respectively injected 
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into the sandpack. Afterward, the injection well was closed and the sandpack 

was left to soak. After the soaking time, production from the sandpack was 

commenced through the same well. A total of 34.30% of OHOIP was recovered 

through ECSP, whereas the CSP recovered only 4.28% of OHOIP. Furthermore, 

the ultimate recovery rate in nearly all of the ECSP cycles lies in the 0.2-2.0 

g/min range, whereas for the CSP cycles it lies in the 0.02-0.30 g/min range. In 

fact, the recovery rate of most of the CSP cycles was lower than that of the 

ECSP cycles by one order of magnitude. Thus, ECSP significantly improves 

both the oil recovery and its rate. This reveals that ECSP overcomes the 

drawbacks of the traditional CSP. That is to say, ECSP effectively utilizes the 

viscosity reduction and solvent gas drive mechanisms during the early stages of 

production cycles. Based on the experimental results, the following remarks 

summarize the main features of ECSP: 

 

• ECSP is an improved version of CSP in thin heavy oil reservoirs, which 

improves the utilization of two mechanisms (viscosity reduction and solvent 

gas drive) in CSP. 

•  The performance of ECSP is a strong function of the size of the more 

soluble, or viscosity-reducing, solvent (propane) slug, range of pressure 

operation, injection pressure of the more volatile solvent (methane), initial 

production pressure, and available cycle residual oil saturation to be 

contacted by the two hydrocarbon solvent slugs.  
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•  A 40% increase in the size of the more soluble, or viscosity-reducing, 

solvent (propane) slug causes a tremendous increase in the oil production and 

its rate.  

•  An increase in the injection pressure of the more volatile solvent (methane) 

triggers a significant increase in the oil production, its rate, and drawdown 

rate.  

•  A higher initial production pressure is synonymous with a higher ultimate 

oil recovery factor, provided that sufficient residual oil saturation is available 

to be contacted by the two solvents.  

•  When the available cycle residual oil saturation decreases significantly, the 

recovery factor of ECSP decreases abruptly, even when considerably 

increasing the size of the more soluble, or viscosity-reducing, solvent 

(propane) slug.      

 

5.2 Second Set of Experiments: Improving CSP through Adding 

Ethane/Propane (ECSP), Water (Cyclic GAW) and Surfactant (Surfactant-

enhanced CSP) 

To overcome the problems of slow mixing in VAPEX and re-gaining 

high oil viscosity in the traditional CSP, a new process for thin heavy oil 

reservoirs, known as ECSP, was previously introduced. In a comprehensive 

parametric study presented in this section, one CSP run (including four CSP and 

two GAW cycles), two ECSP runs, and one surfactant-enhanced CSP run were 

conducted in a visual sandpack partially filled with crude oil, brine, and gas. The 

impact of operational pressure, initial production pressure, more soluble solvent 
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type (propane/ethane), propane slug size, and initial oil saturation on the ECSP 

performance are evaluated. Moreover, the impacts of well location, initial 

production pressure, production end pressure, system repressurization using 

water injection, and adding an oil-soluble surfactant prior to methane injection 

on the CSP performance are investigated. The performance of CSP is also 

compared to that of extended water flood (EWF) and cyclic GAW. This 

parametric study further demonstrates the advantages of ECSP over CSP and it 

shows that other possible ways to improve CSP are repressurizing the system 

using water injection, i.e., conducting cyclic GAW, or to add an oil-soluble 

surfactant prior to methane injection. 

    

5.2.1 Experimental Conditions of Runs for Improving CSP through Adding 

Ethane/Propane (ECSP), Water (Cyclic GAW) and Surfactant (Surfactant-

enhanced CSP) 

Table 5.1 summarizes the experimental conditions for the first series of 

CSP cycles. Tables 5.3 and 5.4 summarize the experimental conditions for the 

ECSP runs under different conditions. For all of the first series of CSP, the 

ECSP cycles and primary depletion tests, the injector and producer were chosen 

to be a single point, the sandpack inlet. In order to improve the performance of 

the primary depletion tests before ECSP runs using methane and propane 

(Tables 5.2 and 5.4), brine was injected into the sandpack after methane and 

propane injection. After soaking (soaking times are given in Tables 5.3 and 5.4), 

the sandpack was put back into production.  
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Table 5.3: Experimental conditions and results for ECSP using methane and 

ethane 

Parameter Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Ethane 
injected 
(scm3) 

- 525.4 541.5 753.1 515.0 502.3 535.5 

Ethane 
injection 
pressure (psig) 

- 460 460 460 460 460 460 

Methane 
injected 
(scm3) 

4017.6 1462.6 1491.3 3355.3 3645.9 3996.2 4107.7 

Methane 
injection 
pressure (psig) 

450 450 450 560 560 560 560 

Initial oil (g) 318.3 314.5 313.4 310.2 299.8 293.8 289.1 
Soaking time 
(hr) 98.4 21.4 22.1 22.0 21.8 22.5 22.5 

Sandpack 
pressure 
before soaking 
(psig) 

443.5 238.6 264.1 417.0 501.5 558.7 549.6 

Sandpack 
pressure after 
soaking (psig) 

288.7 150.1 243.5 350.0 450.2 535.8 531.9 

Final 
sandpack 
pressure (psig) 

0.6 1.1 3.4 7.4 47.6 13.7 128.2 

Oil recovered 
(g) 3.8 1.1 3.2 10.4 6.0 4.7 5.8 

Production 
time (min) 28 31 23 10 12 13 20 
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Table 5.4: Experimental conditions and results for ECSP using 90% methane + 

10% propane 

Parameter Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 
Brine 
injection time 
(hr) 

48 - - - - - - 

Propane 
injected 
(scm3) 

258.3 179.2 171.3 177.5 184.8 175.1 176.5 

Propane 
injection 
pressure (psig) 

105 105 105 105 105 105 105 

Methane 
injected 
(scm3) 

3459.5 1811.4 1832.4 1784.3 1775.3 1838.2 1782.5 

Methane 
injection 
pressure (psig) 

450 450 450 450 450 450 450 

Initial oil (g) 327.5 313.6 306.4 295.9 288.0 281.9 279.3 

Soaking time 
(hr) 92.5 22.3 21.9 22.1 22.5 22.7 21.8 

Sandpack 
pressure 
before soaking 
(psig) 

446.8 405.2 319.5 306.9 243.5 211.2 202.3 

Sandpack 
pressure after 
soaking (psig) 

409.2 329.8 301.3 274.1 213.5 198.6 176.1 

Final 
sandpack 
pressure (psig) 

17.2 1.2 0.8 0.5 0.4 0.8 1.0 

Oil recovered 
(g) 13.4 7.2 10.5 7.9 6.1 2.6 2.2 

Production 
time (min) 33 30 28 26 29 24 25 
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In order to examine the effect the type of the more soluble solvent 

(propane/ethane) slug on the performance of ECSP, the type of the more soluble 

solvent was changed to ethane in a series of ECSP cycles (Table 5.3). The 

difference between the performance of ECSP reported in Tables 5.2 and 5.3 

indicates the significance of the type of the more soluble solvent in ECSP. In 

order to examine the effect the size of the more soluble solvent (propane) slug 

has on the production rate of ECSP, the size of propane slug was decreased in 

another series of ECSP cycles (Table 5.4). The difference between the 

performance of ECSP reported in Tables 5.2 and 5.4 indicates the significance 

of the size of the propane slug in ECSP. In Section 5.2.2, the impacts of 

operational pressure, initial production pressure, more soluble solvent type 

(propane/ethane), propane slug size, and of the cycle initial oil saturation on the 

ECSP performance (recovery factor and recovery rate) are evaluated. 

Tables 5.5a and 5.5b summarizes the experimental results for the second 

set of CSP runs, GAW cycles, EWF, and blowdown. For some of the CSP runs 

in the second series of CSP cycles, the injector and producer were chosen to be 

the sandpack inlet and outlet, respectively. This was done to test the impact of 

well location and production strategy in CSP. In Section 5.2.3, the impacts of 

well location, initial production pressure, production end pressure, and system 

repressurization using water injection are investigated. The impact of water 

injection on the recovery factor, recovery rate, and gas requirement of CSP will 

be discussed in later sections. In order to revamp the CSP performance after the 

failure of multi-well CSP Cycles 1 and 2, it was decided to switch to single-well 
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CSP mode in Cycle 3, and also pressurizing the sandpack to a pressure of 400 

psig using methane injection, so as to promote methane diffusion and oil 

swelling at higher pressures. After repressurization, when pressure reached a 

steady state, a larger slug size of methane (relative to the methane slug size in 

Cycles 1 and 2) was injected into the sandpack. The sandpack was put back into 

production after soaking. Further details will be discussed in Section 5.2.3.  

 

Table 5.5a: Experimental results for the second set of CSP runs using methane, 

and GAW cycles using water and methane  

Parameter CSP 
Cycle 1 

CSP 
Cycle 2 

CSP 
Cycle 3 

GAW 
Cycle 4 

GAW 
Cycle 5 

Brine injection time (hr) - - - 24.3 23.6 

Methane injected (scm3) 140.2 244.9 1515.3 686.5 703 

Methane injection pressure 
(psig) 

380 380 380 380 380 

Initial oil (g) 509.2 509.2 509.2 491.7 471.3 

Soaking time (hr) 66.3 44.7 40.0 45.0 45.1 

Sandpack pressure before 
soaking (psig) 

9.1 41.7 400 283.1 241.5 

Sandpack pressure after 
soaking (psig) 

5.4 33.4 227.6 187.4 175.1 

Final sandpack pressure, psig 0.7 0.7 41.7 41.7 8.7 

Oil recovered (g) 0 0 17.5 20.4 37 

Production time (min) 92 107 141 66 269 

 

Table 5.6 summarizes the experimental conditions for the surfactant-enhanced 

CSP cycles. For all the surfactant-enhanced CSP cycles, the injector and 

producer were a single point, the sandpack inlet. 
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Table 5.5b: Experimental results for the second set of CSP runs using methane, 

EWF, and blowdown  

Parameter EWF Blowdown CSP Cycle 6 

Brine injection time (hr) 43.8 - - 

Methane injected (scm3) - - 508.8 

Methane injection pressure (psig) - - 380 

Initial oil (g) 434.3 426.6 415.0 

Soaking time (hr) - - 24.0 

Sandpack pressure before soaking (psig) - - 23.8 

Sandpack pressure after soaking (psig) 9.6 1.9 19.5 

Final sandpack pressure (psig) 1.9 0.7 0.7 

Oil recovered (g) 7.7 11.6 0 

Production time (min) 1052 1590 30 

 

Table 5.6: Summary of experimental conditions and results for surfactant-

enhanced methane CSP 

Parameter Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Methane injected (scm3) 2520.8 3784.1 4730.6 5501.3 5990.1 

Methane injection pressure 
(psig) 450 450 450 450 450 

Initial oil (g) 474.9 445.9 420.6 400.8 387.6 

Soaking time (hr) 75.5 22.1 21.9 21.6 21.8 

Sandpack pressure before 
soaking (psig) 435.0 435.0 435.0 435.0 435.0 

Sandpack  pressure after 
soaking (psig) 285.1 363.5 365.1 369.4 370.2 

Final production pressure, 
(psig) 10.9 6.4 1.3 0.6 0.9 

Oil recovered (g) 29 25.3 19.8 13.2 11.5 

Production time (min) 39 36 45 37 38 
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To test the performance of surfactant CSP, 15 g of an oil-soluble surfactant 

(FlourN™ 20158M) was dissolved in 60 g of a mineral oil (ShellflexTM 810), 

and the resultant mixture was injected into the sandpack. The impact on the CSP 

performance (recovery factor and production rate) will be analyzed in later 

sections.    

 

5.2.2 CSP versus ECSP  

The experimental results show that the ultimate oil recovery factor of 

ECSP is very sensitive to the type of the more soluble solvent, change in the size 

of the more soluble solvent slug, and the initial production pressure. Also, the 

recovery rate in ECSP is a strong function of the initial oil saturation of the 

cycle, the initial production pressure, and the slug size of the more soluble 

solvent. In fact, the fluctuation of ECSP cycle performance shown on Figure 

5.15 is attributed to the competing effect of the reduction in available initial oil 

saturation and the increase in the initial production or initial sandpack pressure. 

Thus, later ECSP cycles are not efficient relative to early ECSP cycles when the 

same slug size of both methane and propane are injected. The behavior of ECSP 

under different experimental conditions will be compared to that of CSP. As 

shown in Figure 5.15, the oil recovery in primary depletion test from four ECSP 

tests ranges from 1 to 6% OOIP. The major reason for this low oil recovery is 

the low initial GOR of the oil in the sandpack and the way the condition of live 

oil was created in the sandpack (see Chapter Four) for the depletion test.      
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5.2.2.1 Effect of more soluble solvent type (propane/ethane) on ECSP 

Figure 5.15 shows the recovery factor of ECSP cycles using different 

propane slug size and different solvent types. The recovery factor of all the 

ECSP cycles are consistently higher than those of corresponding CSP cycles 

using methane. According to Figure 5.16, the ultimate oil recovery of cyclic 

solvent injection increases in this order: CSP using methane, ECSP using 

methane/ethane, and ECSP using methane/propane.  

 

Figure 5.15: Ultimate recovery factor of CSP and ECSP cycles. 65─80% 

methane indicates the range of methane volumetric slug size and 20─35% 

propane is the range of propane volumetric slug size used in the second ECSP 

run. A total of 6%, 11%, 15.23%, and 39.93% of OOIP were recovered through 

methane CSP, methane + ethane, 90% methane + 10 % propane, and (65─80)% 

methane + (20─35)% propane, respectively.    
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Figure 5.15 depicts that one common theme of all the CSP and ECSP is 

that the recovery rate peaks and then decreases. The maximum ultimate recovery 

rate belongs to Cycle 5 in the ECSP runs using (65─80)% methane + (20─35)% 

propane, where there is a significant increase in the size of the propane slug. 

Thus, the recovery rate of ECSP is very sensitive to a change in the type of the 

more soluble solvent slug and its size.  

 
 
Figure 5.16: Average recovery rate of CSP and ECSP cycles. 65─80% methane 

indicates the range of methane volumetric slug size and 20─35% propane is the 

range of propane volumetric slug size used in the third ECSP run.  

 

5.2.2.2 Effect of the propane slug size on ECSP 

The amount of oil recovered using a larger slug of propane with a 

significantly lower initial production pressure is noticeably higher than some of 

ECSP cycles that have a significantly higher initial production pressure. 

Increasing the size of the more soluble solvent slug is an effective means of 
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speeding up the production rate of ECSP when the initial oil saturation of the 

cycle is not significantly reduced after several ECSP cycles. Additionally, in 

ECSP, when ethane is replaced with propane, the recovery rate changes 

noticeably where a large slug of propane is used (see Figure 5.16).  

 

5.2.2.3 Effect of initial production pressure on ECSP 

Figure 5.17 demonstrates the ultimate recovery factor of ECSP runs 

conducted at different initial production pressures. At any given initial 

production pressure, the recovery factor of ECSP cycles increases when ethane 

is replaced by propane. Also, increasing the size of the propane slug 

significantly increases the ultimate recovery of ECSP cycles at lower initial 

production pressures. At each level of initial production pressure, the ultimate 

recovery of ECSP cycles using a smaller slug size of propane (90% methane + 

10% propane) is comparable to that of ECSP cycles using larger slug size of 

ethane instead of propane.  

Figure 5.17 also shows that a higher initial production pressure for ECSP 

cycles results in a higher ultimate oil recovery factor, provided that sufficient 

residual oil saturation is available to be contacted by the two solvent slugs. It 

can also be stated that an increase in the size of the slug of more soluble solvent 

(propane) triggers a considerable increase in the oil production rate at relatively 

low-to-intermediate initial production pressures (see the data pertinent to the 

ECSP using (65─80)% methane + (20─35)% propane on Figure 5.1)). In fact, a 

higher initial production pressure for ECSP cycles may suppress the adverse 

effect of a reduction in the initial oil saturation of a cycle.   
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Figure 5.17: Recovery factor (% cycle initial oil) of CSP and ECSP versus initial 

production pressure. 65─80% methane indicates the range of methane 

volumetric slug size and 20─35% propane is the range of propane volumetric 

slug size used in the third ECSP run.   

 

Also, increasing the pressure to a high enough level for an efficient solvent drive 

speeds up the recovery rate in the presence of sufficient oil saturation (Figure 

5.18). In summary, a higher initial production pressure is generally synonymous 

with a higher ultimate oil recovery and oil production rate. 
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Figure 5.18: Average recovery rate of CSP and ECSP cycles versus initial 

production pressure. 65─80% methane indicates the range of methane 

volumetric slug size and 20─35% propane is the range of propane volumetric 

slug size used in the third ECSP run. 

 

5.2.2.4 Effect of initial oil saturation on ECSP  

In general, at any initial oil saturation for a cycle, the ultimate oil 

recovery factor of ECSP cycles is higher when ethane is replaced with propane 

(Figure 5.19). For very low initial oil saturations, the recovery factor of ECSP is 

relatively low, even when the size of propane slug is increased considerably. 

However, at higher levels of residual oil saturation, the recovery factor of ECSP 

cycles rises significantly as the size of the propane slug is increased.  
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Finally, ECSP outperforms CSP at all levels of initial oil saturation. 

When the residual oil saturation is relatively high, the recovery factor of CSP 

becomes comparable to that of some ECSP cycles, provided a significant 

volume of methane is injected to repressurize the system. Overall, the effects of 

the initial oil saturation of a cycle on the ultimate oil recovery factor and the oil 

production rate of ECSP are self-evident in Figures 5.19 and 5.20: ECSP 

recovers a greater amount of oil, with a higher oil production rate in the 

presence of higher oil saturation. 

 

Figure 5.19: Ultimate recovery factor (% cycle initial oil) of CSP and ECSP 

cycles versus cycle initial oil. 65─80% methane indicates the range of methane 

volumetric slug size and 20─35% propane is the range of propane volumetric 

slug size used in the third ECSP run. 
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Figure 5.20: Average recovery rate of CSP and ECSP cycles versus cycle initial 

oil saturation. 65─80% methane indicates the range of methane volumetric slug 

size and 20─35% propane is the range of propane volumetric slug size used in 

the third ECSP run.    

 

5.2.2.5 Discussion 

It is essential to point out that ECSP was capable of attaining relatively 

high local depletion efficiency in some of the areas in the physical model 

(primarily around the injection-production well). After the ECSP, analysis of the 

sands around the injector-producer in the upstream portion showed little residual 

oil. In addition, ECSP is an improved form of CSP for a number of reasons: (1) 

ECSP improves the rate of solvent dissolution in the oil during injection; and (2) 

It partially retards the rate of solvent exsolution from the oil during production. 
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The stage of the reservoir at which ECSP is conducted has a major 

impact on the oil recovery efficiency and production rate of this process in the 

field scale. It is known that if ECSP is being conducted after the cold production 

or waterflood, the effects of (1) mobile water saturation, (2) production cycle 

end or termination pressure, (3) gaseous solvent injection rate, and of the (4) 

wormholes become very important.  

ECSP in the first and second set of experiments were conducted in the 

presence of a noticeable amount of water saturation in the range of 0.2 to 0.3 

(see Tables 4.1 and 4.2). This sandpack condition simulates the condition of a 

waterflooded heavy-oil reservoir. In Saskatchewan, a major portion of heavy-oil 

reservoirs are waterflooded. Hence the results of ECSP presented in this study 

have implications for waterflooded heavy-oil reservoirs in western Canada, in 

particular, Saskatchewan. The effect of water saturation on ECSP performance 

is investigated in a simulation sensitivity analysis presented in Chapter Six 

(Section 6.4.7).   

The effect of production cycle end or termination pressure on cyclic 

solvent injection and cyclic GAW is shown in the next section. In summary, 

higher production termination pressure results in lower GOR and ultimate oil 

recovery factor and higher cumulative oil production rate.  

The effect of gaseous solvent injection rate on ECSP is very important. It 

has a profound impact on the distribution of the pressure inside the porous 

medium. The pressure distribution, in turn, affects the percentage of vapor and 

liquid phases, and consequently the saturation pressure of the solvent mixture at 
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reservoir condition. All these parameters have a dominant influence on the 

determination of the most effective solvent mixture for designing a successful 

ECSP. In essence, under the reservoir conditions, the solvent mixture must 

contain sufficient vapor phase to fill the cavity chest. Moreover, it must contain 

enough liquid phase to increase contact in the heavy oil-solvent interface, 

dissolve in the heavy oil and dilute it. Ideally, the resulting effect should make 

saturation pressure of the solvent mixture close to the reservoir pressure. To 

avoid all these complexities and eliminate the need to monitor the pressure 

profiles point-by-point inside the sandpack during the injection period under a 

variable injection pressure (i.e., constant rate), all the ECSP experiments were 

conducted under a constant solvent injection pressure (i.e., variable rate). 

Because of the above reasons, the effect of solvent mixture injection rate on 

ECSP performance is investigated in a simulation sensitivity analysis presented 

in Chapter Six (Section 6.4.9). It should also be emphasized that, in the absence 

of proper experimental data, the most effective solvent mixture can be searched 

for using the swelling test that is available in the CMG-WinPropTM. 

If one intends to conduct ECSP after CHOPS, the effects of wormholing 

on the process performance and control become very crucial. The evaluation of 

wormholing effects on the efficacy of ECSP is beyond the scope of this 

treatment. Physical modeling of wormholes in an intermediate-size or even large 

laboratory sandpack is a very challenging task, primarily because the complex 

combination of radial and bilinear nature of fluid flow around wormholes is 

difficult to be captured and simulated using a laboratory sandpack. Practical 
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field-scale numerical investigation into the wormhole effects can, however, be 

conducted through utilizing a progressively increased absolute permeability 

value in historically matching the overall oil production rate and pressure 

profiles.  

Another significant parameter that may have a drastic impact on the 

efficacy of ECSP is the state of solvent at the experimental pressure. According 

to the experimental observations of Lim et al. (1995), the state of solvent 

(supercritical or subcritical) at the experimental pressure drastically impacts the 

CSP performance, including the oil production, recovery rate, and the product 

quality. A supercritical fluid is any substance at a temperature and pressure 

above its critical point, where distinct liquid and gas phases do not exist. The 

gaseous solvents utilized in this study, namely methane, ethane, and propane, 

have critical temperatures of -82.75, 32.15, and 96.65 °C, respectively. 

Additionally, methane, ethane, and propane have critical pressures of 667.2, 

706.8, and 616.4 psig, respectively. Cyclic propane-alternating-methane 

injection at supercritical conditions for heavy oil and bitumen recovery has not 

been conducted in the past. Considering this, it is a subject worthy of 

experimental investigation. For safety considerations, however, we opted not to 

conduct ECSP experiments at the critical pressures of methane, ethane, and 

propane as the pressure in the sandpack could not be elevated to methane, 

ethane, and propane critical pressure at 667.2, 706.8, and 616.4 psig, 

respectively, because of possible gas leakage from the visual sandpack. In 

addition to the possible leakage of supercritical gases, small changes in pressure 
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or temperature close to the critical point result in large changes in density, which 

may make it difficult to handle these solvents in the gas injection system. 

Therefore, effect of the state of solvent on ECSP performance is only simulated 

in Chapter Six (Section 6.4.10).             

 

5.2.3 CSP versus Cyclic GAW and EWF  

In the second series of CSP cycles, which consists of CSP and GAW 

cycles, the impact of production well location, initial production pressure, 

production end pressure and system repressurization using water injection on the 

performance of CSP are investigated. The performance of CSP is then compared 

to that of EWF and cyclic GAW. In brief, almost 18.5% of the OOIP was 

recovered as a result of 3 CSP cycles (Cycles 1, 2 and 6), 2 GAW cycles (Cycles 

4 and 5), EWF and blowdown. This indicates the success of conducting CSP 

after repressurizing by water injection, which is conducting cyclic GAW. 

Table 5.5 shows that no oil was produced from CSP Cycles 1 and 2, 

primarily because the production took place through the sandpack outlet and 

their initial pressure is relatively low. Thus, the location of the producer in a 

traditional CSP cycle is of critical importance, as it takes a relatively long period 

of time for the effect of methane diffusion to reach the sandpack outlet. As a 

result, for the remaining CSP cycles and GAW cycles, the injector and producer 

were chosen to be a single point (i.e., sandpack inlet).   

Figure 5.21 shows the recovery factor of CSP and EWF versus 

production time. For the producing cycles of the CSP and GAW, recovery factor 

data suggest a sharp increasing trend during the early stages, where sandpack 
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pressure drops sharply. The recovery factor of EWF reaches a plateau after its 

early stage. The ultimate oil recovery of EWF and blowdown is significantly 

lower than that of CSP and GAW cycles, which were conducted before the EWF 

and blowdown.   

   

Figure 5.21: Recovery factor (% cycle initial oil saturation) of CSP cycles, 

cyclic GAW (Cycles 4 and 5), and EWF versus time 

 

5.2.3.1 The impact of initial production pressure and production end pressure on 

CSP and GAW 

The difference between the performance of Cycle 3 and Cycles 1 and 2 

clearly demonstrates the significance of initial production pressure and the range 

of pressure over which a relatively efficient CSP should be operated (see Table 

5.5). No oil was recovered from CSP Cycle 6, which was conducted after EWF 

and blowdown because: (i) it was operated over a relatively low pressure range; 

and (ii) sandpack pressure dropped significantly during production. One of the 
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primary reasons for no oil production during Cycle 6 is the absence of the 

solution gas drive mechanism as nearly all the methane quickly leaves the 

sandpack.  

Figure 5.22 indicates that, although cyclic GAW were operated over a 

relatively lower pressure ranges and initial production pressures than CSP Cycle 

3, higher oil recovery and a production rate were achieved in Cycles 4 and 5. 

The latter illustrates the importance of sandpack repressurization via water 

injection before methane injection in GAW cycles.  

Figure 5.22 and Tables 5.5a and 5.5b depict that Cycle 5 is terminated at 

a lower sandpack pressure (i.e., 9.6 psig) as compared to the production end 

pressure in Cycle 4, 41.6 psig. According to Figure 5.23, a significantly higher 

amount of oil was ultimately recovered in Cycle 5 due to a lower production end 

pressure. Conversely, Figure 5.24 illustrates that a lower production end 

pressure results in a lower oil recovery rate.          

 

Figure 5.22: Sandpack pressure during CSP cycles versus CSP time  
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5.2.3.2 The impact of repressurization by water before CSP (conducting cyclic 

GAW)  

Figures 5.23 and 5.24 show that the results of Cycles 4 and 5 (Cyclic 

GAW) are considerably improved. Thus, repressurization by water before CSP 

not only improves the oil recovery and production rate, but it also greatly 

reduces the gas requirement, relative to a cycle where repressurization by water 

injection is not implemented before a CSP cycle (Cycle 3). The results of 

methane CSP after pressurizing by water injection are outstanding when they are 

compared to EWF and blowdown. Both EWF and blowdown resulted in 

somewhat lower ultimate oil recoveries and significantly lower production rates 

(see Table 5.5, Figures 5.23 and 5.24).  

 
Figure 5.23: Ultimate recovery factor (% OOIP) of CSP, cyclic GAW (Cycles 4 

and 5), EWF, and blowdown 
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The main reason why the performance of CSP is improved by water 

injection is that water is injected from one end of the sandpack (i.e., sandpack 

outlet) and pushes a portion of the oil saturation towards the vicinity of the 

injection-production well on the opposite end of the sandpack. Thus, the 

displaced oil by water moves towards the injection-production point for CSP 

and replaces some portion of the previously produced oil around that well. This 

ensures that the oil saturation in the vicinity of the well is maintained at as high 

a level as possible for subsequent CSP cycles, which in turn improves the oil 

production and its rate. In operating a single-well cyclic solvent process, it is 

essential that the oil saturation in the vicinity of the injection-production well is 

maintained at as high a level as possible. The presence of high oil saturation 

around the well increases the chance of a more efficient contact between the 

injected gas and oil. A higher oil saturation around the well ultimately means a 

higher oil flow rate and a lower gas flow rate in the vicinity of well during the 

production period of CSP or any cyclic gas injection process. 

In summary, this analysis indicates that the essence of cyclic GAW 

process, which was developed in this study for heavy-oil reservoirs after either 

primary or waterflood production, is the restoration of the solution-gas-drive 

mechanism via injecting water and then a solution gas and then repressurizing 

the gas back into solution by further injecting gas to reach a desired pressure 

(ideally initial average reservoir pressure). Therefore, the four individually 

different effects in cyclic GAW are: (1) the replacement of produced oil by 

water, (2) pushing the residual oil towards the injection-production point by 
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injecting water from the opposite end in single-well ECSP, (3) restoration of the 

primary-production conditions, and (4) creating a favorable condition for the 

gas-oil contact.  

 

 

Figure 5.24: Average recovery rate of CSP cycles, cyclic GAW (Cycles 4 and 

5), EWF, and blowdown   

 

All these results indicate that a combination of cyclic GAW and ECSP 

can be employed in order to fully utilize a single horizontal or vertical well so as 

to enhance the production by recovering the heavy oil not only from the region 

in close proximity to the injection-production end of the sandpack, but also from 

other potential regions along the sandpack. For this, after terminating each 

ECSP production cycle, water has to be injected from the opposite end or other 

potential water injection points. By doing this, water pushes more of the residual 

oil towards the injection-production point. To implement this in the field, the 
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pattern of water and gas injection wells should carefully be designed based on 

reservoir simulation screening. If gas injection wells in single-well ECSP are 

selected close to or on the edge of a bounded reservoir, pushing of residual oil 

by water towards the injectors before the next gas injection cycle seems more 

viable. This creates a favorable condition for the gas-oil contact during the 

injection cycle and soaking period of each single-well ECSP cycle. After water 

injection, ECSP cycles (propane/ethane alternating methane injection or vice 

versa) can be conducted accordingly. 

 

5.2.3.3 Pressure profiles during production in CSP and cyclic GAW  

Figure 5.25 depicts that during the non-producing CSP cycles, the 

sandpack pressure abruptly drops to values close to atmospheric pressure. This 

is a major reason why no oil was recovered from the non-producing CSP cycles. 

Also, sandpack pressure profiles in all cycles show an unusual behavior. During 

the early production, a sharp drop in sandpack pressure is observed. The system 

pressure then starts to build up. Afterwards, the pressure starts to decrease 

continuously. The reason is, during the early production, the previously injected 

methane that has occupied larger pores leaves the system first. During this 

period, pressure drops sharply. Also, part of the dissolved methane in the oil 

evolves out of solution. A portion of this evolved methane leaves the system, 

whereas a portion of it tends to occupy some of the previously-emptied larger 

pores, which have a very low saturation of methane after methane first leaves 

these larger pores. Thus, the system pressure builds up. Also, a comparison of 

pressure profiles in CSP and GAW indicates that they are improved in cyclic 
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GAW: A relatively uniform pressure drop over production time is observed by 

injecting water before methane.   

 

Figure 5.25: Sandpack pressure during CSP, cyclic GAW (Cycles 4 and 5) and 

EWF versus production time  

 

5.2.4 EWF and Blowdown  

An EWF was carried out after the second GAW cycle (Cycle 5) by 

injecting the brine from the opposite end of the sandpack and producing oil from 

the injection-production end used in the CSP and GAW cycles. All the 

necessary information pertinent to EWF is given in Table 5.5b. Table 5.5b 

suggests that the production pressure of EWF is very low, between 9.6 and 1.9 

psig, indicating that the major driving force during EWF is displacement not 

dominated by a depletion drive mechanism, albeit some methane is still present 

in the sandpack. In order to exploit a relatively low amount of oil saturation, an 

extended production time of 17.6 and 26.5 hours was needed for EWF and 
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blowdown, respectively. This suggests that EWF is both inefficient, with lower 

oil recovery, and a lower recovery rate, relative to cyclic GAW and producing 

CSP cycles (Figures 5.23 and 5.24). It should be mentioned that the production 

driving force of EWF is a combination of a marginal solution gas drive and 

displacement by water, whereas the production driving force of blowdown is 

solely based on a marginal solution gas drive mechanism. 

 

5.2.5 CSP versus Surfactant-enhanced CSP 

Figures 5.26 and 5.27 show the comparison of the ultimate recovery 

factor and production rate of CSP and surfactant-enhanced CSP cycles. A total 

of 20.81% of OOIP was recovered through primary depletion and four 

surfactant-enhanced CSP cycles, whereas only 5.51% of OOIP was recovered as 

a result of the primary depletion and four CSP cycles. Furthermore, the recovery 

rate of surfactant-enhanced CSP cycles is one order of magnitude greater than 

that of the most CSP cycles. If an appropriate oil-soluble foaming surfactant is 

injected prior to the gas injection in CSP cycles, the recovery factor and rate of 

surfactant-enhanced CSP is significantly enhanced, and they become 

comparable to those of ECSP using methane and a large slug of propane. In fact, 

the combined recovery factor of primary depletion and four surfactant-enhanced 

CSP cycles (Figure 5.26) is higher than that of primary depletion and six ECSP 

cycles using methane/ethane and methane/small propane slug (Figure 5.15). 

One important factor to consider is that the injection of an appropriate 

oil-soluble foaming surfactant prior to the gas injection in CSP cycles is not 

needed for oils that can naturally produce foam after gas injection. An example 
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of this kind of oil is the Lloydminster heavy oil sample. If reservoir oil naturally 

produces stable foam at reservoir condition during methane injection (at 

pressures below and close to its dew point pressure) and production cycles, 

implementing CSP at high pressures (close to dew point of methane) may seem 

a more viable option than ECSP, provided the produced foam significantly 

retards the rate of methane exsolution from the oil during production cycle. 

 

 

Figure 5.26: Comparison of ultimate recovery factor of CSP and surfactant-

enhanced CSP cycles  

 

This tremendous potential of surfactant-enhanced CSP cycles stems from 

the ability of the surfactant to foam after methane injection, which causes a 

reduction in the methane relative permeability during the production cycle. A 

more uniform drop of sandpack pressure during the production cycle confirms 

this. The foam network tended to partially degrade as the number of CSP cycles 

increased, and a more continuous bank of methane formed in later CSP cycles, 

which migrated faster towards the injection-production well. This triggered a 

sudden increase in the produced methane in later CSP cycles as surfactant was 
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only injected before the start of depletion test (before CSP Cycle 1). Thus, the 

stability and quality of the foam over several CSP cycles have a profound 

impact on the recovery efficiency and the amount of produced methane. It is 

therefore essential to emphasize that in operating a surfactant-enhanced CSP, the 

selected surfactant should be oil-soluble, have a good foaming capacity, and 

should uniformly be distributed in the porous medium and oil. 

Another function of injecting surfactant before methane is that the 

resulting foam tends to stabilize the injected methane in the heavy oil, which 

reduces the rate of methane exsolution from the heavy oil during the CSP 

production cycles. In later CSP cycles, as the foam network becomes more 

susceptible to further degradation, the rate of methane exsolution increases, 

which results in an increase in the gas relative permeability during production 

cycles. This has a significant impact on the increase in gas production and a 

decrease in oil recovery efficiency for later CSP cycles.     

   

 

Figure 5.27: Comparison of average recovery rate of CSP and surfactant-

enhanced CSP cycles  
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5.2.6 Summary: Main Features of ECSP, CSP, Surfactant-enhanced CSP, and 

Cyclic GAW  

The following remarks can be made to summarize the features of CSP, 

surfactant-enhanced CSP, ECSP, and cyclic GAW: 

• The oil recovery factor and production rate of ECSP is very sensitive to the 

type and size of viscosity-reducing solvent slug, the initial oil saturation of 

the cycle, and the initial production pressure. 

• The recovery of cyclic solvent injection increases in this order: CSP using 

methane only, ECSP using methane/ethane, and ECSP using 

methane/propane. In ECSP, when ethane is replaced with propane, the 

recovery rate increases provided that a large slug of propane is used. 

Increasing the size of propane slug significantly increases the ultimate 

recovery of ECSP. 

• For very low initial oil saturation, the recovery factor of ECSP decreases 

abruptly from cycle to cycle, even when the size of propane slug is increased. 

Moreover, ECSP recovers the oil faster in the presence of high oil saturation. 

Increasing the pressure to a level high enough for an efficient solvent gas 

drive speeds up the production rate in the presence of sufficient initial oil 

saturation. 

• The ultimate oil recovery during the ECSP cycles using a larger slug of 

propane with significantly lower initial production pressure is noticeably 

higher than some of ECSP cycles that have a significantly higher initial 
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production pressure. The optimum slug size for ECSP cycles in field scale 

can be approximated using reservoir simulation.   

• The performance of CSP is a strong function of production well location and 

production strategy (i.e. single-well or multi-well CSP), range of pressure 

operation, initial production pressure, production end pressure, and system 

repressurization using water injection.  

• A multiple-well CSP is relatively inefficient as significant soaking time and 

large methane slug are needed for the methane to stimulate the near-wellbore 

of the producer. Also, low-pressure single-well CSP is inefficient, as 

methane solubility is lower at low pressures, and during early production, a 

major portion of the methane leaves the system very quickly. 

• Repressurization of the system, using gas or water, before a single-well CSP 

is required in order to operate at a sufficiently high pressure to realize a 

solution gas drive. Repressurization of the system using water injection 

before a single-well CSP, conducting cyclic GAW, significantly improves 

the recovery and production rate, smoothens the pressure profiles, and 

reduces the gas requirement. 

• The essence of cyclic GAW process is the restoration of the solution-gas-

drive mechanism via alternate injection of water and a solution gas to reach 

the initial average reservoir pressure before the soaking period. The main 

features of cyclic GAW are: (1) the replacement of produced oil by water, (2) 

pushing the residual oil by water towards the injection-production point, (3) 
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restoration of the primary-production conditions, and (4) creating a favorable 

condition for the gas-oil contact.        

• A lower production end pressure for a single-well CSP is synonymous with a 

higher oil recovery and a lower recovery rate. 

• Surfactant-enhanced CSP is very efficient in increasing both the oil recovery 

factor and production rate of CSP. The recovery rate of most surfactant-

enhanced CSP cycles is one order of magnitude greater than that of CSP. The 

oil recovery factor and production rate of surfactant-enhanced CSP are 

comparable to some of ECSP cycles using methane and a large slug of 

propane.       

 

5.3 Impact of Solvent Gas Injection Sequence on ECSP 

In ECSP, two types of hydrocarbon solvents are injected separately, in a 

cyclic manner; one slug is more volatile (methane) and the other is more soluble 

(propane or ethane) in heavy oil and bitumen. The focus of this part is finding 

the optimum solvent injection sequence; this will be accomplished through 

examining the impact of the solvent injection sequence on the performance of 

ECSP, using different solvent pairs. The experimental results obtained from four 

series of ECSP test, each consisting of six cycles, indicate that higher oil 

recovery and production rate, and lower gas requirement and drawdown, were 

observed when methane is injected before ethane or propane. 

Tables 5.7 to 5.10 show a summary of the experimental conditions and 

results for ECSP, using the solvent pairs ethane-methane, propane-methane, 

methane-ethane, and methane-propane, respectively. The recorded data helped 
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determine the recovery factor, recovery rate, solvent requirement, and 

drawdown for different solvent types and injection sequences. All of this 

experimental data helps determine the optimum solvent type and injection 

sequence for ECSP. The reason for having higher final sandpack pressures in 

Tables 5.7 to 5.10 than those in earlier ECSP experiments is that the production 

cycle was terminated after 15 minutes. In earlier ECSP experiments reported in 

Tables 5.2 to 5.4, on the other hand, production cycles lasted until no further oil 

could be produced.   

 

Table 5.7: Experimental conditions and results for ECSP using ethane-methane 

Run Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Ethane injected 
(scm3) - 1573.7 1494.7 1058.1 1180.3 1180.8 787.0 

Ethane injection 
pressure (psig) - 500 500 500 500 500 500 

Methane injected 
(scm3) 4126.9 2126.8 2464.4 2674.7 2980.4 3128.9 3231.4 

Methane injection 
pressure (psig) 500 500 500 500 500 500 500 

Initial oil (g) 498.2 491.0 471.9 460.0 442.7 434.3 428.5 

Soaking time (hr) 72.0 21.0 22.0 22.5 23.0 22.3 23.0 

Sandpack 
pressure before 
soaking (psig) 

485.0 485.0 485.0 485.0 485.0 485.0 485.0 

Sandpack 
pressure after 
soaking (psig) 

323.5 386.0 422.5 448.7 451.6 452.7 463.9 

Final sandpack 
pressure (psig) 75.3 106.8 156.6 156.5 160.9 192.5 199.8 

Production time 
(min) 15 15 15 15 15 15 15 

Oil recovered (g) 7.2 19.1 11.9 17.3 8.4 5.8 4.7 
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Table 5.8: Summary of experimental conditions and results for ECSP using 

propane-methane 

Run Depletion* Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Propane 
injected (scm3) 844.4 402.5 588.9 657.9 717.7 744.9 711.8 

Propane 
injection 
pressure (psig) 

105 105 105 105 105 105 105 

Methane 
injected (scm3) 5223.8 5941.8 6819.1 7557.5 8177.1 8715.6 9158.6 

Methane 
injection 
pressure (psig) 

500 500 500 500 500 500 500 

Initial oil (g) 431.0 406.2 375.9 350.4 329.0 310.4 295.1 

Soaking time 
(hr) 22.3 22.5 21.5 22.7 22.5 22.5 22.5 

Sandpack 
pressure before 
soaking (psig) 

485.0 485.0 485.0 485.0 485.0 485.0 485.0 

Sandpack 
pressure after 
soaking (psig) 

462.3 439.4 446.6 448.9 451.2 452.5 455.2 

Final sandpack 
pressure (psig) 60.9 53.1 54.5 55.3 57.3 61.7 64.1 

Production 
time (min) 15 15 15 15 15 15 15 

Oil recovered 
(g) 24.8 30.3 25.5 21.4 18.6 15.3 14.0 

* Prior to 22.3 hours of soaking before depletion, sandpack was left to soak for 72 hours and pressurized by 
methane to 485 psig.  
 

5.3.1 Recovery Factor  

Figure 5.28 shows the ultimate oil recovery factor in terms of fraction of 

original oil in place (OOIP) for different solvent types and injection sequences. 

The maximum and minimum oil recovery factor was obtained for the solvent 
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pairs methane-propane and ethane-methane. This suggests that the oil recovery 

factor in ECSP is a strong function of the more-soluble solvent type and the 

injection sequence.     

 

Table 5.9: Summary of experimental conditions and results for ECSP using 

methane-ethane 

Run Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Ethane injected 
(scm3) - 1481.7 1133.1 828.5 845.0 790.7 569.4 

Ethane 
injection 
pressure (psig) 

- 500 500 500 500 500 500 

Methane 
injected (scm3) 3684.9 1933.9 2221.9 2577.2 2904.1 3137.4 3319.4 

Methane 
injection 
pressure (psig) 

500 500 500 500 500 500 500 

Initial oil (g) 496.8 488.4 472.1 452.0 433.5 420.3 410.0 

Soaking time 
(hr) 72.0 21.5 21.8 22.4 22.5 22.3 22.8 

Sandpack 
pressure before 
soaking (psig) 

485.0 485.0 485.0 485.0 485.0 485.0 485.0 

Sandpack 
pressure after 
soaking (psig) 

319.2 377.1 413.4 429.5 436.9 441.4 451.6 

Final sandpack 
pressure (psig) 69.1 129.6 174.1 181.3 190.5 209.5 228.4 

Production 
time (min) 15 15 15 15 15 15 15 

Oil recovered 
(g) 8.4 16.3 20.1 18.5 13.2 10.3 6.1 
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Table 5.10: Summary of experimental conditions and results for ECSP using 

methane-propane 

Run Depletion Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Propane 
injected (scm3) 1146.5 497.1 505.8 568.3 601.0 623.1 608.5 

Propane 
injection 
pressure (psig) 

105 105 105 105 105 105 105 

Methane 
injected (scm3) 4448.2 5227.1 6171.0 7181.5 8012.5 8695.8 9257.5 

Methane 
injection 
pressure (psig) 

500 500 500 500 500 500 500 

Initial oil (g) 444.2 417.3 384.7 349.8 321.1 297.5 278.1 

Soaking time 
(hr) 72.0 23.5 23.1 22.8 22.7 22.5 22.3 

Sandpack 
pressure before 
soaking (psig) 

485.0 485.0 485.0 485.0 485.0 485.0 485.0 

Sandpack 
pressure after 
soaking (psig) 

309.8 423.2 431.5 434.5 438.1 440.3 441.9 

Final sandpack 
pressure (psig) 63.1 68.2 69.3 70.9 72.2 74.5 78.5 

Production 
time (min) 15 15 15 15 15 15 15 

Oil recovered 
(g) 26.9 32.6 34.9 28.7 23.6 19.4 16.3 

 
  

As shown in Figure 5.28, the oil recovery factor of the primary depletion 

test from four ECSP tests is in the range of 1 to 6% OOIP, which is lower than 

the typical range of 5 to 10% from heavy oil reservoirs in western Canada. The 

major reason for this is the low initial GOR of the oil in the sandpack. This low 
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initial GOR is pertinent to the way the condition of live oil was created in the 

sandpack (see Chapter Four) in order to conduct the primary depletion test.  

The performance of ECSP is significantly enhanced when ethane is 

replaced with propane. Also, when methane is injected ahead of propane or 

ethane, they are better distributed in the oil phase. It is therefore essential, when 

operating an ECSP, that the methane slug is injected first, so that it fingers in the 

oil to provide paths for the propane or ethane slug to mix with oil. This suggests 

that the optimum injection sequence in ECSP is to inject methane before 

propane or ethane, in order to effectively use the viscosity reduction and 

solution gas drive mechanisms. In fact, by injecting methane prior to ethane or 

propane, ECSP performs better because it improves solvent distribution and the 

rate of solvent dissolution in the oil, and it partially retards the rate of solvent 

exsolution from the oil during production.  

One may argue that simultaneous injection of methane and propane 

might give even more uniform distribution of the solvents. However, one 

problem in simultaneous injection of methane and propane is that it can be done 

to a point when the sandpack pressure reaches the saturation pressure of propane 

after which propane should be injected at pressures higher than its saturation 

pressure. This causes propane to liquefy, which in turn adversely affects propane 

distribution in the sandpack because partly-liquefied propane has a much lower 

level of dispersion than propane in gaseous state. Thus, in the case of 

simultaneous injection of methane and propane, injection pressure is limited to 

pressures below the saturation pressure of propane. It was previously shown that 
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lower injection pressures and lower initial sandpack pressures cause a reduction 

in the performance (i.e. oil recovery factor and production rate) of ECSP.   

     

 
Figure 5.28: Ultimate oil recovery factor for ECSP using different solvent types 

and injection sequences. A total of 14.93%, 18.70%, 34.79%, and 41.07% of 

OOIP were recovered through ethane + methane, methane + ethane, propane + 

methane, and methane + propane, respectively.  

   

Figure 5.28 also shows the impact of the initial oil saturation of the cycle on 

the ultimate oil recovery factor for different solvent types and injection 

sequences. In general, the oil recovery factor of the ECSP tests peaks during the 

early cycles, and then drops during later cycles. Because all of the ECSP cycles 

were operated at an equal initial sandpack pressure before soaking (485 psig), 

the decrease in the oil recovery factor for later cycles is partially attributed to the 

significant reduction in the initial oil saturation of the cycles, and subsequent 

decrease in the degree of gas-oil contact, especially around the injection site. 
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Also, the pressure data in Tables 5.7 to 5.10 generally indicate that the rate of 

pressure drop during the soaking time decreases for the later ECSP cycles 

because the rate of gas dissolution decreases. This lowers the degree of oil 

swelling and viscosity reduction for the later ECSP cycles. The other important 

factor in later ECSP cycles is the presence of a higher gas saturation, which 

makes the oil relative permeability and mobility smaller in comparison with gas 

relative permeability and mobility. All of these factors contribute to the decrease 

in the oil recovery factor for later ECSP cycles.  

 

5.3.2 Recovery Rate 

As shown in Figure 5.29, the oil production rate of ECSP increases in 

this order: ethane─methane, methane─ethane, propane─methane, and 

methane─propane. This trend confirms that the optimum injection sequence in 

ECSP is to inject methane before ethane or propane in order to speed up the oil 

production rate. This injection sequence ensures that the viscosity reduction and 

solution gas drive mechanisms are simultaneously utilized, in the most efficient 

manner. The oil production rate hits a maximum value during the early ECSP 

cycles and then it decreases for the later cycles. This is caused by the same 

factors which contribute to the decrease in the oil recovery factor for later ECSP 

cycles. These factors were discussed in Section 5.3.1.   

Another way of speeding up the production rate in ECSP is to replace 

ethane with propane. In fact, if a sufficient amount of propane is injected, it is 

very likely to have a relatively more efficient foam formation. If the oil creates 

foam as the gas comes out of the solution, the gas relative permeability is 
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dramatically reduced, leading to a more efficient foamy solution gas drive 

(Maini, 2001). Additionally, when ethane is replaced with propane, there will be 

a more efficient gas dissolution, a more reduction in the oil viscosity, and a 

higher degree of oil swelling. All of these help reduce the gas saturation and gas 

relative permeability during the production cycles of ECSP, which contribute to 

enhancing the oil production rate.  

 

Figure 5.29: Ultimate oil recovery rate for ECSP using different solvent types 

and injection sequences  

 

5.3.3 Solvent Requirement 

The amount of solvent to be injected in a cycle depends on injection 

sequence of the two solvents and the final sandpack pressure at the end of an 

injection cycle before soaking. In general, lower gas requirements are observed 

in ECSP when a methane slug is injected before ethane or propane. This is 

implied in the data in Figures 5.30 to 5.32. According to Figure 5.30, except the 
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first cycle using methane/propane, the amount of injected ethane or propane in 

ECSP is lower when methane is injected before ethane or propane. Figure 5.31 

also shows that the amount of injected methane decreases when methane is 

injected first, except for the last ECSP cycles. Combining the amount of gas in 

the first and second slugs injected, the overall amount of gas required is reduced 

when a methane slug is injected first. This is because, when a methane slug is 

injected first, a smaller drawdown occurs, as compared to the case when a 

methane slug is injected after propane or ethane. When a smaller drawdown 

(defined as the difference in sandpack pressure at the beginning of soaking and 

the end of production cycle) occurs, a smaller gas volume is required to 

repressurize the sandpack back to an equal initial sandpack pressure (485 psig) 

before the soaking period. In conclusion, lower gas requirements and higher oil 

recoveries are observed when methane slug is injected first.   

 
Figure 5.30: Amount of injected ethane or propane in ECSP with different 

solvent types and injection sequences  
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Figure 5.31: Amount of injected methane in ECSP using different solvent types 

and injection sequences  

 

 
Figure 5.32: Amount of total injected gas in ECSP with different solvent types 

and injection sequences 
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5.3.4 Drawdown, Pressure Profiles, and Cumulative Oil Production  

Figure 5.33 shows the drawdown in ECSP cycles, with different solvent types 

and injection sequences. Drawdown shown on the vertical axis is the difference 

between the sandpack pressures before soaking and at the end of production 

divided by the initial sandpack pressure before soaking. Figures 5.34 and 5.35 

illustrate the pressure profiles during injection, soaking, and production for each 

ECSP run (including primary depletion and six ECSP cycles) using different 

solvent pairs and injection sequences.  

 
Figure 5.33: Drawdown in ECSP with different solvent types and injection 

sequences. Drawdown is the difference between the sandpack pressures before 

soaking and at the end of production divided by the initial sandpack pressure 

before soaking. 

 

By injecting methane before ethane or propane in ECSP cycles, a relatively 

smaller drawdown was observed, in comparison to the injection sequence when 

methane is injected after propane or ethane (Figure 5.33). Over these smaller 
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drawdown ranges, higher oil recovery factor and production rate were observed 

(Figure 5.36). 

Additionally, the pressure data in Figures 5.34 and 5.35 indicate that the 

rate of pressure drop during the soaking time increases for the ECSP cycles 

when methane is injected before ethane or propane because of the increase in the 

rate of gas dissolution. The increase in the rate of gas dissolution occurs because 

of a better distribution of the ethane or propane in the oil when the methane slug 

is injected first.  

 

Figure 5.34: Sandpack pressure profiles in ECSP cycles with methane/propane 

 

Figure 5.35: Sandpack pressure profiles in ECSP cycles using methane/ethane 
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For all injection sequences, the rate of pressure drop during the soaking time 

decreases for the later ECSP cycles, because the rate of gas dissolution 

decreases due to a decrease in gas-oil contact. This is partially attributed to a 

significant reduction in the available oil saturation for later ECSP cycles, in 

particular, around the injection site. 

 

 

Figure 5.36: Impact of solvent type and injection sequence on the cumulative oil 

recovery factor in ECSP  

 

5.3.5 Oil and Free Gas Flow and Distribution during ECSP Production Cycle 

The solvent injection sequence has a significant impact on the oil and gas 

flow during the early stages of the production cycle of ECSP tests. In Figure 

5.37, the dark color represents the developed oil bank and the bright color 

represents the gas phase released from the oil during the early stages of ECSP 

production cycle. The results demonstrate that the size of the oil bank developed 

during the production cycle increases when a methane slug is injected prior to an 

ethane or propane slug.    
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(a) Injection sequence: (1) Ethane, (2) Methane  

 

 
(b) Injection sequence: (1) Methane, (2) Ethane  

 

 
(c) Injection sequence: (1) Propane, (2) Methane    

 

 
(d) Injection sequence: (1) Methane, (2) Propane  
 
Figure 5.37: Impact of solvent type and injection sequence on the oil and gas 

distribution during the early time of the production cycle (flow is from right to 

left). Dark color is the developed oil bank in the vicinity of the injection-

production site on the left-hand side and the bright color is the continuous gas 

phase bank formed during the early time of production cycle. The size of the 

developed oil bank increases from (a) to (d). The gas volume released from oil 

and the gas relative permeability decrease from (a) to (d).    
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Furthermore, by injecting a methane slug before ethane or propane, a 

more uniform distribution of the more-soluble solvent in the oil is created. Also, 

the gas volume that is released from the oil by pressure reduction, during the 

early production cycle, decreases when a methane slug is injected before ethane 

or propane. All of these factors contribute to decreasing the free gas phase 

relative permeability during the production cycle.  

The fundamental reason behind an inefficient solution gas drive 

mechanism can be explained in terms of how the released gas saturation from 

the oil is formed during the early production cycle (Figure 5.38a), develops and 

propagates afterwards (Figure 5.38b), and channels into the producer (Figure 

5.38c without an effective contribution to the oil production. Figures 5.38a to 

5.38c depict the dynamics of an inefficient gas drive mechanism, which were 

observed during the production cycle of ECSP when ethane was injected prior to 

the methane slug. These dynamics are somewhat improved when ethane is 

replaced with propane (Figure 5.38d), partly because of a higher rate of 

dissolution of propane than that of ethane, and mainly due to somewhat effective 

foamy solution gas drive mechanism. In this case, a less continuous, and 

relatively smaller, gas phase bank forms during the early production cycle (see 

Figure 5.38d), which helps decrease the gas phase permeability relative to prior 

cases depicted in Figures 5.38a to 5.38c. The formation of this less continuous, 

and relatively smaller, gas phase bank (Figure 5.38d) during the early 

production cycle does not even occur when ethane is replaced with propane and 

methane is injected prior to propane (Figure 5.38e).  
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(a) Injection sequence: (1) Ethane, (2) Methane. Early time of production cycle.  

 
(b) Injection sequence: (1) Ethane, (2) Methane. Intermediate time of production cycle.   

 
(c) Injection sequence: (1) Ethane, (2) Methane. Late time of production cycle.     

 
(d) Injection sequence: (1) Propane, (2) Methane. A less continuous and smaller free gas phase bank.  

 
(e) Injection sequence: (1) Methane, (2) Propane. Ideal oil and free gas distribution for an 

effective gas drive.  
 
 

Figure 5.38: Impact of solvent type and injection sequence on the oil and gas 

distribution in production cycle (flow is from right to left).   
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The oil and free gas distribution shown in Figure 5.38e is what is desired 

and is ideal for an efficient solution gas drive mechanism in ECSP production 

cycles. Note that in Figure 5.38 the dark color is the developed oil bank and the 

bright color is the released gas phase formed during the early time of production 

cycle. It is noted that images (a) to (c) in Figure 5.38 depict an inefficient gas 

drive mechanism. 

 

5.3.6 Foamy Solution Gas Drive Mechanism  

Regardless of the solvent injection sequence, the performance of ECSP 

cycles is significantly enhanced when ethane is replaced by propane. The 

impressive performance of ECSP cycles using propane is due to a higher degree 

of the reduction in oil viscosity and a more efficient foam formation, caused by 

the propane slug (Figures 5.39c and 5.39d). Figure 5.39 depicts samples of the 

produced foamy oil in ECSP cycles using ethane (images (a) and (b)) and 

propane (images (c) and (d)). The presence of propane makes the oil foam in a 

more efficient manner than ethane does during depletion, as seen when Figures 

5.39a and 5.39b and Figures 5.39c and 5.39d are compared. If the oil creates 

foam as the gas comes out of the solution, the gas relative permeability is 

dramatically reduced, leading to a more efficient foamy solution gas drive. 

Additionally, the dissolution of propane not only reduces the oil viscosity more 

significantly than ethane does, it also causes a higher degree of oil swelling as 

compared to the dissolution of an ethane slug. All of these factors help reduce 

the gas saturation and gas relative permeability more efficiently when ethane is 

replaced with propane.  
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Detailed investigations into the production behavior of heavy oil 

reservoirs under foamy solution gas drive mechanism have been done by Brij 

Maini at the Petroleum Recovery Institute and University of Calgary (Maini et 

al., 1993; Maini, 1996a, b; 1999, 2001), Abbas Firoozabadi at the Reservoir 

Engineering Research Institute (RERI) in Palo Alto, CA, and others 

(Firoozabadi, 2001). Foamy oil flow is not expected to play a significant role in 

the external gas drive process whereas in solution gas drive it is an important 

factor (Maini et al., 1993). Overall, Bora and Maini (2000) stated that the 

production enhancement in the solution gas process in heavy oil reservoirs is 

related to viscous coupling effects, sand production, and wormhole effects. 

Because in the ECSP sandpack tests conducted in this study, sand production 

and wormholing did not take place significantly, we rule out the influence of 

these two phenomena on our experimental results and on the foamy solution gas 

drive mechanism. The viscous coupling effects, thus, seem to have a more 

noticeable impact on the solution gas drive mechanism in our ECSP tests. 

Moreover, visual inspection of sandpack at the end of primary depletion and 

ECSP cycles did not reveal a noticeable asphaltene precipitation. Thus, it is not 

possible to postulate on the role of asphaltene precipitation in the nucleation and 

stabilization of the gas bubbles that evolve during the solution gas drive process.  

The observations of produced foamy oil in ECSP experiments showed 

that the production of heavy oil was not accompanied by a large population of 

very small bubbles. Some of the produced oil samples, however, were in the 



144 
 

form of oil-continuous foam, with the appearance of chocolate mousse, and 

contained some dispersed gas bubbles (Figures 5.39c and 5.39d).    

 

  
(a) Produced foamy oil in ECSP using ethane (b) Produced foamy oil in ECSP using ethane 
 

  
(c) Produced foamy oil in ECSP using propane (d) Foamy oil in separator in ECSP using propane 

 
Figure 5.39: Samples of the produced foamy oil in ECSP cycles using ethane (a 

and b) and propane (c and d). Propane makes the oil foam during depletion in a 

more efficient manner than ethane does (higher degree of foaming is evident in 

Figures 39c and 39d than in Figures 39a and 39b). 
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Furthermore, the existence of microbubbles is based on the idea that 

asphaltenes can stabilize small bubbles (Bora and Maini, 2000). Because the oil 

sample in ECSP was not deasphalted significantly during the ECSP tests, we can 

postulate that the microbubbles are part of the flow system in our ECSP tests. 

Finally, our visual flow inspection show that the nucleation of bubbles cannot be 

assumed instantaneous and new bubbles continued to be nucleated throughout 

the entire cycle as the ECSP was conducted under a relatively fast depletion rate. 

Firoozabadi (2001) suggests that the term foamy oil does not apply to 

solution gas drive in heavy oil reservoirs. He argues that it is the high oil 

viscosity that contributes to a substantial decrease in gas mobility; as a result, 

the solution gas drive process becomes efficient. Our experimental observations 

suggest that viscous coupling and dispersed flow of gas-in-oil are dominant in 

ECSP process. Hence, contrary to what Firoozabadi (2001) discusses, our 

observations of ECSP imply that the mechanism of solution gas drive in heavy 

oil reservoirs can partly be related to the foamy nature of the oil. Additionally, a 

close-up of sandpack pressure during primary depletion and ECSP cycles in 

Figure 5.14 shows some pressure fluctuation, indicating that the slugs of gas are 

produced with the oil during ECSP (see, for example, Figure 39d). Firoozabadi 

(2001) confirmed that the production of slugs is accompanied by pressure 

fluctuation.  

The dispersed-gas flow or foamy-oil behavior was observed in some of 

our single-well ECSP experiments (especially when methane was injected ahead 

of propane) to occur at regions close to the sandpack injection-production end in 



146 
 

the vicinity of which the pressure-depletion rates and pressure gradients are 

relatively higher. This observation is consistent with that reported by Sahni et al. 

(2004). It should be mentioned that greater pressure gradients may also be 

observed near wormholes in sand-producing heavy-oil reservoirs. Wormholing 

was non-existent in our ECSP experiments. It is worth mentioning that the 

depletion or pressure-decline rate plays a significant role in bubble nucleation, 

supersaturation, and initial growth of the gas stationary bubbles, whereas the 

pressure gradient accounts for the mobilization of gas bubbles. The dispersed 

flow of gas is very likely to occur if the viscous forces exceed the capillary 

trapping forces acting on the bubbles. In our ECSP tests, the relatively high-

permeability sands and high pressure gradients are conducive to the dispersed 

flow of gas. It is also known that low gas-oil interfacial tension is conducive to 

the dispersed flow of gas. Because we did not conduct gas-oil interfacial tension 

measurements and post-mortem analysis, it is not possible to comment or 

conjecture on the effect of level of gas-oil interfacial tension on the dispersed 

flow of gas in the sandpack during ECSP cycles. In summary, this analysis 

indicates that dispersed flow of gas is a localized phenomenon. 

We conducted ECSP tests under relatively high depletion rates in the 

laboratory scale. It is therefore conjectured that in our laboratory heavy-oil 

depletion experiments non-equilibrium effects are present. Because our ECSP 

experiments were conducted at a relatively fast depletion rate, less time was 

given to gas bubbles to grow and equilibrate. The observation of large gas 

bubbles under the visual sandpack by a high-resolution digital camera showed 
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that some of the old gas bubbles broke up and new bubbles continued to be 

nucleated throughout the entire ECSP cycle.      

The ECSP results in this study at high rates of pressure decline cannot be 

applied to field conditions, for one very simple reason: At field conditions, even 

near the wellbore, the rate of pressure decline is low. At high rates of pressure 

decline during the ECSP cycles conducted in this study, a larger number of 

nucleation sites may be activated and, therefore, critical gas saturation can be 

much higher than the values at low rates of pressure decline in the field scale.  

There are two approaches for the understanding and modelling of 

solution gas drive mechanism in heavy oil reservoirs and the interpretation of 

field data and laboratory measurements. The first approach (which includes 

most of the research on cold production) utilizes a pseudo-single phase flow in 

which the efficiency of solution gas drive is governed by parameters such as 

compressibility, viscosity, non-equilibrium phenomena, and the supersaturation 

(see the critical review conducted by Sheng et al. (1999)). The second approach 

utilizes the conventional two-phase model with the parameters of heavy oils. 

The latter, which has mainly been practiced by Firoozabadi and his colleagues 

(see, for example, Firoozabadi (2001)), uses parameters such as critical gas 

saturation, very low gas relative permeability, and the assumption of no 

supersaturation in the reservoir. In this approach, the value of critical gas 

saturation and the efficiency of solution gas drive is a strong function of the rate 

of pressure decline. For the laboratory results of ECSP in this study and the field 

scale production, overall heavy-oil solution-gas-drive behavior can be analyzed 
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and history-matched with suitable critical gas saturation and modified (or 

pseudo) gas relative permeability curves as the concept of relative permeability 

is based on the continuousness of a phase. The second approach may be suitable 

for the history-matching of the field production data and macroscopic modeling 

of the laboratory tests but it does not adequately depict the pore-scale picture of 

the solution gas drive in heavy oil reservoirs. The importance of foamy oil flow 

mechanisms, dispersed flow of gas and the supersaturation are non-existent in 

the second approach. The first approach, on the other hand, can be adopted to 

explain the pore-scale physics of the ECSP tests conducted in this study.       

The critical gas saturation in our ECSP tests from gas-oil ratio (GOR) 

data was not determined because large errors could have been introduced in the 

calculations. One may use visual observations and CT scanning to detect the 

initial gas flow from small-scale cores to establish the true value of critical gas 

saturation. In our visual sandpack tests, it was not feasible to obtain CT images 

showing the gas saturation in longitudinal and transversal slices (as a function of 

time) because such apparatus was not available in our laboratory.  

In conclusion, there is ample evidence from our ECSP experiments that 

the term foamy oil does partly play a role in solution gas drive in heavy oil 

reservoirs. It is not only the high oil viscosity that contributes to a substantial 

decrease in gas mobility (according to Firoozabadi and others) but also the 

foamy nature of the oil and the dispersed gas-in-oil flow (as observed in this 

study); as a result, the solution gas drive process becomes efficient. We realize 

that the fluctuations in the measured pressure drop across the sandpack in our 
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ECSP experiments were likely due to the intermittent nature of gas flow (and 

gas slug production) and not due to the foamy nature of the oil. However, we 

observed that there is some gas production in the form of bubbles prior to gas 

slug production and formation of critical gas saturation. 

 

5.3.7 Other Flow Mechanisms in ECSP 

The foamy solution gas drive mechanism was found to be one of the 

dominant mechanisms in ECSP. Other flow mechanisms in ECSP that play a 

role during various stages of ECSP include: solvent diffusion and convective 

dispersion, viscous fingering, near wellbore inflow, phase change and 

dissolution of the solvent, oil swelling, and capillary mixing. An explanation of 

each of these mechanisms is presented in the next paragraphs.     

Solvent diffusion and convective dispersion impact the ECSP 

performance during the soaking period and injection cycle, respectively. The 

order of hydrocarbon solvent diffusion into the heavy oil and bitumen is in the 

range of 10-12 to 10-8 m2/s, depending on the type of solvent, viscosity of 

oil/bitumen, temperature and on the pressure (see Tables 2.1, 2.2, and 2.3). As 

opposed, finding the mutual dispersion of gaseous hydrocarbons and heavy 

oil/bitumen is very challenging because the viscosity of hydrocarbon-heavy oil 

mixture changes in a noticeable manner during the dispersion process. Thus, in 

the simulation and history-matching of ECSP in Chapter Six, the magnitude of 

the effective diffusivity of the solvents into the heavy oil was set at 10-7 m2/s in 

order to match the experimental pressure profiles, cumulative oil recovery 

factor, and injected volume of methane and propane. This level of effective 
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diffusivity is approximately one to two orders of magnitude higher than the 

typical molecular diffusivity of methane or propane in heavy oils, which was 

previously reported in Tables 2.1, 2.2, and 2.3. The effects of gas and oil phase 

diffusion coefficients on the cumulative injected gas are discussed in a 

simulation sensitivity analysis presented in Section 6.4.8 in Chapter Six.  

Because the oil-to-solvent viscosity ratios in our ECSP experiments can 

be as high as 100,000, viscous fingering occurred during the injection cycles of 

ECSP in this study. Because of the small width and depth of our sandpack 

relative to its length, transverse dispersion and gravity do not play a significant 

role in our visual sandpack model. Thus, suppressing of fingering in ECSP due 

to transverse dispersion and gravity was negligible. Our observations in the 

visual sandpack suggest that the onset of viscous fingering during ECSP 

injection cycles was when a single dominant finger started to form. This finger 

subsequently grew and propagated following the oil mobilization. 

During the single-well stimulation of heavy oil in ECSP in this study, the 

presence of near wellbore inflow mechanism was evident. This mechanism, 

which is pertinent to preferential flow of the injected gases near the wellbore, 

explains the declining oil production in later ECSP cycles. If the gravity 

drainage effect was dominant in our ECSP cycles, the oil production could have 

been maintained after the early ECSP cycles. In the later cycles of single-well 

ECSP, the residual oil saturation was higher in the areas away from the 

injection-production well. Hence, in operating an ECSP where the production 

mechanism of wellbore inflow is dominant and the gravity drainage is not 
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significant, the oil saturation in the vicinity of the injection-production point 

should be maintained as high as possible. The reason is that the injected gas 

tends to preferentially touch and stimulate the near wellbore area where the 

prevailing mechanism (in single-well ECSP) is the near wellbore inflow.  

The dissolution of the solvent and the phase change is another important 

mechanism in ECSP. In ECSP where one production mechanism of near 

wellbore inflow is dominant, heavy oil becomes less viscous due to convective 

dispersion of the solvent gas during the gas injection cycle and the diffusion of 

the gas during the soaking period. In our ECSP experiments, when the solvent 

gas was injected until the average sandpack pressure exceeded the saturation 

pressure of the solvent mixture, the phase change of the solvent increased the 

solvent mass concentration throughout the sandpack. When the solvent mass 

concentration increased in the areas of solvent-oil contact in the sandpack, 

higher diffusion rates of the solvent mixture occurred during the injection cycle 

and soaking period. 

Because oil swelling occurred in our ECSP experiments due to solvent 

dissolution into the heavy oil, a decrease in both solvent injectivity (during 

solvent injection into the sandpack) and gas-phase relative permeabilities 

(during production cycle) is expected. Hence, for matching the experimental 

cumulative oil recovery factor, injected gas volumes, and pressure profiles, 

lower gas-phase relative permeabilities during the production periods are used in 

Chapter Six (Section 6.3). 
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Capillary mixing also occurred during the injection cycle of our partially 

miscible ECSP experiments. It improved the gas-oil contact around the 

developed viscous fingers during the injection cycle, so as to enhance the rate of 

solvent dissolution and diffusion during the soaking period of ECSP. The 

counter-current flow of solvent gas into the area originally occupied by heavy 

oil was observed in our visual sandpack during the ECSP experiments. This kind 

of counter-current gas flow occurred when the oleic phase was imbibed into the 

areas occupied by gaseous solvents. Consequently, gas flowed counter-currently 

into the area originally occupied by the oleic phase.  
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Chapter 6: Numerical Simulation and History-Matching 

 

Computer Modelling Group’s (CMG) GEMTM is used in this work to 

history-match the experimental data and study the performance of ECSP. A 

compositional simulator is necessary since the effectiveness of ECSP depends to 

some extent on the ability of the injected gaseous solvents to modify the 

composition of the oil. The complexities commonly encountered in Canadian 

heavy oil reservoirs such as geological heterogeneities, fractures, wormholes, 

faults, and permeability variation tend to complicate the analysis of ECSP. 

Therefore, to avoid all the complexities commonly encountered in Canadian 

heavy oil reservoirs, a homogeneous reservoir model was designed in an attempt 

to solely focus on the effect of modifying solvent injection sequence and rate, 

injection strategy and mode, location of injector and producer, production 

strategy, and other operation or reservoir parameters. Also, selection of such a 

homogeneous model reduced the simulation run time without compromising the 

results. To build the simulation model, a rectangular-shaped reservoir with 

Cartesian grids was used. The CMG-WinPropTM module was used to generate 

an EOS fluid model. This fluid model was then imported into CMG-GEMTM for 

history-matching of ECSP experimental data.   

 

6.1 Oil-Solvent PVT Data and Model Validation   

In this section, physical properties of the dead crude oil, oil-gaseous 

solvent pressure–volume–temperature (PVT) data, and PVT model validation 
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are presented and discussed. A PVT fluid study was conducted in a PVT set-up 

to identify the phase behavior of the methane-propane-heavy oil system. The 

phase behavior of the cited system was simulated using the CMG-WinProp™, 

Ver. 2012 phase behavior simulator. 

 

6.1.1 Physical Properties of Dead Crude Oil and Oil-Solvent PVT Data  

Table 6.1 summarizes the physical properties of the deal oil used in 

constructing the PVT model and conducting ECSP tests. The temperature 

indicated in Table 6.1 is the temperature at which all the CSP and ECSP tests 

were conducted. Thus, the history-match of the ECSP tests will be conducted at 

22 °C.    

 

Table 6.1: Physical properties of the dead oil sample A used in PVT model and 

ECSP tests 

Dead oil viscosity at 22 °C, mPa∙s 2246 

Dead oil density at 22 °C, kg/m3 970 

Dead oil molecular weight, g/mol 389 

 

Table 3.2 summarizes the carbon distribution of the dead crude oil used 

in constructing the PVT model and conducting ECSP tests whose experimental 

results will be history-matched in this chapter.  

The results of PVT experiments for methane-propane-heavy oil system 

are given in Table 6.2. The reported values of saturation pressure and swelling 
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factor for different feed compositions and temperatures will be used in order to 

tune the equation of state (EOS) and validate the PVT model. This tuned PVT 

model will later be imported into CMG-GEM™ where the results of ECSP 

experiments conducted in the sandpack will be history-matched.      

 

Table 6.2: Measured PVT data for methane-propane-heavy oil sample A system 

(measured at the University of Regina, SK) 

Feed Composition  

Temperature 

(oC) 

 

Saturation 

pressure 

(psia) 

 
 

Swelling factor 
Methane 

(mol%) 

Propane 

(mol%) 

Heavy oil 

(mol%) 

13.81 

 

49.52 

 

 

36.67 

 

20.5 633.8 1.362 

35.0 722.7 1.370 

49.5 824.6 1.377 

10.67 53.97 35.36 

20.5 511.6 1.404 

35.0 588.2 1.412 

49.5 678.7 1.415 

 

6.1.2 PVT Model Validation  

What can be used for tuning the pseudo-component model for the crude 

oil samples depends on what PVT data are available and the number of pseudo-

components that will represent the oil. The minimum number of pseudo-

components that must be use depends on the process to be simulated and the 
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mechanisms that must be accounted for. To simply model the viscosity 

reduction by solvent dissolution, a single component representation of oil might 

be adequate (Maini, 2012). In this case, the model was tuned by matching the 

experimental saturation pressures and swelling factors. If asphaltene 

precipitation is to be handled, more pseudo-components must be added and 

more PVT data will be required to tune the model. If the possibility of forming 

two liquid hydrocarbon phases exists, then experimental PVT data on such 

phase behavior is needed (Maini, 2012). 

The phase behavior of the methane-propane-heavy oil A system was 

simulated using the CMG-WinProp™, Ver. 2012 phase behavior simulator. It is 

noted that in Chapter Three, another separate phase behavior simulation in 

CMG-WinProp™ was conducted for methane-Brintnell heavy oil type B 

system. In summary, in the CMG-WinProp™, first, the experimental physical 

data for the dead crude oil were introduced. Then, regression analysis was 

conducted to match the data and tune the EOS. Using multiple regressions on 

the various available data, we tuned the EOS model in order to accurately 

represent the phase behaviour of the methane-propane-heavy oil system used in 

this simulation study. The detailed procedure is explained as follows. 

To reduce the number of equations, which should be solved by the 

simulator, and consequently cut down on simulation run time, the heavy crude 

oil flashed composition (reported in Table 3.2) was lumped into four groups 

entitled as C8-C12, C13-C21, C22-C30 and C30+. The properties of the plus 

fractions were obtained using the apparent molecular weight of the 
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corresponding fraction (Danesh, 1998). In this PVT model, the following 

components and four pseudocomponents were introduced into the simulator: 

methane, propane, C8-C12, C13-C21, C22-C30 and C30+.  

In order to build the fluid model, first, the physical properties of the 

heavy crude oil were collected. These physical properties include the crude oil 

composition, density, and viscosity. The physical properties for the crude oil 

samples used in this study are given in Table 6.1. Table 6.2 provides the 

conditions of the live oil samples at its corresponding saturation pressure. To 

start building the fluid model, the components present in the live oil sample 

were selected from CMG’s built-in database. Then, the Modified Pedersen 

Corresponding States Model was selected for viscosity calculations.  

The Peng–Robinson EOS was tuned using the experimental PVT data, 

which consisted of swelling factor and saturation pressure at three different 

temperatures for two different feed compositions (see Table 6.2). The standard 

procedure in validating the PVT model using this kind of PVT data in CMG-

WinProp™ is to match the saturation pressure for different temperatures. 

Afterwards, it is tried to match the swelling factor for the corresponding 

temperatures. 

Hence, to get the saturation pressure matched, critical pressure and 

temperature for the last and heaviest component were considered as the 

regression parameters. Using this procedure, a reasonable match for the 

saturation pressure was obtained, which is shown in Figure 6.1. It is worth 

mentioning that the interaction coefficient could also be added as another 
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regression parameter. However, since all of the components are hydrocarbon 

and there is no non-hydrocarbon component (like CO2), a better match for 

saturation pressures was obtained without adding the interaction coefficient to 

the set of regression parameters. 

 

Figure 6.1: Match of saturation pressure versus temperature for different feed 

compositions (mole%) of methane-propane-heavy oil system. 

 

Then, after updating the components, critical pressure and temperature 

for the last two components were considered as the regression parameters. This 

procedure produced a reasonable match for the swelling factor data. This match 
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is shown in Figure 6.2. It should be emphasized that a zero weight factor for the 

saturation pressure must be assumed when matching the swelling factor data at 

this stage.  

Once the EOS model was tuned to accurately predict saturation pressure, 

density, and swelling factor, the model could be used to calculate the properties 

of the oil at the various pressures that would be encountered during the 

simulation. This tuned fluid model was then imported into the CMG-GEMTM 

module for conducting simulations. 

 

Figure 6.2: Match of swelling factor versus temperature for different feed 

compositions (mole%) of methane-propane-heavy oil system. 
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6.2 Simulation Model 

In the numerical simulation of ECSP tests, a three-dimensional 

rectangular model was considered (which consists of 20×5×3 grid blocks in x, y, 

and z directions, respectively) with dimensions that exactly replicate the 

laboratory experimental sandpack, as given in Table 6.3. The model was initially 

saturated with heavy crude oil and methane. The physical properties and initial 

conditions of the three-dimensional rectangular simulation model are given in 

Table 6.3, all of which replicate the experimental condition of the sandpack in 

the corresponding ECSP tests. In order to perform the simulation in the above-

mentioned laboratory model, fully compositional simulation in CMG-GEMTM, 

Ver. 2012 was utilized. 

Once the reservoir model was built and the array properties were 

assigned for each layer, the fluid model was imported to CMG-GEMTM from 

CMG-WinPropTM. The generation of the CMG-GEMTM EOS model was 

discussed in Section 6.1. The relative permeability data were determined using 

available correlations in CMG for unconsolidated sandstone. The initial pressure 

of 101.3 kPa (14.7 psia) and a uniform temperature of 22°C were used as the 

initial conditions allocated to the rectangular model. These conditions replicate 

the range of pressure and temperature that were encountered in the experimental 

ECSP tests conducted in the laboratory sandpack.  
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Table 6.3: Physical properties of visual sandpack in ECSP test using methane + 

propane 

Parameter Value 

Length, m 1.013 

Width, m 0.049 

Depth, m 0.032 

Porosity 0.39 

Permeability, Darcy 43.2 

Initial oil saturation, % 73.9 

Initial gas saturation, % 26.1 

 

 

Because of the unavailability of capillary pressure data, this set of data 

has not been used in the simulator. This cuts down on simulation run time. It 

should be noted that in conventional models, the effect of including/excluding 

capillary pressure data on oil recovery enhancement will be the same for all of 

the simulation results. If the capillary pressure data are included in the 

simulation, one would expect an increase in the performance of ECSP. The 

injected gases (methane and propane) are considered as the non-wetting phase in 

the absence of water. For example, in the presence of the capillary pressure in 

lower permeability media, both the injectivity of the gases and the oil production 

increase in cyclic CO2-propane injection for heavy oil and bitumen recovery 

(Ivory et al., 2010). Consequently, an increase of injectivity of the solvent gases 



162 

 

causes an increase in the performance of ECSP. It is worth noting that 

considering the relatively intermediate-to-high permeability of the sandpack 

simulated here, capillary pressures can be excluded in the case of quantitative 

history-matching of the experimental data or the predictive field-scale numerical 

simulations. It is known that capillary forces play a significant role in numerical 

simulation in the low-permeability porous media. Furthermore, because 

modeling the gaseous solvent fingering is not an interest in this simulation 

study, capillary pressures (which are obtained usually through special core 

analysis) are not required.   

 

6.3 History-match of ECSP Test in the Sandpack Using Methane-Propane  

To match the ECSP results (injection sequence: methane-propane) from 

the sandpack discussed in Chapter Five, the level of gas diffusion was set at 10-7 

m2/sec. A random spatial variation of permeability was not used in the 

simulation model for capturing the effect of solvent-heavy oil adverse viscosity 

ratio. Furthermore, correct modification of the gas phase relative permeability is 

also crucial in matching the pressure profiles, oil recovery, GOR, and production 

rate in ECSP experiments. Considering this, the gas phase relative permeability 

was selected as the matching variable to match the injected volume of methane 

and propane, pressure profiles, and cumulative oil recovery factor. The best 

matched parameters are shown in Figures 6.3 to 6.6. 
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Figure 6.3: History-match of sandpack pressure for ECSP using methane-

propane (CMG-GEMTM, Ver. 2012) 

 

Figure 6.4: History-match of cumulative oil recovery factor for ECSP using 

methane-propane (CMG-GEMTM, Ver. 2012) 
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Figure 6.5: History-match of injected methane for ECSP using methane-propane 

(CMG-GEMTM, Ver. 2012) 

 

Figure 6.6: History-match of injected propane for ECSP using methane-propane 

(CMG-GEMTM, Ver. 2012) 
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A reasonable agreement exists between the experimental results and the 

simulation outcome. The matching of GOR trend was very difficult due to 

sudden increase in the production of gases during some stages of ECSP cycles 

and the complexities in the behavior of ECSP as discussed in Chapter Five. 

Sudden increase in the production of gases was because of intermittent flow and 

production of gas slugs. Consequently, we opted not to choose the GOR as a 

matched parameter in the history-matching. Instead, the injected volume of the 

solvent gases was selected as a history-matching parameter. 

 

6.4 Parametric Study  

6.4.1 Location of Injector-Producer in Single-well ECSP 

The simulation results show that the location of injector-producer in 

single-well ECSP has a significant impact on the performance of the process. If 

the injection-production point is chosen in the middle of the model, a noticeable 

reduction in cumulative oil recovery factor is observed as compared to the case 

where a single well is chosen in the corner of the simulation cell (Figure 6.7). 

For a given amount of solvent gas injected for both cases, the solvent gas has to 

travel in two different, opposite directions when it is injected through a middle 

injector in the simulation cell. Because the solvent gas now has access to more 

oil in the case of middle-point injection than in side-point injection, the same 

amount of solvent gas (equal to that in side-point injection) contacts the ever 

increasing oil-containing area. This decreases the injected solvent-to-oil ratio for 
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the middle injector case, which causes a negative impact on the performance of 

single-well ECSP.         

 

 

Figure 6.7: Impact of location of a single injector-producer in single-well ECSP 

using methane-propane (CMG-GEMTM, Ver. 2012) 

 

6.4.2 Location of Injector-Producer in Multi-well ECSP 

Figure 6.8 shows the effect of location of injector-producer in multi-well 

ECSP using methane-propane. If injector and producer are chosen to be on 

opposite corners of the simulation cell, the cumulative oil recovery factor 

reaches a minimum as compared to the other cases where the injector-producer 

distance is halved (injector in the middle of the simulation cell and producer on 

the corner, or the other way round). The explanation of this trend lies in the fact 

that a long distance between producer and injector is very likely to cause the 
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production of some dead oil from the producer during the early stage of the 

production cycle after which the gas breakthrough occurs. Moreover, a larger 

time is required for the effect of methane and propane diffusion to reach the 

production end and this is why some part of the produced oil can be considered 

as dead oil. It is unlikely that the production of this dead oil is a result of 

solution gas drive; rather it is due to an external solvent gas drive mechanism. 

 

 

Figure 6.8: Impact of location of injector-producer in multi-well ECSP using 

methane-propane (CMG-GEMTM, Ver. 2012) 

 

Furthermore, for this case, a major portion of the produced gas will 

probably be methane because of a simple reason: methane is injected prior to 

propane and its solubility in heavy oil is lower than that of propane. The area in 

the vicinity of the producer may contain more methane than propane because 
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under sufficiently high injection rates, methane can easily reach the vicinity of 

the production well located on the opposite corner. In the case of middle 

injector-side producer scenario, the injected solvent gas has to be divided 

between the two sides of the simulation cell. Therefore, a decrease in the 

injected solvent-to-oil ratio causes a decrease in the performance of middle 

injector-side producer case as compared to the case with the side injector and 

middle producer. 

 

6.4.3 Injector-Producer Type and Arrangement in Single-well ECSP   

The simulation results in Figure 6.9 indicate the effect of well type and 

arrangement in single-well ECSP using methane-propane. The advantage of 

using horizontal well over vertical well is evident. The reason for this trend lies 

in that the major problem observed in the single-well ECSP experiments is that 

the gaseous solvent preferentially contacts the region in the vicinity of the 

injection-production end of the model. Therefore, horizontal well at the bottom 

of the reservoir could be used to drain the diluted oil around the injector-

producer and produce it. The difference in the performance of a horizontal well 

completed at the bottom or top of the simulation cell is not significant here 

(Figure 6.9). This is attributed to the small thickness of the simulation cell.  

The effects of gravity override and drainage in such simulation cell are 

not dominant in determining the cumulative oil recovery factor obtained from 

ECSP. In a simulation cell with a relatively greater thickness, gravity override 

causes the injected gas to preferentially flow to the top of the system, once it is 
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injected from the horizontal well completed at the bottom. Injection of gas from 

the bottom of the simulation cell triggers a more uniform saturation of the oil 

with gas and a better contact of gas with the oil from bottom of the cell to the 

top. During the ECSP production cycle, gravity override hampers the premature 

gas breakthrough as the distributed gas phase at the top tends to remain there; as 

a result, a more efficient external and solution gas drive mechanism occurs, 

which in turn improves the ECSP efficiency.   

 

 

Figure 6.9: Impact of wells type and arrangement in single-well ECSP using 

methane-propane (CMG-GEMTM, Ver. 2012) 

 

6.4.4 Infill Drilling Options in Multi-well ECSP  

Different infill drilling options in multi-well ECSP using methane-

propane have significantly different effects, as shown in Figure 6.10. The 
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simulation results show that the use of a vertical infill drilling is not justifiable. 

Using horizontal infill drilling can lead to enhancement of oil production and 

recovery rate, as compared to vertical infill drilling and no infill drilling 

scenario. On one hand, it is desirable to utilize horizontal infill drilling scenarios 

in order to obtain significant improvements in ECSP oil production. On the 

other hand, the viability of ECSP for thin heavy oil reservoirs depends entirely 

on whether or not horizontal infill wells can operate satisfactorily. To be 

economically viable, a horizontal infill well has to produce a significantly larger 

amount of oil, as compared to a vertical infill well under a given circumstance.   

    

 

Figure 6.10: Impact of infill drilling options in multi-well ECSP using methane-

propane (CMG-GEMTM, Ver. 2012) 
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Care should be taken if infill drilling is to be used for wormholed 

reservoirs. In moving from primary production phase to ECSP in any reservoir, 

the impacts of the wormholing on the ECSP have to be taken into consideration. 

Usually, wormholing occurs due to viscous drag as a result of high-viscosity 

fluids and high-velocity flow. The latter requires relatively high pressure 

gradients. Where fluids with low viscosity (gaseous solvents in ECSP case) flow 

under extensive wormholing condition, sufficiently large hydraulic gradients 

should exist to trigger further wormholing, which is not likely. If vertical infill 

drilling scenarios are to be considered for ECSP in wormholed reservoirs, it is 

likely to observe failure in improvement of the oil production and recovery rate, 

as a result of high hydraulic connectivity and low pressure gradients due to the 

presence of wormholes. Therefore, care should be taken in the case of vertical 

infill drilling scenarios for ECSP in wormholed reservoirs, as vertical production 

wells might be limited to low production rates.          

 

6.4.5 Solvent Injection Sequence Strategy (Propane-Alternating-Methane 

Injection)   

The solvent injection sequence strategy has a profound impact on the 

performance of ECSP. In Chapter Five (Section 5.3), it was shown that the 

optimum solvent injection scenario is to inject the more volatile solvent 

(methane) ahead of the more soluble solvent (ethane or propane) in order to 

improve the oil production, recovery rate, solvent dissolution, gas requirement 

and pressure profile. The simulation results in Figure 6.11 demonstrate that an 
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even better performance can probably be obtained if the same amount of solvent 

is divided into several portions and injected into the simulation cell. Given the 

inalienable uncertainty associated with the numerical simulation and a small to 

moderate difference in the simulation results of different scenarios reported in 

Figure 6.11, it is likely that propane-alternating-methane injection can further 

improve the performance of ECSP by better distributing the more soluble 

solvent (propane) in the heavy oil during the injection period. Once better 

distributed in the oil, propane will have a better dissolution pattern in heavy oil 

throughout the sandpack, which will lead to a better oil viscosity reduction and a 

more efficient foamy solution gas drive mechanism.   

       

 

Figure 6.11: Impact of solvent injection sequence strategy (propane-alternating-

methane injection) in single-well ECSP using methane-propane (CMG-GEMTM, 

Ver. 2012) 
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6.4.6 Solvent Injection Mode (Co-injection versus Solvent Mixture Injection)   

In addition to the solvent injection sequence and strategy, the solvent 

injection mode seems to have a profound impact on the performance of ECSP. 

The impact of solvent injection mode was not experimentally investigated in 

Chapter Five because the co-injection of methane and propane could have 

caused some injection problems as portion of the mixture may liquefy during 

injection. Here we simulated the possible effects of methane-propane co-

injection versus injection of the methane-propane mixture.  

  

 

Figure 6.12: Impact of solvent injection mode on performance of single-well 

ECSP using methane-propane (CMG-GEMTM, Ver. 2012) 

 

The simulation results in Figure 6.12 indicate that the oil recovery factor 

increases in this order: mixture injection, co-injection, and sequential injection. 
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Especially, there is a significant difference between the two scenarios of solvent 

mixture injection and sequential injection of the solvents. When methane and 

propane are mixed and injected, it is very likely that part of the solvent is being 

injected in the liquid phase when the injection pressure significantly exceeds the 

saturation pressure of the propane. This decreases the possibility of a uniform 

solvent distribution through the oil in the sandpack. If pure propane is injected, 

it will liquefy at lower injection pressures than when it is injected as a mixture 

with methane. In addition to this effect, a partly-liquefied solvent mixture has a 

much lower level of dispersion during the injection cycle than a single gaseous 

solvent or a system of two or more gaseous solvents injected in sequential and 

co-injection modes. Therefore, it is beneficial to inject solvent or mixtures in the 

vicinity of the dew point in order to increase the mass concentration of the 

solvent in the sandpack for a more efficient improvement in ECSP. 

 

6.4.7 Water Saturation 

Figure 6.13 depicts the impact of water saturation in single-well ECSP 

using methane-propane. The increase in water saturation causes a decrease in 

ECSP performance, although it is known that water itself does not noticeably 

affect the phase behavior of heavy oil-methane-propane system. Also, the 

solubility of methane and propane in the water under low-to-intermediate 

pressures is very small. However, the simulation results indicate that the 

inevitable presence of water can modify the displacement behavior through 

fractional flow effects, shielding effects (Dong et al., 2006), viscous coupling 
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effects between phases (Bora and Maini, 2000) and the effect of water 

lubrication on the oil mobility (Maini, 1998, 1999; Rose, 1990). 

 

 

Figure 6.13: Impact of water saturation on performance of single-well ECSP 

using methane-propane (CMG-GEMTM, Ver. 2012) 

 

It should also be pointed out that the shielding of gas from oil by water 

caused by the heterogeneity of the sand and high water saturation may adversely 

influence the performance of the ECSP process more severely in the field scale. 

Matching the larger scale ECSP results should contribute to improving the 

simulation of ECSP with consideration of relationship of high water saturation 

with shielding effects and impact of water lubrication on the oil mobility. 
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6.4.8 Diffusion Coefficient   

The cumulative gas injected was found to be insensitive to the oil-phase 

diffusion coefficient (for the oil phase diffusion coefficients in the range of zero 

to 10-10 m2/s). This result is in agreement with the published results by Ivory et 

al. (2010).  

The impact of gas diffusion coefficient on the cumulative gas injection is 

obscured by the sudden change of gas mole fraction distribution in the sandpack. 

Thus, the overall effect of the gas diffusion on the volume of the injected gas is 

complicated because of the significant change of the concentration gradients of 

different components during a solvent cycle. Because propane is more soluble in 

heavy oil than methane, it is preferentially dissolved near the injection-

production end of the sandpack and more of the methane moves to the 

downstream. Thus, diffusion causes propane to move to the downstream, 

methane to near the injection-production end of the sandpack. For this reason, 

the overall effect of the gas diffusion on the solvent injection is very difficult to 

predict.     

   

6.4.9 Solvent Injection Rate 

The sensitivity of the ECSP performance to solvent gas injection rate 

was tested using three different injection rates. The results in Figure 6.14 could 

not be compared to the experimental values because ECSP tests were conducted 

under a constant injection pressure, not a constant injection rate. The simulation 

results overwhelmingly indicate that under higher injection rates, the gas flow 
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and resaturation of the oil are more uniform, leading to an improvement in the 

production pattern.               

 

  
Figure 6.14: Impact of solvent injection rate in single-well ECSP using methane-

propane (CMG-GEMTM, Ver. 2012) 

 

This is attributed to the significant change in the gas distribution under 

higher gas injection rates. When an ECSP cycle is terminated, free gas saturation 

is distributed in the sandpack. The area in the vicinity of the injection-

production end is more saturated with the free gas than the downstream. Under 

slow enough gas injection rates, solvent flows more dominantly through the 

vicinity of the injection-production end. Under higher gas injection rates, 

however, the solvent gas flow may exceed the capacity of the area in the vicinity 

of the injection-production end and gas increasingly flows through the area 
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away from the vicinity of the injection-production end. Under a more uniform 

gas flow, resaturation of the oil is more uniform. This gas flow pattern triggers 

an enhancement of oil production under higher gas injection rates during ECSP 

injection cycles. 

This set of simulation runs was conducted to provide insight into the 

behavior of ECSP and the change in flow pattern using different solvent gas 

injection rates. In practice, the solvent injection rate is designed based on 

economic analysis and the net cumulative solvent-oil ratio (NCSOR). The value 

of NCSOR is considered as a reference for evaluating the impact of solvent 

injection rate at the field scale. It should be pointed out that since solvent 

injection is a high-pressure process, the pressure distribution throughout the 

reservoir during the ECSP should be monitored. This has to be done in order to 

prevent the reservoir from being fractured, which in turn limits the solvent 

injection rate. 

There are also other factors that place strict limits on the permissible 

operating conditions of solvent injection rate and pressure. The contact interface 

between the heavy oil and the solvent should be enlarged so as the heavy oil 

viscosity is reduced effectively. Hence, the solvent has to be injected in its 

gaseous phase, and it has to contain some liquid phase. This limits the solvent 

injection rate and pressure. Overall, the importance of the effect of gaseous 

solvent injection rate on the efficacy of ECSP cannot be overemphasized. 

Solvent injection rate has a profound impact on the distribution of the pressure 
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inside the porous medium, which affects the vapor and liquid contents, and thus, 

the saturation pressure of the solvent mixture at reservoir condition. 

 

6.4.10 State of Solvents  

For safety considerations, we did not conduct ECSP experiments at the 

critical pressures of methane, ethane, and propane as the pressure in the 

sandpack could not be elevated to methane, ethane, and propane critical 

pressures (616.4, 667 and 706.8 psig, respectively) because of possible gas 

leakage from the sandpack. Therefore, a set of simulation runs were conducted 

to investigate the effect of the state of solvent (or solvent injection pressure) on 

the performance of ECSP. At an equal ratio of injected solvent to original heavy 

oil in place in both cases of experiments and simulation, injection of methane 

and propane at supercritical state triggers a greater improvement in the 

cumulative oil recovery factor in ECSP. In fact, according to Figure 6.15, 

approximately 18.8% improvement in the oil recovery factor of the first cycle 

and 3.2% enhancement in the ultimate cumulative oil recovery factor of ECSP 

are obtained if supercritical methane and propane are respectively injected in 

ECSP instead of injecting methane first, and then, propane below their critical 

conditions. Furthermore, it is known that the injection of solvents at supercritical 

condition extracts a larger amount of heavy fractions in the oil. Thus, use of 

supercritical methane and propane enhances the cumulative oil recovery factor 

whereas it lowers the product quality. We cannot quantitatively compare the 

product qualities if supercritical methane and propane are respectively injected 
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in ECSP instead of injecting methane and propane below their critical 

conditions, as such experimental data were not obtained in this study. 

     

 

Figure 6.15: Impact of the solvent state (injecting supercritical methane and 

propane) in single-well ECSP using methane-propane injection sequence (CMG-

GEMTM, Ver. 2012) 
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Chapter 7: Conclusions and Recommendations 

 

7.1 Conclusions 

The experimental section of this study consists of three major parts. In the first 

part, the performance of methane CSP and ECSP for heavy oil recovery was 

comprehensively compared by conducting two series of experiments, namely methane 

CSP and ECSP cycles. The followings are concluded on the basis of the first part: 

   

• An enduring problem of the CSP is that during the production cycle the pressure has 

to be greatly reduced (to realize a solvent gas drive), whereby oil regains its high 

viscosity because significant amounts of methane leave the oil. CSP performs poorly 

because the presence of continuous free methane saturation at the start of production 

results in high gas mobility, quick methane production, and quick pressure depletion.  

• The performance of methane CSP was improved by introducing ECSP, a process in 

which two types of hydrocarbon solvent slugs are injected in cyclic manner. One slug 

is more volatile (methane), and the other is more soluble (propane), in heavy oil.  

• ECSP improves the performance of CSP at relatively low-to-intermediate pressures 

(below 600 psig). In ECSP, methane provides expansion during pressure reduction, 

and some of the propane stays in the oil to keep the oil viscosity low. Thus, ECSP 

utilizes the viscosity reduction and gas drive mechanisms during the early production. 

• ECSP is capable of attaining relatively high local depletion efficiency primarily 

around the injector-producer well. ECSP outperforms CSP because it improves 



182 

 

solvent distribution, and thus the rate of solvent dissolution in the oil during injection, 

and it partially retards the rate of solvent exsolution from the oil during production. 

 

The second part of the experimental analysis was devoted to a parametric analysis 

of ECSP, CSP, cyclic GAW, and surfactant-enhanced CSP. It is concluded that:   

 

• Besides surfactant-enhanced CSP and ECSP, another way of improving CSP is to 

repressurize the system by water injection, conducting cyclic GAW. As compared to 

CSP, cyclic GAW significantly improves the recovery and its rate, reduces the gas 

requirement, and it smoothens the pressure profiles during production.  

• As discussed in Section 5.2.3.2, A combination of cyclic GAW and ECSP can be 

employed in order to fully utilize a single well to enhance the production by 

recovering the heavy oil not only from the region in close proximity to the injection-

production end, but also from other regions.         

• The recovery of cyclic solvent injection increases in this order: CSP using methane, 

ECSP using methane/ethane, cyclic GAW using water/methane, and ECSP using 

methane/propane.  

• The oil recovery factor and production rate of ECSP is very sensitive to the type and 

size of the viscosity-reducing solvent, initial oil saturation, and the initial pressure. 

• The performance of CSP is a strong function of well location, initial production 

pressure, production end pressure, and system repressurization using water injection. 

• Using a suitable foaming surfactant can enhance the recovery factor and production 

rate of CSP, making them comparable to those of ECSP using methane-propane. 
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The focus of the third part of the experiments was examining the impact of the 

solvent injection sequence on the performance of ECSP, using different solvent pairs. 

The following concluding remarks can be made on the basis of the experimental results: 

 

• The oil recovery and production rate of ECSP increases in this order: ethane-methane, 

methane-ethane, propane-methane, and methane-propane.  

• Higher oil recovery and production rate and lower gas requirement and drawdown 

were observed in ECSP when a methane slug is injected before ethane or propane.  

• The optimum sequence in ECSP is to inject the volatile solvent before the more-

soluble solvent, so as to effectively use viscosity reduction and gas drive mechanisms. 

• ECSP performance is enhanced when ethane is replaced with propane, partly because 

of a more efficient foamy solution gas drive and a higher degree of oil swelling. 

• Some of the produced oil was in the form of oil-continuous foam, and contained 

dispersed gas bubbles. Because the oil in ECSP was not deasphalted significantly, the 

microbubbles are very likely part of the flow system as asphaltenes can stabilize 

small bubbles. 

• There is ample evidence from ECSP experiments conducted in this study that the 

foamy oil does partly play a role in solution gas drive. It is not only the high oil 

viscosity that contributes to a decrease in gas mobility but also the foamy nature of 

the oil and the dispersed gas-in-oil flow. The pressure fluctuations in our ECSP 

experiments were likely due to the intermittent production of gas slugs and not due to 
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the foamy nature of the oil. However, there was some gas production in the form of 

bubbles prior to formation of critical gas saturation and production of large gas slugs. 

• For the laboratory results of ECSP in this study and the field scale production, overall 

heavy-oil solution-gas-drive behavior can be history-matched with suitable critical 

gas saturation and modified (or pseudo) gas relative permeability curves. This 

approach, however, does not adequately depict the pore-scale picture of the solution 

gas drive in heavy oil reservoirs because the physics of foamy oil flow mechanisms, 

dispersed flow of gas and the supersaturation are non-existent in such approach.  

• The ECSP results in this study at high rates of pressure depletion cannot be applied to 

field conditions where the rate of pressure decline is low, even near the wellbore. At 

high rates of pressure decline during the ECSP cycles conducted in this study, a larger 

number of nucleation sites may be activated and, therefore, critical gas saturation can 

be much higher than the values at low rates of pressure decline in the field scale. 

• Besides the foamy solution gas drive as one of the dominant mechanisms, other 

mechanisms that play a role during various stages of ECSP include: solvent diffusion 

and convective dispersion, viscous fingering, near wellbore inflow, phase change and 

dissolution of the solvent, oil swelling, and capillary mixing.   

 

Based on simulation part of this study, to match the injected volume of methane 

and propane, pressure profiles, and cumulative oil recovery factor obtained from ECSP 

cycles (using the injection sequence of methane-propane), level of gas diffusion was set 

at 10-7 m2/sec, with the gas phase relative permeability as the matching variable. The 

simulation results show that:   
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• In a single-well ECSP, if the injection-production point is chosen in the middle of the 

model, a noticeable reduction in cumulative oil recovery factor is observed as 

compared to the case where a single well is chosen in either corners of the model.  

• In a multi-well ECSP, if injector and producer are chosen on the opposite corners of 

the model, the  oil recovery factor reaches a minimum as compared to the other cases 

where injector is in the middle of the model and producer on the corner, or vice versa.  

• The best ECSP performance can be obtained if the same amount of solvent is divided 

into several slugs and injected. Thus, propane alternating methane injection can 

further improve ECSP by better distributing propane during the injection cycle. 

• The oil recovery factor in ECSP increases in this order: solvent mixture injection, co-

injection, and sequential injection. When methane and propane are mixed, it is very 

likely that part of the mixture is being injected in the liquid phase. This decreases the 

possibility of a uniform solvent distribution in the oil.  

• The increase in water saturation causes a decrease in ECSP performance. The 

presence of water can modify the displacement through fractional flow effects, 

shielding effects, viscous coupling effects and water lubrication effect on oil mobility. 

• The cumulative gas injected was found to be insensitive to the oil-phase diffusion 

coefficient. The gas diffusion effect on the volume of the injected gas is complicated 

because of the significant change of concentration gradients during a solvent cycle. 

•  At higher solvent injection rates, the solvent gas increasingly flows through the 

downstream causing a more uniform gas flow and distribution leading to a more 

uniform resaturation of the oil.  
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• The oil recovery factor of ECSP was enhanced and the product quality was lowered 

when supercritical methane and propane are respectively injected in ECSP. 

 

7.2 Recommendations for Future Developments 

• Because of the low-to-intermediate pressures, ECSP experiments were conducted 

under fast depletion rates. It is recommended to also conduct ECSP under slow 

depletion where the solution gas drive can be different because of the difference in 

the number of nucleation sites that may be activated and, thus, critical gas saturation.  

• The effect of wormholing on the ECSP, which becomes important in investigating 

ECSP after CHOPS, was not examined in this study. For the physical modeling of 

wormholes in sandpacks, both the radial and bilinear flow around wormholes need to 

be replicated.  

• To avoid the complexities associated with the use of a constant injection rate and to 

eliminate the need to monitor the pressure profiles inside the sandpack during the 

injection, ECSP was conducted under a constant injection pressure. Useful insights 

into the effect of injection rate on ECSP can be provided through future experiments.  

• We did not have the equilibrium gas composition available to better tune the PVT 

model. If asphaltene precipitation is to be handled, more PVT data is required to tune 

the model. If the possibility of forming two liquid phases exists, then experimental 

PVT data on such phase behavior should be available to validate the PVT model.  

• Conducting ECSP experiments in larger 2-D or 3-D models would be desirable.   
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