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ABSTRACT 

 Recently, one of the non-thermal oil recovery techniques, polymer flooding, 

has shown its potential for improving heavy oil recovery. This study investigated the 

potential of combining solvent-based processes and polymer flooding, called Solvent-

Assisted Polymer Flooding, to improve the oil recovery from thin heavy oil reservoirs 

in Western Canada. This was accomplished through a series of carefully designed 

laboratory experiments and a lab-scale numerical simulation.  

 This study attempted to validate the feasibility of the solvent-assisted polymer 

flooding method with respect to enhancing heavy oil recovery and the impact of fluid 

and operational parameters on the performance of this suggested technique in an 

alternative schematic. Very little attention to combining these techniques has been 

considered until now, and there are no comprehensive studies on implementing 

alternative water/solvent/polymer injection schemes and consequently no significant 

data is available.  

 Over 12 sets of alternative water/solvent/polymer flooding experiments were 

performed utilizing solvents of pure carbon dioxide, pure propane, and three different 

mixtures of C3, C1, and CO2. Prior to the tests, a complete phase behaviour (PVT) 

analysis of the solvents mixtures was conducted using WinProp
TM

 software from 

Computer Modeling Group (CMG). All experiments were conducted in sandpacks 

with similar properties utilizing two heavy oil samples. The first heavy oil sample 

exhibited a viscosity of 825 mPa.s and the second a viscosity of 5,000 mPa.s at a 

temperature of 27°C. The production trends and recovery factors for each experiment 

were determined, and the pressure drop data during the tests were collected. 

 Polymer flooding is sometimes operationally difficult in heavy oil reservoirs 

due to the high injection pressures that can be encountered. The results obtained from 
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this study were promising. Alternating polymer flooding with a hydrocarbon solvent 

improved the overall recovery factor. Through the injection of solvent, oil near the 

watered-out pathways was contacted, and the oil viscosity was lowered in these areas. 

The lower-viscosity oil then could be displaced by subsequent injection of relatively 

lower-viscosity polymer than would otherwise be required, leading to improved heavy 

oil recovery under more feasible operational conditions. This technique can create 

new, reduced oil viscosity pathways through each subsequent cycle of injection, 

further improving the oil recovery. The study showed that modifying this technique 

by injecting different types of solvents before polymer injection can significantly 

improve the potential of this technology in heavy oil reservoirs and the applicability 

of polymer flooding is not limited to light oil reservoirs. In addition, it can create an 

opportunity to not only recover more heavy oil, but also perform the flooding under 

more favourable conditions. 

 Also, implementing a higher operating pressure improved the incremental 

recovery of the solvent section, as far as the capacity of this study was able to 

observe. However, the higher operating pressure did not noticeably change the 

ultimate oil recovery. Higher operating pressure resulted in more noticeable viscosity 

reduction. Therefore, a greater decrease in the pressure profile of the polymer 

flooding was observed. 

 Since pilot and field studies are time consuming and relatively expensive, 

numerical simulation was initially utilized to history match the results obtained in the 

laboratory experiments. Based on this fact, CMG-STARS
TM

 was used and the 

discrepancy between recovery factors obtained from the experiments and those of the 

numerical simulation model were found to be in the range of 3% to 10%. The lighter 

oil sample model showed less discrepancy.  
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 Heavy oil and bitumen reserves located in Canada and Canadian oil sands are 

considered as one of the largest and significant energy suppliers across the world 

(Meyer et al., 2007; Chow et al., 2008), as long as the demand for oil is increasing 

globally and conventional oil deposits are decreasing gradually (Brook and Kantzas, 

1998; Chow et al., 2008). Of the total oil sources available, current studies (Radler, 

2006) have estimated the Canadian oil reserves at approximately 179 billion barrels 

(28 billion m
3
). These reserves are in the second place after Saudi Arabia (Radler, 

2006). Saskatchewan is Canada‟s second largest oil producer, generating 157.8 

million barrels in 2011 (Government of Saskatchewan, 2011). The recovery of 

viscous oil accounts over half of Saskatchewan's entire oil recovery; however, about 

90% of Saskatchewan‟s original oil in place (OOIP) is still leftover in deposits (Zhang 

et al., 2010). The main challenge of the petroleum industry is finding an effective and 

economic technique to produce oil of these reserves. 
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 Heavy oil is a particular type of unconventional oil with high viscosity as a 

characteristic, ordinarily varying from 100 to 10,000 mPa·s, and with low API gravity 

(Clark et al., 2007). Although heavy oil deposits are usually located in high porosity 

and high permeability unconsolidated sand formations (Mai and Kantzas, 2007), this 

type of oil cannot displace without any difficulty because of its high viscosity. The 

majority of heavy oil recovery techniques concentrate on either decreasing the oil 

viscosity or in some manner improving displacement at reservoir conditions to 

overcome the less mobility of oil with higher viscosity (Selby et al, 1989). 

Consequently, effective and economical production of these supplies is more 

complicated and needs a substantial decrease in the viscosities. 

 In general, in-situ recovery techniques are categorized into thermal recovery 

techniques and non-thermal recovery techniques. Most enhanced heavy oil recovery 

techniques implemented are thermal methods (Brook and Kantzas, 1998). Such 

thermal methods consist of In-situ Combustion, Cyclic Steam Stimulation (CSS), 

Steam Flooding, and Steam-assisted-gravity-drainage (SAGD). These thermal 

recovery methods have been prosperous in some of the fields where they have been 

applied; nevertheless, they are not appropriate for all scenarios (Brook and Kantzas, 

1998). Moreover, there exist environmental issues affiliated with thermal methods due 

to the hazardous emissions from the steam production and from burning the oil during 

in-situ combustion (Millemann et al., 1981; Clark et al., 2007; Schramm et al., 2009). 

Furthermore, there are several thin deposits with thickness of 5m or less in Canada 

(Brook and Kantzas, 1998; Thomas et al., 1999). These formations are not suitable for 

thermal recovery techniques involving steam, as a result of excessive heat losses (Luo 

et al, 2008). Consequently, in several viscous oil fields, the conditions are generally in 
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ways that expensive thermal methods will probably be unsuitable and non-thermal 

recovery methods are applicable for this type of reservoirs. 

Non-thermal recovery methods decrease the viscosity of the heavy oil through 

taking the advantage of solvent dilution (Luo et al., 2008) instead of heat. Solvent-

based methods resulted in more economically feasible and environmentally friendly 

processes for some reservoirs in comparison with thermal methods (Schramm et al, 

2009). 

Generally, sandstone formations demonstrate the greatest chance for 

performing successful EOR processes (such as EOR thermal and chemical processes), 

since most of the technologies have been tried at field scales and commercial scales in 

this category of lithology rather than others (such as carbonate formations) (Manrique, 

2010). 

 At the preliminary reservoir temperature and pressure, the energy from heavy 

oil dissolved gas can produce some amounts of the oil (Mai and Kantzas, 2007). 

Primary production leaves significant oil portions in the formation (Brook and 

Kantzas, 1998; Terry, 2001). At this step, however, the reservoir energy has been 

depleted such that another fluid should be injected into the formation in order to force 

the oil to the producers (Terry, 2001; Speight, 2009). Secondary recovery methods, 

primarily waterflooding and gas injection, are implemented to keep the pressure of the 

formation (Terry, 2001; Mai and Kantzas, 2007; Speight, 2009). Waterflooding is 

efficient in most of the reservoirs; however, implementing a waterflood in heavy oil 

deposits, same as Canadian ones, has resulted in low displacement efficiency due to 

the extreme unfavourable viscosity ratios (Asghari and Nakutnyy, 2008; Kumar et al., 

2008). For example, Jameson (1973) established the results of the waterflooding 

investigations in the Lloydminster area which showed very low incremental 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22James+G.+Speight%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22James+G.+Speight%22
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recoveries. Therefore, most tertiary or enhanced oil recovery (EOR) processes give 

attention to decrease the oil viscosity via heat, injecting steam, or hydrocarbon solvent 

and improve the sweep efficiency to displace the remaining oil after secondary 

recovery techniques, as mentioned above. 

 The petroleum industry has discovered the problem of inefficient oil recovery 

by conventional recovery techniques such as waterflooding (Chang, 1978). The main 

issues experienced through waterflooding are viscous fingering and inadequate 

displacement efficiency as a result of the unstable front (Wassmuth et al., 2007). 

Changing the characteristics of the water (brine) via adding chemicals can result in 

improving displacement efficiency (Terry, 2001). The prospective of used chemicals 

is to improve viscosity ratios or to reduce the interfacial tension (IFT) between the oil 

and water, or a combination of both (Selby et al., 1989; Thomas et al., 1999). 

Historically, chemical flooding processes have obtained a comparatively minor 

contribution of the world‟s oil production (Manrique, 2010). However, chemical 

flooding such as polymer flooding is achieving attention for recovering oil of heavy 

oil reserves in Canada.  

 Polymer flooding can lead in a substantial enhancement in oil production over 

waterflooding. Adding water soluble polymers to the water (brine) leads to create a 

non-Newtonian shear thinning solution which can improve the mobility ratio and 

macroscopic displacement efficiency (Brook and Kantzas, 1998).  

 Several reports on the evaluation of polymer flooding showed successful 

outcomes when employing polymer flooding to recover conventional oil (Brook and 

Kantzas, 1998; Du and Guan, 2004). This process has verified to be very effective 

during experimental studies on heavy oils which have been established. Meanwhile, 

polymer flooding of heavy oil in field-scale projects has been demonstrated different 
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levels of outcomes (Selby et. al, 1989; Brook and Kantzas, 1998). For example, a 

successful polymer flood was performed in the Lloydminster region showed 

improvement in displacement efficiency and reduction in water cuts (Brook and 

Kantzas, 1998). Wassmuth et al. (2007) performed a series of laboratory experiments 

on polymer flooding with various heavy oil samples and observed that a polymer 

flood could almost double the heavy oil recovery over waterflooding under 

appropriate conditions. He stated that the oil production of the deposits in Western 

Canada with different viscosities varying from 100‒10,000 mPa.s might be increased, 

perhaps doubled or in some cases tripled, by employing a polymer flood. The 

enormous potential of polymer flooding for recovering heavy oils resulted in 

obtaining attraction of the oil industry to consider this process as an alternative EOR 

technique. 

 During implementation of a polymer flood, polymer adsorption, polymer 

concentration, and polymer slug size have huge influences on its performance. With 

the same polymer slug size, the higher the concentration of polymer solution, the 

greater the enhanced oil recovery (Wang and Caudle, 1970; Lee, 2009). However, in 

order to maintain a high sufficient injection rate of polymer solution and avoid 

fracturing the formation, a reasonable polymer concentration needs to be applied 

(Wang et al., 1970). Achieving an effective application of a polymer flood depends on 

the selection of polymer concentration significantly (Lee, 2009). Also, with lower 

polymer adsorption, polymer flooding could be more productive. When polymer slug 

size is very small, there is almost no enhanced oil recovery; almost the entire polymer 

becomes adsorbed on the surface of the rock during propagation from the injector to 

producer, and, consequently, the polymer solution loses its potential (Wang et al., 

1970). Polymer flooding becomes increasingly more efficient and the oil production 
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rate can be improved with an increase in polymer slug size (Wang and Caudle, 1970; 

Lee, 2009). However, in practical field-scale polymer flooding, economical issues 

should definitely be considered as well; polymer slug size is not able to increase with 

no limitations. 

 For heavy oil deposits with viscosities of thousand centipoises, a field-scale 

polymer flood might be limited with concerning technical and economical issues 

(Thomas et al., 1999). At standard conditions in Saskatchewan, the heavy oil viscosity 

varies from 2,000 to even over 10,000 mPa.s (Dusseault, 2001). The polymer solution 

and heavy oil have an undesirable viscosity ratio in this kind of formations. Only very 

high concentrations of polymer solution could measurably reduce the viscosity ratio 

in the very viscous oil deposits (Wang and Dong, 2009; Seright, 2010). Injecting 

polymer solution with very high viscosity makes a much greater pressure gradient 

between the injection well and production well (Wang and Dong, 2009), and, also 

raises the problem with injection (Lee, 2009) and the expense of the chemical 

(Thomas et al., 1999). High oil prices may enable the utilization of some relatively 

expensive EOR techniques, such as polymer flooding (Wang et al., 2007). However, 

since heavy oil prices are lesser than conventional oil, heavy oil recovery operations 

are more dependent on oil price variances (Brook and Kantzas, 1998). A promising 

recovery technique should be able to handle these economical issues. There is still a 

large volume of oil remaining in the deposit after primary production with an 

excellent potential if an inexpensive recovery process of this oil is applicable. 

Innovative alternatives for low-cost secondary methods are required to produce more 

oil from heavy oil formations (Selby et al., 1989). 

 Many of the viscous oil formations in Western Canada, Alberta and 

Saskatchewan, are comparatively small or thin, and typically have low pressures 
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(Schramm et al., 2009). Cold production with sand (CHOPS) is used to enhance oil 

recovery in Cold Lake and Lloydminster heavy oil reservoirs by increasing heavy oil 

recovery (Ivory et al., 2010). This sand production leads to the generation of a 

network of high permeability “wormholes” in the pay zone. These wormholes might 

or might not link injectors and producers (Ivory et al., 2010; Tremblay et al., 1996; 

Tremblay et al., 1999). Therefore, any successful secondary recovery techniques 

should concern the challenges relating sweep efficiencies and excellent formation 

contact. In addition, these thin and low pressure deposits are not favourable for 

employing thermal recovery methods, as mentioned previously, or even for miscible 

gas injection, because miscibility between the oil and injected solvent gases, cannot 

be attained under reservoir conditions (Zhang et al., 2010). 

 Immiscible solvent flooding has gained attraction as an EOR technique for 

heavy oil recovery (Zhang et al., 2010). Different solvents due to their commercial 

availability (i.e. light hydrocarbons and/or CO2) can be utilized as a pure solvent or as 

a mixture. The oil viscosity was decreased as a result of a increase in the volume of 

the oil; which occurred due to the solubility of the solvent in the oil (Selby et al., 

1989). However, the extreme adverse mobility ratio between these types of solvents 

and heavy oils results in lower oil production, as a result of gravity override and gas 

solvent fingering, and, therefore, an earlier gas breakthrough (Zhang et al., 2010). As 

Zhang et al. (2010) stated an alternating injection of water and gas solvent would be a 

practical choice to overcome the challenges for employing immiscible solvent 

injection in heavy oil reservoirs. This may result in a reduction in the viscosity ratio of 

the system and an improvement in the sweep efficiency. Therefore, the low recovery 

efficiency of immiscible solvent flooding is improved. As Zhang et al. (2010) 
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indicated by PVT studies, viscosity lowering as a result of solvent dissolution in the 

heavy oils is more significant compared with light oils at initial reservoir conditions. 

 On the other hand, polymer flooding can improve areal sweep efficiency of 

heavy oil reservoirs with high-permeable zones or fractures (Speight, 2009). As was 

mentioned previously, a large amount of polymer is needed to decrease the extreme 

adverse viscosity ratio to an appropriate value for these very viscous oils; thereby, 

application of polymer flooding in heavy oil fields could be restricted as a result of 

economical problems (Taber et al., 1997; Thomas et al., 1999; Wassmuth et al., 

2007). Additionally, injection of the viscous polymer solution causes operational 

difficulties due to the fact that high injection pressure can be experienced through 

injection period of high viscosity polymer solution (Thomas et al., 1999; Wassmuth et 

al., 2007). Good injectability of a polymer solution into a formation is one of the most 

significant requirements for a successful polymer flood (Kaminsky et al., 2007; 

Seright, 2010). 

 To overcome viscous fingering and poor sweep efficiency in immiscible 

solvent flooding, to reduce polymer concentrations and polymer solution volumes, 

and to avoid the quite high injection pressure and high pressure drops occurring 

during injection of viscous polymer solution, an enhanced heavy oil recovery method 

is being introduced. This process focuses on alternative ways to improve solvent 

sweep efficiency using a polymer solution to make desirable effects for improving 

displacement, specifically in shallow formations which are not suitable for thermal 

recovery. It incorporates the full benefits of solvent solubility into the heavy oil and 

then capitalizes on polymer mobility improvement. These two technologies are 

combined into an alternative water/solvent/polymer flooding process called Solvent-

Assisted Polymer Flooding Method to improve heavy oil recovery. 
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1.1. Research Scope and Objectives 

 The primary objective of this project is to investigate the applicability of the 

Solvent-Assisted Polymer Flooding Method in order to enhance heavy oil recovery. 

This study was conducted with several laboratory experiments, as well as numerical 

simulation modelling. 

 The initial production potential of alternative water/solvent/polymer injection 

was examined via implementing a series of experiments. During this portion of the 

study, different solvents consisting of pure carbon dioxide, pure propane, and 

different mixtures of CO2, propane, and methane (various mole fractions of light 

hydrocarbons) were injected into heavy oil-saturated, unconsolidated sandpacks. Two 

heavy oil samples with viscosities of 825 mPa.s and 5,000 mPa.s, respectively, were 

used to investigate the effect of oil viscosity on this suggested EOR process during 

these experiments. Totally, more than 12 sets of experiments were conducted during 

this study, but only 12 of them were successful. One conventional water/polymer 

flooding was conducted at the same operating conditions with each type of the heavy 

oil samples for comparison purposes. Two tests were conducted on the heavier oil 

sample to more closely examine the solvent composition in this case. In addition, two 

more alternative water/solvent/polymer flooding tests were conducted with the 

selected solvent on the 5,000 mPa.s heavy oil sample to investigate the effect of 

operating pressure on this technique. The objective of this work was to develop a 

strategy to enable a lower cost of recovery for heavy oil. Therefore, one additional test 

was conducted to investigate the effect of the size of the injection slug of both the 

solvent and polymer on the performance and efficiency of Solvent-Assisted Polymer 

Flooding Method. 
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 In order to perform a complete PVT analysis, the basic properties of the crude 

heavy oil samples used in this study were measured. Oil viscosity and their variations 

with temperature, oil density, and carbon distribution (GC-analysis) were carried out. 

The results were used to tune the Peng-Robinson Equation-of-State (EOS), and with 

respect to this tuning, the input files for CMG-STARS
TM

 were prepared by utilizing 

WinProp
TM

 software from CMG, and a complete phase behaviour study of mixtures 

of solvents was conducted. At the last stage of this study, the pseudo compositional 

simulator STARS™ from the Computer Modeling Group (CMG, ver. 2009) was used 

to carry out the numerical simulation studies. A series of simulation runs was 

conducted, and the results were compared with those obtained from the conducted 

experiments. An attempt was made to perform a complete history matching and to 

find field-scale parameters, such as relative permeability curves, which are required if 

this method is implemented into a large-scale model. 

 The outcome of this study will support the application of combination solvent 

and polymer flooding for recovering heavy oil and will demonstrate the feasibility of 

the Solvent-Assisted Polymer Flooding Method in an alternative schematic, which 

could result in economic and efficient application of polymer flooding in heavy oil 

reservoirs under more favourable conditions. The study provides valuable results and 

shows that the applicability of the polymer flooding technology is not limited to light 

oil reservoirs. 

 Furthermore, since this technique showed high efficiency under feasible 

operational conditions during the first step of experimental studies; it has the capacity 

to attract the attention of further investigations. Also, according to the results and 

analysis obtained from this research, the method should be further modified by 
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operators in order to be used under different operating conditions and in different 

areas. 

1.2. Organization of the Thesis 

This thesis will be presented in five chapters. In Chapter 1, a general overview of 

polymer flooding technology and the objectives of this study were introduced. A 

comprehensive literature review regarding enhance oil recovery techniques, 

specifically polymer flooding technology, the main mechanisms involved in this 

process, polymer rheology, and results of some previous studies are presented in 

Chapter 2. Chapter 3 deals with the experimental section of this study with respect to 

the Solvent-Assisted Polymer Flooding Method. The methodology and experimental 

set-up and procedures, followed by discussion of the experimental results are 

described. Chapter 4 presents the results of the reservoir simulation studies, including 

PVT analysis and history matching of the experimental results. Finally, the 

conclusions and recommendations for future studies are presented in Chapter 5. 
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CHAPTER 2 

 

 

BACKGROUND AND LITERATURE REVIEW 

 

 

2.1. Waterflooding 

 The term (or suffix) "flooding" in petroleum reservoir engineering is used to 

denote a technique in which a fluid is injected into the reservoir to identically force 

the oil to the producing wells. The most broadly used fluid for this objective is water 

(Liu et al., 2012). Water is conveniently accessible in most locations and is relatively 

inexpensive; also, it is very efficient in sweeping oil from porous media (Craig, 1971). 

Waterflooding has long been recognized as a well-performing and economic oil 

recovery technique (Mai and Kantzas, 2007). Basically each and every significant oil 

reservoir without a natural water drive, has been, is being, or will be chosen for 

applying waterflooding (Singh and Kiel, 1982). The only considerable conditions are 

the viscous oil reservoirs where a thermal recovery method would be considered 

initially (Speight, 2009). Waterflooding is actually a secondary recovery technique; it 

is implemented after the reservoir cannot be produced using its natural forces 
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anymore (Speight, 2009). The oil production that can be recovered by the natural 

reservoir drive mechanisms varies extensively (Speight, 2009). Injecting the water is 

comparably inexpensive and can be cost-efficient contrary to the poor recoveries 

estimated (Alikhan et al., 1983). 

 The secondary recovery method of waterflooding is usually very effective 

(Tabary and Bazin, 2007); however, even the particular best situations may bypass a 

large amount of oil in the formation at the end of secondary production (Terry, 2001). 

This substantial amount of remaining oil is quiet challenging to recover. Tertiary 

production assigns to the production of the oil leaving in the deposit after the 

secondary recovery by utilizing one of the feasible Enhanced Oil Recovery (EOR) 

techniques (Taber et al., 1997; Speight, 2009). However, most EOR methods are still 

remained in the experimental phase. This kind of oil production is generally very 

expensive and only marginally cost-effective if not cautiously organized and 

performed (Terry, 2001; Speight, 2009). 

 Waterflooding is a prevalent process which applies as the secondary oil 

recovery technique in conventional oil deposits. In cases that oil and water have 

similar viscosity, the theory of displacing oil through injecting water is comparatively 

well defined (Buckley and Leverett, 1942; Green and Willhite, 1998). Recovery from 

water-wet and homogenous rock reservoirs is on the order of around 60–70% of the 

original oil in place (Abrams, 1975). The significant higher oil viscosity results in 

unfavourable mobility ratio conditions in viscous oil pools (Mai and Kantzas, 2007). 

Therefore, water has a tendency to finger or channel through the oil, and, 

consequently, the recoveries from heavy oil reservoirs are predicted to get incredibly 

reduced (Haberman, 1960; Allen and Boger, 1988; Terry, 2001). 
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 Although waterflooding resulted in low recovery for heavy oils, as forecasted 

theoretically; it is still employed in many heavy oil reservoirs. Several studies have 

been conducted in this regard in the petroleum literature (Adams, 1982; Smith, 1992; 

Forth et al., 1997; Miller, 2006; Kumar et al., 2008). All these waterfloods showed 

low displacement efficiencies due to the adverse mobility ratio, and, consequently, 

low overall recovery. However, it is notable that in all studies a portion of oil was 

produced inspite of extremely unfavourable viscosity ratios between the heavy oils 

and the injected water. Another advantage of waterflooding is that in many heavy oil 

reservoirs which would not be economically suitable for costly EOR projects; it might 

be the only considerable and real practical choice to recover some additional heavy oil 

after the primary production (Mai and Kantzas, 2007). Heavy oil waterfloodings have 

been performed in Alberta and Saskatchewan since fifteen years ago (Miller, 2007). 

 The efficiency of oil displacement by water is well described by the Frontal 

Advance Theory for conventional waterflooding, which was established by Leverett 

(1941). The assumptions considered in the conventional waterflood theory are not 

appropriate in viscous oil pools (Miller, 2006). Therefore, heavy oil waterflood results 

cannot be easily evaluated via theory (Adams, 1982).  

 Field results of waterflooding are exceptional and only limited experimental 

investigations on heavy oil waterfloods are available that try to properly describe the 

recovery mechanisms. 

2.1.1. Waterflooding of Heavy Oil Reservoirs 

 Waterflooding can be applied as a secondary recovery technique for heavy oil 

reservoirs. As Farough Ali (1976) stated, waterflooding considered as an unsuitable 

recovery method for oil viscosities over 200 mPa.s. Therefore, there exist a few 

reports regarding to heavy oil waterflooding recovery. Jameson (1973) presented the 
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results of incremental recoveries that were gained by performing a waterflood in the 

Lloydminster area. The oil viscosity varies from 500 mPa.s to over 4,000 mPa.s in 

this area. In primary depleted formations, the viscosity of the oil was increased as a 

result of the removal of solution gases, leading to a progressively adverse viscosity 

ratio. Therefore, the waterflooding was not economic in this type of reservoirs due to 

the severe channeling of the water (Jameson, 1973). 

 The most significant difference between conventional oil formations and 

heavy oil formations is the displacement instability, which takes place because of the 

high viscosity ratio involved (Mai and Kantzas, 2007). Smith (1992) performed an in-

depth study of the heavy oil waterfloods. He established that this high mobility ratio 

leads to the creation of viscous fingers throughout a waterflood. Viscous fingering 

ends up to early water breakthrough and very low macroscopic displacement at 

breakthrough. Thereby, heavy oil recovery by employing waterflooding leads to be 

relatively low and significant amount of oil cannot be produced after water 

breakthrough. Smith established that implementing a waterflood is necessary in high 

permeability heavy oil reservoirs to prevent the pressure decline and control the 

produced gas oil ratio (GOR). He mentioned that controlling the pressure support 

would be tough if the water fingers through to the producer leading to a “short circuit” 

between the injection well and the production well. It is recommended that altering 

the flood configuration may possibly be a convenient plan to overcome “short 

circuiting.” 

 Adams (1982) also established waterflooding results for heavy oil in the 

Lloydminster region. He provided a comprehensive investigation of the recovery 

history of the reservoirs during primary production and waterflooding. He reported 

that the production of these fields was as well as, and in some scenarios, better than 
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the theoretical estimations with great performance efficiencies. The results were 

unexpectedly displayed the high viscosity ratio involved. He also stated that water/oil 

ratio reduced as a result of re-flooding the reservoirs, which could result in a small 

improvement in oil recovery. 

 The investigations of nine waterfloods in fields with medium to heavy oil 

viscosities in Alberta and Saskatchewan were provided by Singhal and Holowatuk 

(2007). All of these current scenarios illustrated that the higher the water injection 

rate, the higher the oil rate. Therefore, a substantial increase in generated water cut 

was observed as well (Singhal and Holowatuk, 2007). 

 The reviewed studies on heavy oil waterflooding suggest alternative 

mechanisms and recovery strategies to those encountered with conventional 

waterflooding. 

2.1.2. Viscous Fingering 

 During performing a waterflood, where the viscosity of oil is more than that of 

water, the displacement front between oil and water is not stable (Sigmund et al., 

1988; Mai and Kantzas, 2007; Wassmuth et al., 2007). Due to the fact that injected 

water is much less viscous than the heavy oil, it could lead to bypass substantial 

amounts of residual oil and to begin finger through the formation. 

 This phenomenon was first termed as viscous fingering by Engelberts and 

Klinkenberg (1951). Viscous fingering takes place as a result of displacing a fluid 

with low mobility by a fluid of much higher mobility. This type of scenarios happens 

in heavy oil waterflooding, or in gas flooding where miscibility is not achieved. 

Perkins and Johnston (1969) observed that at unfavourable viscosity ratios and high 

injection rates, many viscous fingers could generate. As a result of viscous fingering, 

the heavy oil production at breakthrough is very poor. This makes the process of 
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waterflooding of viscous oil inefficient in comparison to its performance in 

conventional oil (Terry, 2001). 

 Peters and Flock (1981) investigated the fact that the growth of fingers during 

viscous fingering is controlled by various variables such as the viscosity ratio, the 

injection velocity, and the level of water-wetting of the rock.  

 Poor displacement efficiency and a reduced ultimate recovery will originate 

from viscous fingering, which has severe financial effects at the time of the secondary 

and tertiary recovery of oil from deposits through injecting an aqueous fluid. 

Therefore, alternative EOR processes should be considered to improve the viscosity 

of the aqueous phase. 

2.2. Solvent Flooding 

 One of the categories of non-thermal recovery techniques is solvent flooding, 

including immiscible flooding. One of the main problems of recovering heavy oil is 

the high viscosity of the oil leading to make it less mobile or even immobile when 

compared to lower oil viscosities. Therefore, heavy oil displacement by utilizing 

water or gas resulted in an unfavourable viscosity ratio (Selby et al., 1989). One of the 

techniques of heavy oil recovery is an applicable method which should be applied to 

lower the viscosity of the oil. When thermal methods cannot be employed, the 

viscosity of the oil may be lowered by a suitable non-thermal technique, such as 

utilizing solvent. The miscibility pressure is generally greater than the heavy oil 

formation pressure due to the high molecular weight of this type of the oil (Issever 

and Topkaya, 1998). Therefore, immiscible solvent flooding has gained attraction as a 

well-established EOR technique for heavy oil recovery (Mangalsingh and Jaga, 1996; 

Zhang et al., 2010).  
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 The oil production might be improved as a result of oil viscosity reduction, 

IFT reduction, and oil swelling (Jha, 1986; Speight, 2009). The oil viscosity was 

decreased in an immiscible injection as a result of a increase in the volume of the oil; 

which occurred due to the solubility of the solvent in the oil (Selby et al., 1989). The 

ability of mixing one substances in another one called as solubility (Mangalsingh and 

Jaga, 1996). 

 There exist various numbers of studies regarding to immiscible CO2 flooding. 

This type of flooding can be implemented as secondary technique or tertiary recovery 

method. The immiscible CO2 flooding method appears as a successful option for 

heavy oil recovery (Selby et al., 1989). 

 Klins and Farouq Ali (1982) performed a numerical study on the performance 

of immiscible carbon dioxide. They stated that the oil recovery could be improved by 

employing this technique, when oil viscosities varies between 70‒100 mPa.s and the 

oil saturation is not less than about 50%. 

 In another study conducted by Sankur and Emanuel (1983), the influence of 

pressure and slug size of carbon dioxide was examined. Sankur and Emanuel (1983) 

observed that the solubility of the CO2 increased when applying higher pressure. The 

higher pressure resulted in formation of an oil bank, and, consequently, the oil 

recovery was improved. Also, they found that the smaller the CO2 slug, the less the oil 

production. 

 Different solvents due to their commercial availability (i.e. light hydrocarbons 

and/or CO2) can be utilized as a pure solvent or as a mixture (Zhang et al., 2010). 

However, the extreme adverse mobility ratio between these types of solvents and 

heavy oils results in lower oil production, as a result of gravity override and gas 

solvent fingering, and, therefore, an earlier gas breakthrough (Zhang et al., 2010). As 
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Zhang et al. (2010) stated an alternating injection of water and gas solvent would be a 

practical choice to overcome the challenges for employing immiscible solvent 

injection in heavy oil reservoirs. Also, this can be addressed by raising the viscosity of 

the displacing fluid when implementing a polymer flood. 

2.3. Chemical Flooding 

 Chemical flooding is another category of EOR methods that has been mainly 

applied for conventional oil production. Also, investigations illustrated that there is 

obviously prospective for non-thermal chemical methods to develop into an efficient 

heavy oil recovery technique (Brook and Kantzas, 1998). Selby et al. (1989) reported 

on some applications of chemical flooding for heavy oil recovery.  

 Different classifications of these chemical processes are polymer flooding, 

micellar/polymer injection, alkaline/surfactant/polymer injection, and caustic or 

alkaline flooding. Screening criteria for the application of these techniques were given 

by Taber et al. (1996). The objective of using these chemicals summarizes in reducing 

interfacial tension, in the case of micellar/polymer, wettability alterations in caustic 

flooding, and mobility control in polymer flooding (Tabary and Bazin, 2007); each 

one of these variations might enhance the oil recovery as reflected in an increased 

capillary number (Thomas et al., 1999). 

 The principal technical challenges related to the chemical processes consist of 

these: (1) optimizing the microscopic displacement efficiency by screening chemicals, 

(2) creating good contact with the oil in the reservoir, and (3) reducing the impacts of 

viscous fingering by preserving good mobility (Terry, 2001). 

 The main operational issues involve preparing the mixture of chemicals to 

obtain required chemical compositions, blocking the porous media with particular 

chemicals (i.e., polymers), challenging with the loss of chemical compounds caused 
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by adsorption as well as mechanical shear along with other processing steps, and 

making emulsions in the production facilities (Chang, 1978; Terry, 2001). 

2.4. Polymer Flooding 

 A technique employing polymer solutions to enhance oil recovery was 

originally introduced in 1964 by Pye and Sandiford as secondary or tertiary oil 

recovery operations. They stated the fact that polymer flooding can improve oil 

recovery more than conventional waterflooding. Since that time, this particular 

chemical process has attracted extensive commercial interest, and several papers 

strengthening knowledge of its application and performance have been released (Du 

and Guan, 2004). 

 Polymers are water-soluble chemicals utilized predominantly to decrease the 

mobility ratio of oil/water (Selby et al., 1998; Speight, 2009). Polymer flooding 

makes the process of recovery more successful by: (1) The influences of polymer 

solutions on fractional flow, (2) reducing the water/oil viscosity ratio, and (3) 

switching the path of injected water from portions that have been displaced (Needham 

and Doe, 1987; Speight, 2009). 

 The particular polymers that are commonly used in this technique are high-

molecular weight natural organic or synthetic macromolecules which result in 

considerable increases in aqueous phase viscosity at low concentrations (Du and 

Guan, 2004). Typical polymers used are partially-hydrolyzed polyacrylamides 

(HPAM) and biopolymers such as xanthan (Littmann, 1988; Corlay and Delamaide, 

1996; Terry, 2001; Du and Guan, 2004). 
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2.4.1. Polymer Used in Polymer Flooding 

As mentioned in the previous section, polymers that have been used in 

polymer flooding can be classified into two general types: 

 Hydrolyzed Polyacrylamide (HPAM) 

 Xanthan Gum (biopolymer) 

Figure 2.1 shows the molecular structures of (a) HPAM and (b) polysaccharides 

(biopolymers), respectively.  
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Figure 2.1: Molecular Structures of Polyacrylamides and Polysaccharides (Willhite 

and Dominguez, 1977), Taken from Lake (1992). 
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 It would be an advantage of the polymer to increase viscosities at low polymer 

concentrations. Due to the fact that large amounts of the polymer will be required, 

even at low polymer concentrations for heavy oil fields, the polymer should be fairly 

low-cost and also environmentally friendly (Thomas et al., 1999). 

Polyacrylamides 

 This type of polymers is the one whose monomeric unit is the acrylamide 

molecule (Willhite and Dominguez, 1977). This type of polymers is called partially-

hydrolyzed polyacrylamides (HPAM). The viscosity increasing aspect of HPAM lies 

in its large molecular weight, which can be adjusted by raising the degree of 

polymerization of the acrylamide molecules (Needham and Doe, 1987; Du and Guan, 

2004). 

 The level of hydrolysis of the polymer molecules has been chosen in order to 

optimize specific characteristics such as viscosity, water solubility, and retention 

(White et al., 1973; Du and Guan, 2004). Shupe (1981) established that if the level of 

hydrolysis is very small, the polymer might not be as water soluble. In case it is too 

large, its properties will be very sensitive to brine salinity and firmness. Therefore, it 

is susceptible to lose part of the feature for which it has been chosen. Field-scale 

operations utilize high molecular weight HPAM since solution of this polymer has 

higher viscosity at an assigned polymer concentration (Du and Guan, 2004). 

However, this type of polymers is susceptible to mechanical shear as a result of their 

long chain molecules with a small effective diameter (Terry, 2001). High velocity 

flows through valves and high shear rates (such as those come across in pumps) can 

probably lead to an irreversible degradation, and, consequently, a decrease in the 

viscosity of the solution as a result of the breakage of the polymer backbone into 

smaller compounds (Southwick and Manke, 1988; Terry, 2001; Kaminsky et al., 
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2007; Seright et al., 2008). The higher the molecular weight of HPAM, the more 

easily it is shear degraded (Sorbie, 1991). A carefully designed injection scheme is 

essential to prevent a reduction in viscosity. 

 Practically, all HPAM characteristics are sensitive to brine salinity and 

hardness (Nasr-El-Din et al., 1991; Du and Guan, 2004; Lyons, 2010), a barrier to 

utilize HPAM in various formations. High salt concentrations lead to a curl up in the 

polymer bonded elements and reduce their viscosifying power (Terry, 2001). On the 

other hand, HPAM is cheap and comparatively resistant to bacterial attack (Lyons, 

2010). 

Polysaccharides 

 This type of polymers is formed from a bacterial fermentation process 

(Needham and Doe, 1987; Du and Guan, 2004). This type of polymers is susceptible 

to bacterial attack after it has been injected into the formation (Terry, 2001). This is 

usually compensated by the insensitivity of polysaccharide characteristics to brine 

salinity and mechanical shear (Chang, 1978). Compared to the flow behaviour of 

polymers like HPAM, the flow behaviour of xanthan molecules is less sensitive to pH 

and high-salinity brines (Sorbie, 1991).  

 The most generally experienced biopolymer is xanthan gum (Du and Guan, 

2004). Its molecular shape provides an excellent rigidity for the molecule, which 

resulted in great viscosifying ability in high-salinity systems for this type of polymers, 

and, also, this makes the biopolymers protected against shear degradation (Du and 

Guan, 2004). 

 Historically, HPAM has long been used in approximately 95% of the reported 

polymer flooding implemented in the fields (Manning et al., 1983). HPAM is 

normally less expensive per unit when compared with polysaccharides (Terry, 2001). 
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 Polymer flooding deals primarily with the mobility control process of polymer 

applications (Lyons, 2010). In mobility control processes, polymers are utilized to 

change the fractional flow of the water during the displacement of oil by reducing the 

mobility of the solution (Allen and Boger, 1988; Wassmuth et al., 2007, Lyons, 

2010). As discussed previously, a reduction in mobility ratio can enhance oil 

recovery, including improved fractional flow, improved areal and vertical 

displacement, and a decrease in channelling. This will be discussed in more detail in 

the next section. 

2.4.2. Mobility Control Process 

 High mobility ratios result in poor displacement as well as low sweep 

efficiencies and additionally cause an early breakthrough of injected water (Lyons, 

2010). Water breakthrough can be postponed by means of reducing the mobility of 

water, and, improving the displacement and the sweep efficiencies (Lyons, 2010). The 

fractional flow of water in a waterflood is determined as the flow rate of water 

divided by the total flow rate of water and oil. Buckley-Leverett model contains the 

explanation of fractional flow in porous media (Craig, 1971)., For a horizontal 

reservoir system the fractional flow of water is defined by simplification of fractional 

flow equation as (Craig, 1971): 

 

      w   
 

  
 

 

    [2-1] 

 

where M is the mobility ratio of the displacement. 

 The mobility ratio is defined as follows: 
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where: 

krD& krd = relative permeability of the displacing and displaced fluids 

μD& μd  = Viscosities of displacing and displaced fluids 

 Sd = Average displaced fluid saturation ahead of the front 

 SD = Average saturation of the displacing fluid behind the front 

 Increasing the aqueous phase viscosity through the addition of polymers to the 

water decreases the mobility ratio and, from the previous equation, reduces the 

fractional flow of water at the equivalent corresponding water saturation. 

 Polymer flooding or polymer-augmented processes appeared due to the 

necessity of controlling or decreasing the mobility of water (Lyons, 2010). Polymer 

flooding is considered as a developed waterflooding technique which can accelerate 

the production of oil over that recovered through waterflooding (Wassmuth et al., 

2007). This happens as a result of improvement in the sweep efficiency and increase 

in the volume of formation that is contacted. Figure 2.2 (Willhite, 2003) depicts a 

comparison of areal sweep efficiency for a waterflood and a polymer flood. Reduced 

sweep caused by viscous fingering is observed in the waterflood and results in early 

breakthrough to the producer; however, the polymer flood verifies the flood front, 

resulting in more even infiltration of the advancing water and improving the sweep 

efficiency.  
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Figure 2.2: Schematic of Macroscopic Displacement Efficiency Improvement with 

Polymer-Augmented Waterflooding (quarter of a five-spot pattern) (Willhite, 2003). 
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 Willhite (1986) performed analyses on two-dimensional immiscible 

displacements. He discovered the fact that the areal displacement efficiency improved 

as the viscosity ratio of the displacement reduced. It has also been revealed that the 

addition of polymer to the system decreases the permeability of the rock to the 

aqueous phase (Gogarty, 1967; Knight, 1973; Zaitoun and Kohler, 1988). As a 

consequence, water mobility reduces further and the fluid flow is diverted to different 

areas of the formation, therefore, sweep efficiency is improved (Chang, 1978; Du and 

Guan, 2004; Lyons, 2010). 

 From Figure 2.3 (Du and Guan, 2004), it is observed that much of the oil is 

bypassed after the waterflood as a result of viscous fingering; however, much more oil 

is swept through polymer flooding, as the sweep is significantly improved. 
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Figure 2.3: Cluster-Type Residual Oil Resulting from Waterflood and Polymer Flood 

(Du and Guan, 2004) (Taken from Wang et. al, 2000) 
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 In order for the polymer flood process to be successful, a very good 

understanding of the polymer solutions and the parameters affecting them needs to be 

understood. The main factors under consideration are viscosity effects and stability, 

injectivity behaviour, resistance factor, and residual resistance factors. These are 

typically determined to some degree in a laboratory evaluation before proceeding with 

the mobility control flood on a pilot or full-field scale (Kaminsky et al., 2007).  

 In the following sections some of these parameters that should be considered 

during this study are described in more details. 

2.4.3. Polymer Degradation 

 A significant factor for polymers utilized in the process of EOR is the polymer 

stability on the time scale of the oil recovery application (Knight, 1973; Chang, 1978; 

Clifford and Sorbie, 1985; Kaminsky et al., 2007). In general, polymer solution 

viscosity is the most important concern in this regard. Polymer degradation represents 

any phenomena that would breakdown the backbone of the molecules and change the 

properties of polymers over the time. Chemical or mechanical degradation are the 

most important degradation processes in oil recovery projects. 

 Chemical degradation denotes any of several possible processes, either short-

term or long-term, such as thermal oxidation, free radical substitution, hydrolysis, and 

biological degradation (Chang, 1978; Levitt and Pope, 2008). 

 Mechanical degradation refers to the breakdown of polymer molecules as a 

result of the high shear rate encountered nearby a well at high flow rate (Maerker, 

1975; Seright, 1983). Mechanical degradation is potentially exists in almost all 

applications and is only significant near the well facilities (Seright, 1983). This type 

of degradation usually happens in surface equipment where polymer solutions are 
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experienced high flow rates, such as valves, orifices, pumps, or tubing (Smith, 1970; 

Hill et al., 1974; Chang, 1978; Seright et al., 2009). 

 Although the shear-damaged polymer will certainly display a reduced average 

molecular weight in comparison to the initial polymer (Seright 1983); it could have 

acceptable quality for performing polymer flooding. The principal aspect influencing 

the shear stability of macromolecules is the molecular type. Flexible coil molecular 

structure, such as HPAM, are extremely susceptible to mechanical degradation 

(Maerker, 1975; Seright, 1983), whereas a polymer with a more firm molecules, such 

as xanthan, is very shear stable (Sorbie, 1991). 

2.4.4. Polymer Rheology 

 Polymer rheology is an important issue during implementing a polymer flood 

(Lee et al., 2009; Seright et al., 2009). There exist distinct kinds of fluids, each 

expressing various types of proportion between the shear rate and the shear stress. 

These various relations are illustrated in Figure 2.4 (Sorbie, 1991) with the slope of 

the line implying the viscosity. As it is displayed in this figure, the Newtonian fluid 

stands for the line which comes from the origin and with constant slope. The steeper 

the line, the more viscous the fluid. The shear-thinning fluid with pseudoplastic 

behaviour is the case that  reduced with raising   . The shear-thickening fluid with 

dilatants behaviour is the case that  increases with raising   . The Bingham plastic 

fluid does not promptly flow after applying stress, until the stress turns into some 

amount more than minimum yield stress (termed as τ0). This kind of fluid displays 

plastic-type behaviour. Also, the behaviour of an elastic solid and an ideal fluid is 

illustrated in this figure.  

  



32 

 

 

 

 

 

 

 

Figure 2.4: Different Types of Shear Stress – Shear Rate Behaviour (Sorbie, 1991). 
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 Generally, dilute polymer solutions used in EOR technology are showing 

pseudoplastic (shear-thinning) behaviour (Nouri and Root, 1971; Chang, 1978; Selby 

et al., 1989). Commonly, a method to represent the behaviour of polymer solutions is 

to plot viscosity versus shear rate as shown in Figure 2.5 (Lake, 1989). This type of 

dilute polymer solutions typically illustrates Newtonian behaviour at adequately low 

flow rates and corresponding shear rates. This Newtonian region is pursued by a 

shear-thinning section. At extremely high shear rates, the viscosity is likely to achieve 

another level of quantity over the solvent viscosity. Typically, the zero-shear rate 

viscosity (0) stands for the low-shear Newtonian value, and the infinite-shear rate 

viscosity () stands for the high-shear Newtonian value (Lake, 1989).  

 As mentioned before, Figure 2.5 signifies the behaviour that is gained from 

viscometric measurements; however, many reports have documented a shear-

thickening behaviour at greater shear rates when HPAM solutions are injected into the 

porous media (Pye 1964; Smith 1970; Seright et al., 2009). 
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Figure 2.5: Schematic Plot of Viscosity Versus Shear Rate Behaviour of a Dilute 

Polymer Fluid for Different Polymer Concentrations; c1< c2< c3<c4 (Lake, 1989). 
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2.4.5. Viscosity of Polymer Solutions 

 Newton‟s law of viscosity describes that the relation between shear stress 

(shear forces per unit area) and the negative local velocity gradient is as (Bird et al., 

1960): 

 

      yx    
  x

  
    [2-3] 

where  is called the Newtonian viscosity. Fluids that follow this law are referred to 

as Newtonian fluids, and, fluids that do not follow this law are called non-Newtonian 

fluids. In non-Newtonian type of fluids the viscosity is changed with various velocity 

gradients. The rheological behaviour of these fluids might be depicted by an extended 

form of Newton‟s law of viscosity at steady state conditions (Bird et al., 1960): 
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where  is expressed as a function of 
  x

  
 . The shear rate,   , is another expression for 

the negative velocity gradient 
  x

  
. Thus, the equation can be expressed as: 

 

                  [2-5] 

 In general, polymer solutions exhibit non-Newtonian flow behaviour at 

enough high polymer concentrations and shear rates (Seright et al., 2009). 

The power-law model is one of the major frequently used one that explains the 

pseudoplastic and dilatant areas of behaviour. This model is also named the law of 

Ostwald and de Waele (Bird et al., 1960; Lake 1989) and is expressed by the 

following equation: 
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                      [2-6] 

where m and n are constants. The power-law coefficient and exponent depend on the 

molecular weight of the polymer and the polymer concentration. For values of n less 

than one, the behaviour is pseudoplastic, whereas for n greater than unity, the 

behaviour is dilatant. When n = 1, this model expressed the Newton‟s law of viscosity 

with m = . 

 Wang and Dong (2009) studied the relation between effective viscosity of 

polymer solutions and polymer flooding recovery. They stated that a substantial 

improvement in oil recovery occurred while the effective viscosity of polymer 

solutions varies in the range of minimum and optimal value of that. Effective 

viscosity of polymer solution is a function of shear rate (Wang and Dong, 2009). 

2.4.6. Polymer Retention 

 Polymer retention denotes to any processes that can eliminate polymer from 

the injected fluid. Polymer retention is mainly caused by polymer adsorption, 

mechanical entrapment, and hydrodynamic retention. The retention of a polymer will 

cause a decrease in viscosity of the solution when compared to the viscosity of 

injected polymer solution, and this will cause a decrease in the performance of 

polymer flooding (Kaminsky et al., 2007).  

 The most significant retention mechanism is adsorption on pore walls, which 

is considered irreversible (Zaitoun and Kohler, 1988). Mechanical retention can 

become substantial under some circumstances; however, it can be decreased by via 

choosing the reasonable molecular weight distribution of polymer. Hydrodynamic 

retention is commonly negligible in most scenarios. Chauveteau and Lecourtier 

(1988) found out that the proportion between the ratio of molecules to pore 

dimensions and the local flow regime could affect the hydrodynamic retention more 
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significantly than other factors. Retention can be estimated only by laboratory 

measurements using the polymer solution to be utilized in the field (Lyons, 2010). In 

the following sections a brief introduction is presented for the most important polymer 

retention mechanisms, polymer adsorption and mechanical entrapment. 

 Many authors investigated the relation between polymer retention in porous 

media and flow rate (Maerker, 1973; Dominguez and Willhite, 1977; Huh et al, 

1990). They observed that the total level of polymer retention changed by modifying 

the flow rate to a different value. Polymer retention was increased by raising the flow 

rate. 

 Szabo (1975) studied retention of HPAM in porous media by experimental 

investigations. He observed that in medium- and high-permeability cores, retention 

was dominated by adsorption while in low-permeability cores, mechanical entrapment 

was the principle retention mechanism.  

Polymer Adsorption 

 The interaction between the polymer molecules and the surface of the rock 

during the transportation of polymer solution is referred to as polymer adsorption 

(Zaitoun and Kohler, 1988; Chiappa et al., 1998). The larger the surface area 

accessible, the greater the degree of adsorption (Sorbie, 1991). Polymer adsorption 

causes a reduction in viscosity of the polymer solution during its propagation (Morel 

et al., 2007); therefore, it might be detrimental to polymer flooding (Mungan, 1969). 

The majority of the lab-scale investigations on polymer adsorption that have been 

released in the petroleum literature considered HPAM; however, some investigations 

are also performed on xanthan adsorption (Willhite and Dominguez, 1977; Zaitoun 

and Kohler, 1987; Kolodziej, 1988). Extensively, the results indicated that xanthan 

adsorption in porous media has a lesser value compared to HPAM adsorption. 
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 Zaitoun and Kohler (1988) studied the selective reduction in relative 

permeability of the aqueous phase in polymer solutions in the laboratory. They 

investigated both types of polymers, polysaccharides and polyacrylamides. They 

noticed that the decrease in the permeability of aqueous phase is very significant in 

the presence of residual oil. Additionally, they found that the adsorbed polymer layer 

made a decrease in the size of pore throats. This would lead to an increase in the 

capillary pressure. In another study, Zaitoun and Kohler (1987) investigated the 

transportation of rod-like xanthan molecules through high-permeable porous media. 

They utilized porous media with pore size larger than the lengths of the xanthan 

molecules. The polymer molecules adsorb flatly on the pore wall of porous media 

without generating an adsorbed layer owning a remarkable width, which made the 

xanthan propagation more easily. They concluded that the polymer adsorption was 

affecting the polymer transportation, by postponing polymer breakthrough, by 

improving the polymer mobility, and by decreasing the permeability. 

 Hiraski and Pope (1974) developed a model which can display the dependence 

of polymer adsorption on brine, rock and polymer characteristics. Adsorption of 

polymer is affected by several factors, including (Kipling, 1965; Lee et al.,2009; 

Lyons, 2010):  

 

 Type of polymer  

 Molecular weight of the polymer  

 Degree of hydrolysis in polyacrylamides  

 Polymer concentration  

 Reservoir salinity and hardness  

 Rock permeability  
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 Mineral composition of the rock  

 Reservoir temperature 

 The impacts of adsorbed polymer can be categorized in this groups: (1) 

Inducing the loss of water relative permeability due to the fact that water wettability 

and correspondingly the irreducible water saturation are increased as a matter of the 

adsorbed polymer layer (Zheng et al., 2000); (2) Increasing the capillary pressure due 

to the fact that the irreducible water saturation is changed and the radius of pore 

throats of the rock is degreased as a matter of adsorbed polymer (Zaitoun and Kohler, 

1988; Zheng et al., 2000); (3) Inducing a marked reduction in wetting phase relative 

permeability as a matter of the adsorbed polymer layer, and the degree of these 

reductions determines by the rock permeability and also by the amount of adsorption 

of polymer (Vela et al., 1976; Chiappa et al., 1998). 

Mechanical Entrapment 

 The phenomenon that takes place when narrow channels are inaccessible to 

the flow of polymer solution inside them and larger molecules become trapped in 

these channels is named as mechanical entrapment (White et al., 1973; Willhite and 

Dominguez, 1977).  

 Sorbie (1991) suggested a physical description of mechanical entrapment for 

polymer. He examined many outcomes that could be predicted as a result of 

mechanical entrapment. He noted that the polymer concentration of the effluent would 

not able to achieve the exact concentration of the injected polymer. This might happen 

just after injecting several pore volumes of polymer solution. Another outcome of the 

introduced model by Sorbie (1991) shows that the porous media would be finally 

block if the level of mechanical entrapment goes over a particular value. 
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Gogarty (1967) and Dominguez and Willhite (1977) determined the 

importance of the effective hydrodynamic size of the polymer molecules to the pore 

size distribution for identifying the comparative contribution of mechanical 

entrapment mechanism.  

2.4.7. Inaccessible Pore Volume Effects 

 Several investigations have proved that when polymer adsorption is 

completely satisfied, polymer molecules are propagated within porous media more 

rapidly than it would be otherwise (Dawson and Lantz, 1972; Willhite and 

Dominguez, 1977; Chang, 1978; Sorbie et al., 1987). This phenomenon was first 

introduced in the petroleum literature in 1972 by Dawson and Lantz, who coined it 

the term “inaccessible pore volume” (IPV) effect. 

 The principal description for IPV is that the narrower portions of the pore 

space will prevent polymer to enter due to their dimensions. Thus, a percentage of the 

entire pore space is usually inaccessible to polymer molecules. This would result in an 

acceleration of the polymer transportation within the porous media (Chang, 1978). 

The inaccessible pore volume and adsorption have opposite effects on speed of 

transportation through porous media (Chang, 1978; Seright, 2010). 

2.4.8. Description of Polymer Flooding Process 

 Polymer flooding is a developed waterflooding method (Lyons, 2010) in 

which the water/oil viscosity ratio is reduced through improving the viscosity of the 

water and also decreasing the effective permeability of the system (Chang, 1987; Du 

and Guan, 2004). The water soluble molecules of polymer develop high viscosities in 

the solutions from very low concentrations of polymer (Chang, 1978). 
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 The preferences associated to the reduced mobility ratio are depicted in Figure 

2.6 by Lake (1989). Firstly, the water saturation behind the front in the polymer flood 

is greater than the waterflood as a result of improved mobility and lowered effective 

permeability to water; next, the vertical displacement is more advantageous with 

fewer underride for polymer flooding compared to waterflooding; and additionally, 

there exists a greater areal displacement. Ultimately, there is less viscous fingering 

and channelling in heterogeneous formations.  
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Figure 2.6: Increased Sweep Efficiency for a Polymer Flood (right) with Respect to A 

Waterflood (left), (Lake, 1989). 
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 Corlay and Delamaide (1996) discussed the fact that it is more appropriate to 

classify polymer flooding as a secondary recovery technique. A polymer flood just 

can speed up oil recovery before the economical restriction of the water cut is 

achieved. Polymer flooding is proved to be more effective when implemented as a 

secondary recovery process because the continuous oil saturation is higher in that 

condition. 

 The technical success of a polymer flood will rely on the properties of the 

formation, the oil, and the polymer solution, such as reservoir temperature, mobile oil 

saturation, water/oil viscosity ratio, polymer slug size, polymer concentration, and 

brine salinity (Chang, 1978; Du and Guan, 2004; Lee, 2009). For a favourable 

polymer flood, screening criteria pertaining to these characteristics are given in Table 

2.1 (Taber et. al, 1996; Corlay and Delamaide, 1996). These screening criteria are 

very old-line, and there might be scenarios in which these conditions can be lightened; 

this is especially true for the oil viscosity. 
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Table 2.1: Summary of Screening Criteria for Polymer Flooding (Taber et al., 1996; 

Corlay and Delamaide, 1996) 

Aspect Criterion 

Reservoir 

Characteristics 

Oil Saturation So> 0.7 

Rock Type Sandstone Preferred 

Thickness Not Critical 

Permeability K > 0.8 D 

Depth Not Critical 

Temperature 
T < 60 C (HPAM) 

T < 90 C (Xanthan) 

Salinity 
Csalt< 20 g/l (HPAM) 

Fairly Insensitive (Xanthan) 

Oil Properties 

Density Not Critical 

Viscosity 10 mPa.s<o< 150 mPa.s 

Composition Not Critical 

Oil/Water Viscosity Ratio at 

TReservoir 

o

w
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 Du and Guan (2004) reported that the success of a polymer flooding 

application might depend on the permeability and the level of permeability variation 

in the reservoir. Reservoir permeability impacts the injection rate, that will, 

consequently, dominates the economics of the project through influencing the well 

spacing and project life. Polymer solutions utilized in the reservoirs have less 

injectivities compared to the brine due to their high viscosity and diminished mobility. 

To conserve the injection rate of a waterflood, the injection pressure of the polymer 

solution should be higher (Seright, 2010). Nevertheless, encountering pressure-limited 

criteria, decreased injectivity can be an economic issue as frequently experienced in 

shallow, low-permeability formations (Du and Guan, 2004). 

 Even though most of the polymer flooding field-scale projects have been 

performed within sandstone deposits, a limited number of the carbonate deposits also 

demonstrated encouraging outcomes during a polymer flood (Chang, 1978). Particular 

attention should be considered while choosing carbonate formations for performing a 

polymer flood as a result of the heterogeneity and the high calcium and magnesium 

carbonate content (Chang, 1978; Manning et al., 1983; Manrique et al., 2007). 

 In a normal pressure condition, formation depth generally controls the 

temperature of the reservoir as well as the initial pressure (Du and Guan, 2004). The 

polymer might be remained stable and without any degradation at suitable 

temperature.  

 The polymer flooding has been applied to oil reservoirs with viscosities of less 

than a 150 mPa.s in the past (Lyons, 2010; Seright, 2010). Historically, this rule of the 

thumb has worked quite well. However, recently the applicability of polymer flooding 

to recover oil of reservoirs with viscosities up to 2,000 mPa.s, or even higher 
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viscosities of up to 5,000 has been investigated. A few of these reviews are pointed 

out later in this study. 

 Pye (1964) reported on laboratory results of polymer floods that demonstrated 

improvement in fractional flow characteristics when compared to waterfloods. He 

observed that particular high molecular weight polymer solutions encountered a 

substantial decrease in mobility within porous media. This signifies that just little 

amounts of polymer were being essential for improving the viscosity ratio of the 

solution. Additionally, Pye (1964) proved that polymer flooding has the potential of 

enhancing oil recovery over waterflooding by field-scale polymer flooding studies. 

 Szabo (1975) reported on experimental studies of performing polymer 

flooding for oil recovery in sandpacks. He observed that polymer solutions could 

improve the oil recovery over waterflooding. He also found that only low small slug 

sizes of low polymer concentration were needed for low-permeable sandpack, 

however, larger amounts of polymer were needed for high-permeable sandpacks. 

Additionally, he noted that if polymer flooding was applied at connate water 

saturation, the residual oil saturation was decreased. On the other hand, oil production 

was accelerated with no decrease in residual oil saturation if a waterlooding was 

implemented previously. 

 In another recent study conducted by Asghari et al. (2008), they performed 

experiments using 1,000 and 8,400 mPa.s heavy oil samples to study the polymer 

flood recovery from sandpacks. They established that concentrations above 1,000 

ppm of a high-molecular weight HPAM were needed to recover considerable oil 

above waterflooding for both 2.1 and 13 D sandpacks. Also, for polymer 

concentration above the range of those examined, they determined that the heavy oil 

recovery was improved while injecting rate was less than 0.3 m/day. 
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 Mungan et al. (1966) noticed the shear-thinning behaviour of many polymer 

solutions as a result of the existence of electrolytes, such as sodium chloride. They 

studied the polymer rheology and polymer adsorption in porous media. During the 

experimental study, it was observed that polymer flooding led to a little decrease in 

the residual oil saturation in excess of waterflooding; however, the volumetric 

displacement efficiency of a polymer flood had been considered to be much greater. 

They concluded that even if a polymer flood was implemented before any waterflood, 

it would recover the same amount of oil. This happens as a result of the banked 

connate water ahead of the polymer, which would perform same as a former 

waterflood. In another experimental study, Mungan (1969) investigated the behaviour 

of partially-hydrolyzed polyacrylamide (PHPAM) solutions and quantify the 

adsorption of the polymer in various silica sandpacks. Also, he observed that 

increasing salinity or raising shear rate resulted to a significant reduction in mobility 

of the polymer solution. 

 Castagno et al. (1987) studied the performance of polysaccharide biopolymers 

and synthetic polyacrylamides for a field-scale polymer flooding. Both type of 

polymer solutions had similar oil displacement and resulted in same recovery during 

the experimental investigations; however, the polysaccharide solutions showed 

greater apparent viscosities compared to the polyacrylamide solutions. Also, 

polysaccharide demonstrated less retention in core flood tests than polyacrylamide. 

Finally, the field-scale project was not implemented as a result of biological 

degradation which just could be controlled during the experimental studies by adding 

biocides. 

 A rheological study on PHPAM in porous media was performed by Smith 

(1970). He stated that polymer adsorption increased with raising salinity of the 
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formation. Although the increasing salinity caused a decrease in the viscosity of the 

solution, it could not influence the mobility of the aqueous phase significantly. He 

described this as the adverse influences of increased adsorption and reduced apparent 

molecular size. 

 Most recently, Seright (2010) reported on the potential of employing polymers 

for recovering viscous oil from the Alaskan North Slope deposits. He concluded this 

potential for the application of polymer flooding to these heavy oil reservoirs from: 

(1) high mobile oil saturation; (2) high level of heterogeneity; (3) comparatively free 

possibilities for cross flow; and (4) increase in viscosity that is approximately 

associated to the square of the concentration of the existing EOR polymers. He also 

published that reduced injectivity of the high-molecular weight polymers can cause 

problem, especially in multi-layer deposits with varying permeability, as well as the 

expense of polymer involved. 

2.4.9. Field Reports of Polymer Flooding 

 Polymer flooding is a relatively mature technique (Morel et al, 2007) and still 

the most significant EOR chemical technique in sandstone formations according to 

histories of field scenarios (Manrique et. al, 2010).  

 Corlay and Delamaide (1996) reported that polyacrylamides have been 

utilized in field-scale projects considerably more often than biopolymers. As they 

mentioned, the feasibility of utilizing xanthan has been seriously investigated; 

however, its applicability was never as significant as polyacrylamide due to their 

expense in producing and their issues with bacterial damage. 

 Selby et al. (1989) reported on many field-scale application of polymer 

flooding. These light-heavy oil reservoirs showed various degree of achievement. 

However, the potential of polymer flooding for improving the oil displacement was 
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obvious. This makes polymer flooding a noteworthy heavy oil recovery method where 

waterflooding results in low-quality displacement. 

 Some of the successful polymer flooding applications are Rapdan Field in 

Canada (Pitts et al., 1994), with incremental oil recovery of 10.6% OOIP; Pelican 

Lake in Canada (Moritis, 2008), the Daqing Field in China (Corlay et al., 1992; Wang 

et al., 1993; Delamaide et al., 1994; Wang et al., 2009) with estimated ultimate oil 

recovery of 4% OOIP; the Marmul Field in Oman (Koning et al., 1988) with ultimate 

recovery of 25−35% OOIP; the Oerrel Field in Germany (Maitin, 1992) with 

incremental oil recovery of 8−22% OOIP, and many reservoirs in the United States. 

Most of these reservoirs fulfill more or less the screening requirements presented in 

Table 2.1, only some of them have lower permeabilities, higher oil viscosity, or low 

oil saturations at the initial conditions.  

 Daqing Field in China is suitable for applying polymer flooding by 

considering both technically and economically aspects. Wang et al. (2000) explored 

the engineering plus technical aspects of employing a polymer flood at Daqing Field. 

They examined the variables impacting on microscopic displacement, injection rate, 

avoiding the polymer destruction, as well as well spacing.  

 The results of polymer flooding of heavy oil reservoirs located in the 

Lloydminster area were presented by Jameson (1973). The results showed 

improvement in the displacement efficiency and an increase in the recovery over 

waterflooding; however, the economic issues were the limitation at the time. 

 The first truly heavy oil polymer flood was revealed by Zaitoun et al. (1998). 

They reported on the laboratory study, numerical simulations, and surface equipment 

design of the Pelican Lake Field pilot. This polymer flood was distinctive at the time 

since it was the first pilot to examine the use of horizontal injection and production 
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wells. These investigations demonstrated that the polymer was compatible with the 

low salinity brine, and high-molecular weight polymer propagation was feasible in the 

low-permeable sandpacks (approximately 2 D). Numerical studies predicted a 5–10% 

OOIP increase in primary production utilizing horizontal wells and accelerated the oil 

recovery to an increase of 20–25% OOIP over the injection period (5 years). Polymer 

flooding technology has since been adopted field wide at the Pelican Lake Field, and 

considerable enhanced heavy oil recovery is expected as injection wells continue to be 

converted or drilled. 

 Another recent western Canadian polymer flood field pilot evaluation was 

published by Wassmuth et al. (2009) for the East Bodo/Cosine field. The 

Lloydminster reservoir has the ability to produce 600–2,000 mPa.s oil. At the time, 

polymer flooding was identified as one of the best technical and economic options by 

screening this formation for thermal, solvent, microbial, and other chemical processes. 

Both experiments and history matched, field-scale simulations predicted 

approximately 20% OOIP incremental recovery over waterflood by applying polymer 

flood. At the time, through the simulation part, they found that horizontal injection 

and production wells would enhance the oil recovery more than vertical wells as a 

result of improvement in injectivity of the polymer solutions. 

 In prior sections, polymer flooding and the aspects of this technology were 

summarized comprehensively. The addition of polymers to the injection solution 

leads to an improvement in mobility ratio of the system; therefore, it would be a 

considerable technology for enhanced heavy oil recovery. The goal of this study is to 

examine if the suggested EOR method, Solvent-Assisted Polymer Flooding, may 

improve EOR performance for a heavy oil system under more favourable operational 

conditions.  
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CHAPTER 3 

 

 

EXPERIMENTAL STUDY OF SOLVENT-ASSISTED 

POLYMER FLOODING PROCESS 

 

 

 The objective of this research was to investigate the potential and applicability 

of Solvent-Assisted Polymer Flooding Method to improve heavy oil recovery. To this 

end, a physical lab-scale model was designed and a series of experiments were 

performed. 

 High viscosity crudes are frequently found in high permeability reservoirs, and 

many of these reservoirs are completely unconsolidated. Sandpacks were constructed 

for laboratory floods to suitably model crude recovery in this type of reservoir. 

Several sets of flow experiments were conducted in an unconsolidated sandpack 

environment saturated with heavy oil at irreducible water saturation. Alternative 

water/solvent/polymer schemes were used as injection fluids. 
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 In addition, the effects of oil viscosity, solvent compositions, operating 

pressure, and injection pattern on the performance of the Solvent-Assisted Polymer 

Flooding Method were examined. 

3.1. Experimental Methodology and Materials 

3.1.1. Experimental Materials 

 All the experiments were conducted by using sandpacks of 2.53 cm in 

diameter and 9.5 cm in length in an acrylic model. Both inlet and outlet ends of the 

model were equipped with 200-mesh screens as fluid distributors.  

 The acrylic model is not applicable for operating pressures greater than ~ 500 

KPa. Therefore, the influence of the operating pressure on the method was conducted 

in an Swagelok tube with a 2.54 cm diameter and 15 cm length. A modified Swagelok 

tube was equipped with flow distributors on both ends (inlet/outlet) on which 200-

mesh stainless steel screens were spot-welded to prevent fine sand from flowing out 

and to provide more even distribution of the injected fluid. 

 Table 3.1 shows the summary of materials that were used in all the 

experiments. 
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Table 3.1: Summary of Materials Used in the Experiments 

Equipments Fluids 

200-mesh Screen Oil Sample #1, 825 mPa.s at 27°C 

Transfer Cylinders Oil Sample #2, 5,000 mPa.s at 27°C 

5, 20, 50 psi Transducers Fresh Water 

Syringe Pump Brine, NaCl 1 wt% 

Pressure Gauge 
2,000 ppm Polymer Solution 

(Polymer: FLOPAAM 3530S) 

Backup Pressure Regulator (BPR) Dioxide Carbon (CO2) 

Vacuum Pump Methane (C1) 

Centrifuge Propane (C3) 
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 Two heavy oil samples representing Saskatchewan heavy oil, with a dead oil 

viscosity of 825 mPa.s at 27°C (heavy oil sample #1) and 5,000 mPa.s at 27°C (heavy 

oil sample #2), were used in these series of experiments to study the effect of oil 

viscosity on the performance and efficiency of alternative water/solvent/polymer 

flooding processes. The density of the first and the second heavy oil samples were 

found to be 0.94 kg/m
3 

and 0.98 kg/m
3 

at room temperature (~24°C), respectively. 

Composition and carbon distribution of these heavy oil samples were defined using 

GC (Gas Chromatography) analysis, performed by the Saskatchewan Research 

Council. The results of the GC analysis are presented in Appendix A. 

 All the experiments were performed in unconsolidated sandpacks with silica 

sands. For each test, fresh sand was used. A new sandpack should be used for each 

experiment in order to exclude the effect of adsorbed polymer on the surface, as well 

as reduce the potential for fluid to follow through the channels and paths in sand left 

after previous experiments. The porosity of the sandpacks was approximately 38.7–

40.8%, and the absolute permeability was approximately 24–28 D. 

3.1.2. Solvents Mixture Preparation 

 Solvent gases used were commercial carbon dioxide, propane, and methane 

from Praxair Canada with purities of 99.99%, 99.5%, and 99.97%, respectively. 

 To compare the performance of carbon dioxide and propane as an injection 

solvent, both were used in two separate series of experiments. In addition, the rest of 

the tests were conducted using solvent mixtures (CO2, C3 and C1); mixture #1 

contained 33 mole% CO2, 34 mole% C3, and 33 mole% C1. This mixture of solvents 

was used for performing the flooding on both of the oil samples. Mixture #2 

contained 50 mole% CO2, 35 mole% C3, and 15 mole% C1, while mixture #3 

contained 50 mole% CO2, 15 mole% C3, and 35 mole% C1. 
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 To prepare the mixtures, three slugs of propane were initially considered for 

each mixture with 34, 35, and 15 mole%. To prepare each mixture, 1000 cm
3
 (volume 

of high pressure transfer cylinder) propane was transferred into a transfer cylinder at a 

certain calculated pressure which was less than its vapor pressure (the calculated 

pressure was determined through a trial-and-error series of calculations from the 

equation:        ). Then, carbon dioxide was added to the mixture to reach a 

specific mixture pressure, calculated for the pre-specified mole percent of each gas 

(33 mole% CO2 for mixture #1 and 50 mole% CO2 for mixtures #2 and #3). In the 

third stage, the same procedure was followed with methane to achieve the final 

specific mixture pressure based on the calculation. Finally, the number of moles and 

the final mole percentage of each component were calculated and checked based on 

the final mixture pressure. Accordingly, in order to have a comparative evaluation of 

the performance of the mixtures, the 2
nd

 and 3
rd

 mixture were prepared to reach an 

approximately similar total number of moles obtained for the 1
st
 mixture (Table 3.2). 

It should be also taken into account that the final pressure of the mixtures was less 

than the dew point pressure of the mixtures, and, hence, the combined solvents were 

in gas phase. 

CMG-WinProp
TM

 (Version 2009, Computer Modelling Group Ltd.) software 

was utilized to determine the phase behaviour of pure solvents and all the mixtures. 

All the mixtures (#1, #2, and #3) of carbon dioxide, propane, and methane were in 

vapor phase when injected into the system under all the experimental conditions 

(Table 3.3). 
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Table 3.2: Properties of Mixtures of Solvents 

Solvent 
Vmix 

(cm
3
) 

Tmix 

(C) 

Pmix 

(KPa) 
nC3 nC1 nCO2 nmix 

Mixture #1 

(34% C3+33%CO2+33% C1) 
1000 22 2025.04 0.334 0.333 0.333 1 

Mixture #2 

(35% C3+50%CO2+15% C1) 
1000 22 1906.703 0.333 0.142 0.476 0.951 

Mixture #3 

(15% C3+50%CO2+35% C1) 
1000 22 2166.826 0.155 0.36 0.516 1.031 

* All the fractions of solvent compositions are in molar percentage. 

* Where: 

Vmix: Volume of the Mixtures of Solvents, equal to the volume of the high 

pressure transfer cylinder 

Tmix: Temperature of the Mixtures of Solvents, equal to the temperature of the 

air bath 

Pmix: Pressure of the Mixtures of Solvents, equal to the final calculated 

specific mixture pressure 
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Table 3.3: PVT Properties of Utilized Solvents (CMG-Winprop
TM

, Ver. 2009) 

Solvent 

Operating 

Pressure 

(KPa) 



mPa.s



Kg/m
3
)

Z Phase 
Tc 

(°C) 

Pc 

(KPa) 

Pure CO2 101.33 0.0156 1.796 0.994 Vapor 31.05 72.8 

Pure C3 101.33 0.0087 1.819 0.983 Vapor 96.65 41.9 

Mixture #1  

(34% C3+33% C1+ 

33% CO2) 

101.33 0.0119 1.422 0.993 Vapor 32.75 8181.4 

689 0.0120 10.064 0.954 Vapor 32.75 8181.4 

1034 0.0121 15.479 0.932 Vapor 32.75 8181.4 

Mixture #2  

(35% C3+15% C1+ 

50% CO2) 

101.33 0.0126 1.629 0.992 Vapor 41.16 7259.6 

Mixture #3 

(15% C3+35% C1+ 

50% CO2) 

101.33 0.0133 1.396 0.995 Vapor 8.63 8016.1 

* All the fractions of solvent compositions are in molar percentage. 

* Tc and Pc stand for critical temperature and critical pressure, respectively, of the 

mixture 
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3.1.3. Polymer Solution Preparation 

 The polymer solutions used in each experiment were prepared from 

conventional polymer. As mentioned in previous chapter, the majority of the field-

scale polymer flooding projects utilized polyacrylamide to improve oil recovery. 

Therefore, all polymer fluids in this study were made of high molecular weight 

polyacrylamide, FLOPAAM3530S (Solid) from SNF Floerger. Polymer concentration 

of 2,000 ppm at 1 wt% NaCl was used for the experiments. For each test, the 

powdered crystalline polymer was carefully mixed with a vortex of stirring synthetic 

brine using a mechanical stirrer at low shear rate until it was completely dissolved, 

after about 24 hours. It is critical to ensure no air bubbles become trapped in the 

solution. 

 The hydrolysis degree and molecular weight of FLOPAAM3530S are 25–30 

mole% and 16*10
6
 Da, respectively, as stated by the supplier. 

3.1.4. Experimental Set-up 

 A schematic diagram of the experimental set-up is shown in Figure 3.1. The 

main elements are the acrylic model, syringe pump (Teledyne ISCO), injection 

stream, production stream, transfer cylinders, temperature control system, and 

UPC2100 (From Validyne Engineering Corp.) data acquisition system for data 

collection. 

 The UPC2100 data acquisition system from Validyne allows for receiving and 

recording signals from pressure and temperature transducers. A pressure transducer 

(5, 20, 50 psi- Model DP 15, manufactured by Validyne Engineering Corp.) was 

connected to the computer program for recording the pressure drop as a function of 

time. 
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 The temperature of the experimental systems was kept constant (27C) and 

uniform using an insulated air bath with a digital temperature controller. It included a 

heater controlled by a digital controller, two fans for circulating air, and a 

thermocouple for sensing the on/off operation of the heater. 

 In addition, a vacuum pump was used to vacuum the sandpack prior to each 

test before saturating the sandpack. Also, a sensitive digital pressure gauge was used 

to record the solvent transfer cylinder pressure to control the pressure depletion during 

the experiments. 

Figure 3.2 is a photo of the real experimental set-up in the laboratory. 
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  1. PC for collecting data     6. Syringe Pump 

  2. Temperature Controller     7. Tube for collecting effluent 

  3. Acrylic Model      8. Fan 

  4. Pressure Transducer     9. Air Bath 

  5. Transfer Cylinder 

Figure 3.1: A Schematic Diagram of the Experimental Set-Up 
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Figure 3.2: Picture of the Experimental Set-up in the Laboratory 
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3.1.5  Experimental Procedure 

 Several sets of flow experiments were conducted in an unconsolidated 

sandpack environment saturated with heavy oil at irreducible water saturation. For 

each experiment, the following general procedure was followed: 

  

 Step 1. First measure the dimensions of the model and calculate the model 

bulk volume. 

 Step 2. Fasten a screen filter in place on one end, and then begin pouring the 

sand in from the other end. Pour small amounts of sand then tap the sides and repeat 

until the entire model is filled with sand. Level the sand at the open end of the model 

and fasten the remaining end with a screen filter in place. 

 Step 3. Vertically position the model with the inlet at the bottom using a stand 

and clamp. Slowly inject CO2 from the bottom up until the air is removed and the 

model is saturated with CO2. Then put the model on vacuum for approximately 2 

hours to ensure that there is no air in the system. 

 Step 4. Prepare synthetic brine from 1 wt% NaCl in de-ionized water (10,000 

PPM), and saturate the core with the help of gravity and vacuum pressure by brine. 

Additionally, brine is injected into the core using a syringe pump to ensure that the 

core is 100% saturated. It should be mentioned that in all the tests, the core should be 

100% saturated, and there is no need for additional brine to be injected. During this 

step, measure the pore volume and porosity of the sand pack sample. Also, the 

permeability of the sandpack is determined from pressure drop measurements at 

different flow rates. 

 Step 5. Vertically place the model with the inlet at the top using a stand and 

clamp. Connect the syringe pump to the transfer cylinder that has been filled with the 
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oil sample. Slowly inject 2-3 pore volumes oil sample (until no mobile water is 

observed in the effluent) from the top down at a rate of 0.5 cm
3
/min through the 

transfer cylinder into the model to displace the brine. In this step, we measured how 

much brine was produced from the outlet of the model during oil saturation so initial 

oil saturation, connate water saturation (Swc), and original oil in place (OOIP) could 

be indicated. Related data and calculations (e.g., pore volume, Swc, and OOIP) for 

each set of experiments are presented in Table 3.5. 

 Step 6. Horizontally position the model. Set the temperature controller at the 

desired temperature (27C), and let it stabilize for a while to have the whole system at 

that temperature. 

 After all the above steps the sandpack is ready for performing the alternative 

water/solvent/polymer flooding method on the system. 

3.1.6. Procedure of the Experiment: Conventional Polymer Flooding 

 One conventional polymer flooding was performed on both of the oil samples 

that were chosen for this study for comparison purposes with the suggested method, 

the alternative water/solvent/polymer injection scheme. To do so, the following steps 

continue from the previous section: 

  

 Step 7. Start waterflooding and inject 1 wt% brine at a rate of 0.110 cm
3
/min 

(approximately equivalent to 1 ft/day frontal velocity) and collect effluent in separate 

vials every ~0.25 pore volumes. Continue the injection until 4 pore volumes of 

throughput have been injected. Monitor and collect the pressure drop during this time 

and inject approximately 4 pore volumes of brine. Put all vials with collected effluent 

in a centrifuge and read recovered oil and water. 
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 Step 8. Prepare 2,000 ppm polymer solution as mentioned in the previous 

section. Connect the pump to the transfer cylinder, which has been filled with the 

polymer solution. 

 Step 9. Inject 2,000 polymer solution at a rate of 0.110 cm
3
/min (~1 ft/day) 

and collect effluent in separate vials every ~0.25 pore volumes. Again, apply 

continuous injection until 4 pore volumes of throughput occur, and monitor and 

collect the pressure drop during this time. Put all vials with collected effluent in a 

centrifuge, and read the recovered oil and mixture of water and polymer (polymer 

solution). 

3.1.7. Procedure of the Experiment: Water/Solvent/Polymer Flooding 

 The alternative water/solvent/polymer injection process can be defined as a 

single enhanced oil recovery technique. The following steps were performed in place 

of those in the previous section for remainder of the experiments: 

  

 Step 7. Start waterflooding and inject 1 wt% brine at a rate of 0.110 cm
3
/min 

(~1 ft/day) and collect effluent in separate vials every ~0.25 pore volumes. Continue 

the injection until 4 pore volumes of throughput have been injected. Monitor and 

collect the pressure drop during this time, and inject approximately 4 pore volumes of 

brine. Put all vials with collected effluent in a centrifuge, and read recovered oil and 

water. 

 Step 8. If the test is a flood by a mixture of the solvents (mixture of CO2, C1, 

and C3), prepare the mixture as mentioned in the previous section. Connect the pump 

to the transfer cylinder, which has been filled with the solvent, and connect the 

pressure gauge to observe and control the injection pressure. 
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 Step 9. Inject the solvent with known composition at a rate of 0.5 cm
3
/min to 

displace the oil. Monitor and collect the pressure drop, and continue the injection for 

about 4 pore volumes. Change the effluent vial frequently so a production trend can 

be plotted. Put all vials with collected effluent in a centrifuge, and read recovered oil 

and water. 

 Step 10. Prepare 2,000 ppm polymer solution as mentioned in the previous 

section. Connect the pump to the transfer cylinder, which has been filled with the 

polymer solution. 

 Step 11. Inject 2,000 ppm polymer solution at a rate of 0.110 cm
3
/min (~1 

ft/day) and collect effluent in separate vials every ~0.25 pore volumes. Again, 

continuously inject solution until 4 pore volumes of throughput occurs, and monitor 

and collect the pressure drop during this time. Put all vials with collected effluent in a 

centrifuge, and read recovered oil and polymer solution. 

 Step 12. Repeat all these steps (from 7 to 11) until no further oil is recovered, 

but this time inject about 1 pore volume of each fluid. 

 

 The experimental procedure is the same for both types of oil samples.  For 

each stage of production, in addition to oil production, the viscosity of the effluents 

were measured to calculate the polymer adsorption. 

 In total, twelve successful sets of alternative water/solvent/polymer 

experiments were conducted in this study. The first four sets of the experiments 

(Experiment #1 to Experiment #4) were performed using the first heavy oil sample 

(825 mPa.s), and the remainder (Experiment #5 to Experiment #12) were conducted 

using the second heavy oil sample, the more viscous one (5,000 mPa.s). Two sets of 

the experiments were performed from the twelve tests as a base test by conducting a 
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conventional water/polymer flooding to compare the results to the results obtained 

from the alternative water/solvent/polymer injection process and investigate the 

differences between these two techniques, one on the 825 mPa.s heavy oil sample and 

the other on the 5,000 mPa.s heavy oil sample. The potential of the different solvents 

was examined through the alternative water/solvent/polymer process in the five sets 

of experiments; three were performed on the first heavy oil sample (825 mPa.s) and 

two were performed on the second heavy oil sample (5,000 mPa.s). Also, the effect of 

the heavy oil viscosity was examined through the experiments with the same solvent 

but different oil samples. Two additional sets of alternative water/solvent/polymer 

tests were performed to investigate the effect of the composition of the mixture of 

solvents, and two more experiments were conducted to evaluate the effect of 

operational pressure of the system on the performance of this enhanced oil recovery 

technique. The last test was performed with the purpose of investigating the effect of 

the injection slug size of the solvent mixture and polymer solution on the efficiency of 

this technique. 

 Each set of alternative water/solvent/polymer injection process tests consisted 

of about six floodings at a constant temperature T = 27  1C. All the experiments, 

except the ones for evaluating the operational pressure, were conducted at 

atmospheric pressure (101.33 KPa) in the acrylic model. The operational pressure 

experiments were conducted at 689 KPa (100 psi) and 1034 KPa (150 psi) in the 

Swagelok (Stainless Steel) model. 

 The dimensions and physical properties of each type of model used are 

presented in Table 3.4. The physical models were packed under the same conditions, 

including sand size and packing method. The aim was to minimize the initial 

discrepancy of the models. Table 3.5 presents details of all the experiments, and from 
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this table, it can be seen that porosity, permeability, and initial oil saturation values 

were in a same range in all the experiments for each model. 
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Table 3.4: Physical Properties of the Study Models 

Model 
Diameter 

(cm) 

Length 

(cm) 

Total 

Volume 

(cm
3
) 

Pore 

Volume 

(cm
3
) 

Porosity 

(%) 

Permeability 

(D) 

Acrylic  2.53 9.50 47.75 18.5–19.0 ~38.7–40.8 ~24.0–28.0 

Stainless 

Steel  
2.54 14.95 75.70 23.0–23.5 ~30.6–31.9 ~28.0–29.0 
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3.1.8. Measuring the Permeability 

 The absolute permeability to brine of each sandpack was determined by 

measuring the pressure drop across the core at different flow rates of brine. Assuming 

linear, incompressible, and one-dimensional flow, Darcy's equation was used to 

calculate the absolute permeability of the sandpack (Equation 3-1): 

 

            
      [3-1] 

 

 By plotting the Q versus (A.P/.L) for each flow rate and finding the slope 

of the line, the absolute permeability to brine was determined. 

 A sample of collected pressure drops during one test (Experiment #1) is shown 

in Figure 3.3. The absolute permeability of the sandpacks in the acrylic model in these 

series of experiments was found to be approximately 24–28 D. 
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Figure 3.3: Example of Collected Pressure Drop During Permeability Test 

(Experiment #1) 
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Table 3.5: Information and Preliminary Calculations from Each Experiment 

Oil 

Viscosity 

(mPa.s) 

Test 

# 
Solvent 

Operating 

Pressure 

(KPa) 

PV 

(cm
3
) 

porosity 

(%) 

permeability 

(D) 

OOIP 

(cm
3
) 

Swc 

(%) 

F
ir

st
 H

ea
v
y
 O

il
 S

a
m

p
le

 

(8
2
5
 m

P
a
.s

) 

1 - 101.33 19 39.78 25.3 17 10.53 

2 Pure CO2 101.33 19 39.78 24.6 17 10.53 

3 Pure C3 101.33 19.5 40.84 26.2 17.5 10.26 

4 
34% C3 + 

33% CO2 + 

33% C1 

101.33 19 39.78 25.1 17 10.53 

S
ec

o
n

d
 H

ea
v
y
 O

il
 S

a
m

p
le

 (
5
,0

0
0
 m

P
a
.s

) 

5 - 101.33 19 39.78 25.6 17 10.53 

6 Pure C3 101.33 18.5 38.74 27.8 17 8.11 

7 
34% C3 + 

33% CO2 + 

33% C1 

101.33 19 39.78 23.6 17.5 7.89 

8 
35% C3 + 

50% CO2 + 

15% C1 

101.33 18.5 38.74 25.0 17 8.11 

9 
15% C3 + 

50% CO2 + 

35% C1 

101.33 18.5 38.74 24.3 17 8.11 

10 
34% C3 + 

33% CO2 + 

33% C1 

689 23 30.60 28.2 20.5 10.87 

11 
34% C3 + 

33% CO2 + 

33% C1 

1034 23 30.60 28.8 21 8.70 

12 
34% C3 + 

33% CO2 + 

33% C1 

101.33 23.5 31.93  29.1 21 10.64 

* All the experiments were conducted at a constant temperature, 27C. 
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3.1.9. Measuring the Rheology of Polymer Solution 

 The most important property of a polymer is its ability to increase the 

solution's viscosity. As mentioned earlier, the aqueous solution of partially-

hydrolyzed polyacrylamide is known as a non-Newtonian fluid. Its viscosity is a 

function of the shear rate. The viscosity of the polymer solutions was measured using 

a DV-II-Pro+ Brookfield
©

 viscometer. In each measurement, the shear rate was 

changed, and the effect of this change on the viscosity was measured. Because the 

viscosity is sensitive to temperature, all of the measurements were done at constant 

temperature conditions (27C), the same as the experimental conditions. Figure 3.4 

presents the non-Newtonian behaviour of the 2,000 ppm HPAM solution used in these 

series of experiments. The polymer solution exhibited pseudoplastic behaviour; its 

viscosity decreased with increasing rotation speed. A polymer concentration of 2,000 

ppm FLOPAAM3530S (hereafter referred to as 3530S) resulted in a polymer 

viscosity of ~25 mPa.s at 25 s
-1

, which means the addition of 2,000 ppm (0.2 wt%) of 

3530S to the brine raised the viscosity of the solution to about 25 mPa.s (at 25s
-1

 and 

27C).  

 It is impossible to indicate the shear rate for polymer solution flowing in the 

sandpacks, which is directly related to the effective viscosity of the polymer solution 

in the porous media. The effective viscosity of polymer solution (i.e., the viscosity 

exhibited in the sandpack under test conditions) was experimentally studied. 

Assuming that Darcy‟s law (Equation 3-1) applies to the flow of polymer solution in 

porous media, then the effective viscosity of the polymer solution in a sandpack can 

be determined by measuring the pressure drop of the flow of the polymer solution if 

the permeability to the sandpack is known. The brine and polymer solution was 

injected through the sandpack at the same flow rate until the pressure drop achieved a 
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stable value, and the effective viscosity of the polymer solution in the sandpack was 

calculated by multiplying the viscosity of the brine by the ratio of the pressure drop of 

polymer flow to that of brine flow (proportion between Darcy‟s Equation of each 

flow). In this calculation, the permeability of the sandpack to the polymer solution 

was considered to be the same as the permeability to the brine (Castagno et al., 1987). 

 The effective viscosity of polymer solution, 2,000 ppm 3530S, obtained 

thusly, is 11–12 mPa.s, which means injecting polymer to the sandpack decreased the 

mobility ratio of the system about 11–12 times. As the viscosity ratio was changed by 

using polymer solution, and as a result of the decrease in the mobility ratio, the 

displacement efficiency increased, which led to additional oil production. 
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Figure 3.4: Non-Newtonian Behaviour of 2,000 ppm Polymer Solution 
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 The method used to indicate the adsorption of polymer on sand/rock systems 

was adapted from the rheological determination technique published by Mezzomo et 

al. (2002). The isotorque method involves measuring shear rates of core effluent that 

are necessary to cause a constant percentage (70%) torque on a rotational DV-II-Pro+ 

Brookfield
©

 viscometer. The polymer flood was conducted until a steady state 

pressure drop was obtained, at which time the adsorption requirements of the 

sandpack were completely satisfied and polymer concentration was the same as the 

injected solution. A bulk volume of effluent was collected, and appropriate dilutions 

were made and utilized for preparation of the calibration curve. The calibration curve 

was used to convert the measurements and determine polymer concentrations in the 

aqueous fraction of the effluent samples. The polymer effluent samples were run on 

the viscometer at a range of RPMs such that shear rates versus torque percentage 

curve could be constructed by collecting the measurements with the help of 

Wingather V3 software (Brookfield Engineering Laboratories Inc.), and shear rates at 

70% torque were measured. These shear rates were used to determine the unknown 

polymer concentrations using the calibration curve. Figure 3.5 shows an example of a 

calibration curve used. Based on the mass balance of the polymer, injected minus 

produced, approximately 5.55–8.54 mg of polymer was adsorbed for every 100 g of 

sand (55.5–85.4 microgram of polymer per gram of sand), which is acceptable. 

Dynamic polymer adsorption measurements for the systems with higher oil viscosity 

were lower, which might have occurred as a result of a larger inaccessible pore 

volume. These measured values were used as an input for later lab-scale simulation of 

polymer flooding during the next section of this study. The polymer concentration 

variations during one of the tests, as an example, are illustrated in Figure 3.6. It can be 

seen that after approximately 2 PVs of polymer injected, all the tests achieved steady 
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state (i.e., polymer effluent concentrations were constant). Also, this observation was 

confirmed by the pressure drop profile for each experiment (i.e., the pressure drop 

across the sandpack became constant after about 2 PVs polymer solution injection). 

All measured polymer adsorption values and figures of polymer concentration 

variations during each measured experiment are provided in Appendix C. 
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Figure 3.5: Example of Calibration Curve for Polymer Injection 

(to determine effluent polymer concentrations, Experiment #1) 

 

 

 

Figure 3.6: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #3 (injecting polymer started from 8th PV)  
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3.2. Results and Discussion 

 The results obtained from several experiments that were performed by using 

alternative water/solvent/polymer technique are discussed in this section. Recovery 

factor and pressure drop during the experiments were investigated to measure the 

performance and applicability of this method and to determine if it can lead to 

improved oil recovery at lower injection pressures. The recovery factor for each 

experiment is defined as the cumulative oil production for that test divided by the 

corresponding original oil in place. It was mentioned earlier that the pressure drop 

was monitored as a function of time (PV injected) by a pressure transducer connected 

to the data acquisition system.  

 In this study, as mentioned previously, each experiment was performed at a 

constant temperature and the operating pressure was atmospheric pressure, except in 

the experiments designed to investigate the effect of operating pressure. All the 

solvents (pure and mixed) were in vapour form. Also, all the experiments were 

considered as immiscible processes because the miscibility pressure of the viscous oil 

samples and utilized solvents used was higher than the operating pressures. 

 Table 3.13 summarizes the result of all the experiments in this study. The total 

recovery factor of each experiment and the recovery factor of separate floodings in 

each cycle of that test are presented in the table. 

3.2.1. Conventional Water/Polymer Flooding 

 Two sets of experiments were designed to evaluate the performance and 

efficiency of conventional water and polymer flooding for comparison purposes with 

the proposed Solvent-Assisted Polymer Flooding Method, one performed on an 825 

mPa.s heavy oil sample (Experiment #1) and one on a 5,000 mPa.s heavy oil sample 
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(Experiment #5). The experiments were conducted at 27C and atmospheric pressure, 

and the effluent of oil and water were collected. The change of pressure drop with 

time was recorded on a computer. 

 Table 3.6 summarizes and presents the results of the oil recovery factor of 

each experiment. Figure 3.7 and 3.9 shows the production trends of Experiment #1 

and Experiment #5, respectively. It can be seen for both types of heavy oil samples 

that the cumulative oil recovery increased as waterflooding continued. However, the 

increase rate in cumulative oil recovery became very low after about 1.0 pore volume 

of water injection. Because of the high contrast of viscosity between the water and the 

heavy oil samples during the waterflooding, water breakthrough occurred at a small 

PV injection in the sandpack flood test. After water breakthrough, the pressure 

decreased with continued water injection, and oil production declined rapidly, as is 

obvious in these figures. (Note: The pressure profiles of all the floodings for each 

experiment are presented in Appendix B).  

 Figure 3.7 and Figure 3.9 represent the fact that more pore volumes of water 

injection were needed for more viscous oil to reach the same oil recovery. For 

instance, approximately 0.5 PV of water was injected to produce 30.0% OOIP for the 

heavy oil sample of 825 mPa.s while approximately 1.0 PV of water was required to 

reach the same oil recovery for the heavy oil sample of 5,000 mPa.s. As observed 

from the figures and as summarized in Table 3.6, recovery factors of 54.70% and 

42.94% of OOIP were obtained for the conventional waterflooding for the less and 

more viscous heavy oil samples, respectively. 

 Also Figure 3.8 and Figure 3.10 presents the collected pressure drop during 

the polymer flooding process for the first and the second heavy oil samples, 

respectively, to investigate the build-up pressure, which is needed for performing a 
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polymer flood in the model. This pressure drop profile was compared with the results 

of the other tests for each oil sample, specifically to see by how much the pressure 

drop might be affected when previously flooded with solvent (i.e., reduced oil 

viscosity and improved flooding conditions). The injection of polymer solution, more 

viscous fluid than water, results in higher differential pressure as the injection rate 

remains the same as in waterflooding, mobilizing some of the residual oil in bigger 

pores. A certain build-up pressure gradient is required to mobilize the trapped oil after 

waterflooding. Therefore, the injection pressure increased again during the polymer 

flooding, and oil was mobilized in the form of an oil bank, leading to increase oil 

production. It is obvious from Figure 3.8 and Figure 3.10 that higher build-up 

pressure, about 3 times (~50 KPa), was needed for performing the polymer flooding 

on the more viscous heavy oil sample. The enhancement in oil recovery was delayed 

due to the pressure gradient. The time delay was found to be much greater due to the 

additional pressure build-up required to commence viscous fluid injection and 

displacement of more viscous heavy oil. The rapid increase in oil recovery through 

polymer flooding occurred after about 0.5 PV polymer injection in the 825 mPa.s 

heavy oil sample but after about 1 PV polymer injection for the 5,000 mPa.s heavy oil 

sample. It can be seen that both tests achieved steady state (i.e., pressure drop across 

the sandpack and polymer effluent concentration are constant), approximately after 3 

PVs of polymer were injected. 

 As found in this set of experiments, polymer flooding accelerated the 

displacement efficiency of the heavy oil samples and increased the overall oil 

recovery by 33.24% OOIP for the 825 mPa.s heavy oil sample and 38.24% OOIP for 

the 5,000 mPa.s heavy oil sample. As a result, production increased to 87.94% OOIP 

and 81.18% OOIP in Experiment #1 and Experiment #5, respectively. This means the 
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polymer solution viscosity corrected the poor water-oil mobility ratio, which leads to 

poor waterflood performance on heavy oils. 
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Table 3.6: Summary of Conventional Water/Polymer Flooding  

Experiment # 1 5 

Oil Viscosity (mPa.s) 825 5,000 

Waterflooding Recovery Factor (%) 54.70 42.94 

Solvent Flooding Recovery Factor (%) - - 

Polymer Flooding Recovery Factor (%) 33.24 38.24 

Total Recovery Factor (%) 87.94 81.18 

Total Oil Production (cm
3
) 14.95 13.80 
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Figure 3.7: Production Trend – Conventional Water/Polymer Flooding 

Experiment #1 (825 mPa.s Heavy Oil Sample) 

 

 
Figure 3.8: Differential Pressure Profile – Polymer Flooding  

Experiment #1 (825 mPa.s Heavy Oil Sample)  
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Figure 3.9: Production Trend – Conventional Water/Polymer Flooding  

Experiment #5 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.10: Differential Pressure Profile – Polymer Flooding 

Experiment #5 (5,000 mPa.s Heavy Oil Sample) 
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3.2.2. Alternative Water/Solvent/Polymer Flooding; Pure CO2 

 This experiment was designed to evaluate the performance and efficiency of 

using a water/solvent/polymer flooding pattern with pure carbon dioxide as the 

solvent for the first heavy oil sample (825 mPa.s). In this test (Experiment #2), the 

effect of CO2 on avoidance of the high pressure drops across the sandpack that 

occurred during polymer injection was examined. The alternating water/CO2/polymer 

injection experiment was carried out under the same conditions as the other 

experiments. 

 The production trend and differential pressure profile during the first polymer 

flooding are shown in Figure 3.11 and Figure 3.12, respectively. The differential 

pressure profile of conducting the conventional polymer flooding on the 825 mPa.s 

heavy oil sample is also shown in Figure 3.12 for comparison purposes. The results 

obtained from this test and the conditions of the test are presented in Table 3.7.  

 As can be observed from Figure 3.11, most of the oil production occurred 

during the first cycle of the test, and the overall recovery factor after conducting the 

first cycle was 82.47% OOIP. This test produced the third highest overall recovery 

factor, 86.88% OOIP, of all four sets of experiments performed with the first heavy 

oil sample (825 mPa.s). By conducting the solvent and polymer flooding through the 

sandpack, the system was re-pressurized and a substantial pressure gradient was 

established. Therefore, performing another cycle of water/solvent/polymer flooding 

increased the overall recovery factor by approximately 4% OOIP for this test. 

However, applying alternative water/solvent/polymer flooding when carbon dioxide 

was used as the solvent did not yield a significant change in the total oil recovery 

compared with conventional water/polymer flooding (Experiment #1). The low 

recovery efficiency of immiscible CO2 injection can be attributed to the unfavourable 
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viscosity ratio of CO2 to heavy oils, which leads to a combination of gravity override 

and CO2 fingering through more permeable zones, leading to early gas breakthrough 

and, thereafter, to less oil being recovered. 

 Through examination of both figures, it is not immediately clear what effect 

the injection of CO2 had on the subsequent floods. Even though the overall production 

trend appears similar, of particular note, is the significant (~6 times) reduction in 

pressure differential during the polymer flood. The build-up pressure gradient was 

noticeably less than the build-up pressure that was required for conventional polymer 

flooding through the sandpack. Therefore, the system reached this build-up pressure 

much earlier, which resulted in decreasing the delay in oil production. The system 

achieved steady-state flow after ~2.5 PVs of polymer injection, and at this time, the 

pressure gradient of the system was about 6 times less than the pressure gradient in 

the steady-state condition of the conventional polymer flooding. 

 The pressure drop around the core during the second cycle of polymer 

flooding is illustrated in Appendix B. The depletion of pressure around the core was 

more noticeable during the first cycle of polymer injection, and this is in accordance 

with the peak oil production during the first cycle. 
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Table 3.7: Summary of Water/Solvent/Polymer Flooding  

Solvent: Pure CO2 

Experiment # 2 

Oil Viscosity (mPa.s) 825 

First Cycle 

Recovery Factor 

(%) 

Waterflooding 53.82 

Solvent Flooding 2.06 

Polymer Flooding 26.59 

Overall First Cycle Recovery Factor (%) 82.47 

Second Cycle 

Recovery Factor 

(%) 

Waterflooding 1.47 

Solvent Flooding 1.76 

Polymer Flooding 1.18 

Total Recovery Factor (%) 86.88 

Total Oil Production (cm
3
) 14.77 
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Figure 3.11: Production Trend – Solvent: Pure CO2 

 Experiment #2 (825 mPa.s Heavy Oil Sample) 

 

 
Figure 3.12: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: Pure CO2 – Experiment #2 (825 mPa.s Heavy Oil Sample) 
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3.2.3. Alternative Water/Solvent/Polymer Flooding; Pure C3 

 In recent years, light hydrocarbon solvent-based heavy oil recovery methods 

have attracted much attention as alternatives for thermal techniques. Pure propane 

injection as the solvent in alternative water/solvent/polymer technique (and later on, 

in a mixed-gas injection of propane, methane, and carbon dioxide) was investigated in 

this study. Two sets of experiments were performed at atmospheric pressure and 27C 

constant temperature to evaluate the performance and efficiency of Solvent-Assisted 

Polymer Flooding Method with pure propane gas as the solvent on 825 mPa.s and 

5,000 mPa.s heavy oil samples, respectively (Experiment #3 and Experiment #6). 

Therefore, the effect of oil viscosity on the recovery performance of the alternative 

water/solvent/polymer flooding technique when pure propane was used as the solvent 

was also examined. 

 Figure 3.13 and Figure 3.15 illustrate the production trends for Experiment #3 

and Experiment #6, respectively. The pressure drop profile during the first cycle of 

polymer flooding is shown in Figure 3.14 and Figure 3.16 for each test. Also, in Table 

3.8, the conditions and the results of these two series of tests are presented. 

 The flood in Experiment #3 produced the lowest overall recovery factor, 

84.27% OOIP, of all the experiments performed with the first oil sample (825 mPa.s). 

During this experiment, the pure C3 solvent flood produced approximately 6.5% 

OOIP oil recovery, significantly higher than the pure CO2 flood, which was ~2% 

OOIP. This occurred due to the fact that under the same pressure and temperature, 

propane has considerably higher solubility in heavy oil than CO2. In addition, as can 

be seen in Figure 3.14, the first polymer flood cycle exhibited similar pressure 

behaviour (with the exception of the large initial spike) to the previous experiment in 

that the stabilized pressure drop was quite low. Although using pure propane as the 
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solvent did not increase the oil recovery that can be gained by performing a polymer 

flood, it could obviously decrease the differential pressure gradient through the 

injection of polymer solution. The pressure differential showed about 8 times the 

reduction when compared to the conventional polymer flooding, and also showed 

approximately 2 times the reduction when compared with the test that used carbon 

dioxide as the solvent. 

 To study the effect of oil viscosity on the potential of pure propane as the 

solvent in this method, the procedure for Experiment #3 was repeated with the second 

heavy oil sample. The Experiment #6 flood produced the second highest overall 

recovery factor, 92.11% OOIP of all the experiments performed with the second 

heavy oil sample (5,000 mPa.s) under same operating conditions. For the heavier oil 

system, a modest increase in oil recovery (~4.5% OOIP) was observed during the 

solvent flood. However, a rather large increase in production resulted during the first 

polymer flood cycle. 

As expected, the differential pressure during the polymer flood was 

considerably higher for the 5,000 mPa.s heavy oil sample relative to the 825 mPa.s 

heavy oil system. Injecting pure propane as the solvent before polymer flooding could 

decrease the pressure differential gradient during the polymer injection by about 1.6 

times compared to the conventional polymer flooding without injecting any type of 

solvent. 

 Through these experiments, as with the other tests in this study, water 

breakthrough occurred at a small PV injection in the sandpack, and after water 

breakthrough, the oil production declined fast. As can be seen in Figure 3.13 and 

Figure 3.15, oil recovery after around 1 PV injection of water was 44% OOIP and 

30% OOIP for Experiment #3 and Experiment #6, respectively. In order to reach a 
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reasonable residual oil saturation, waterflooding was conducted for 4 PVs with high 

water cut, which, at the end of injection, resulted in 54.5% OOIP and 37.7% OOIP oil 

recovery, respectively. 

 Conducting a polymer flood after propane injection as the solvent in the 

sandpack, which was saturated with the second heavy oil sample, could 

approximately double the oil production when compared to a conventional 

waterflood. As is obvious from the results obtained, the injection pressure increased 

again during the polymer solution injection, and oil was mobilized in the form of an 

oil bank, leading to dramatically increased oil production. Figure 3.15 illustrates that 

after injecting around 1.5 PVs of polymer solution, the oil recovery increased ~40% 

OOIP. The results were in agreement with the results obtained by Wassmuth et al. 

(2007), which showed that for some of the coreflood tests, the polymer flood was able 

to double the oil production in comparison to a baseline waterflood. 
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Table 3.8: Summary of Water/Solvent/Polymer Flooding  

Solvent: Pure C3 

Experiment # 3 6 

Oil Viscosity (mPa.s) 825 5,000 

First Cycle 

Recovery Factor 

(%) 

Waterflooding 54.57 39.70 

Solvent Flooding 6.29 4.12 

Polymer Flooding 19.71 47.82 

Overall First Cycle Recovery Factor (%) 80.57 91.64 

Second Cycle 

Recovery Factor 

(%) 

Waterflooding 2.29 0.47 

Solvent Flooding 0.86 - 

Polymer Flooding 2 - 

Total Recovery Factor (%) 85.72 92.11 

Total Oil Production (cm
3
) 15 15.66 
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Figure 3.13: Production Trend – Solvent: Pure C3 

Experiment #3 (825 mPa.s Heavy Oil Sample) 

 

 
Figure 3.14: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: Pure C3 – Experiment #3 (825 mPa.s Heavy Oil Sample)  
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Figure 3.15: Production Trend– Solvent: Pure C3 

Experiment #6 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.16: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: Pure C3 – Experiment #6 (5,000 mPa.s Heavy Oil Sample)
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3.2.4. Alternative Water/Solvent/Polymer Flooding; Mixture of Solvents 

 The studies on the efficiency and applicability of using pure propane as the 

light hydrocarbon solvent in the alternative water/solvent/polymer flooding were 

reported in the previous section. The experiments showed that the process resulted in 

more favourable results than using pure CO2 as the solvent in this technique. 

However, pure propane flooding is not appropriate for fields with pressures higher 

than the propane dew point pressure (e.g., Lloydminster reservoir pressure varies from 

500 KPa to 1000 KPa and propane dew point pressure under formation temperature is 

around 870 KPa) (Wu et. al, 2008). To match more reservoir pressure ranges and 

propane dew point pressures under reservoir temperatures, flooding with a mixture of 

solvents were tested. To maximize the performance of this process, light 

hydrocarbons such as methane can be added to the injection stream. Experiment #4 

and Experiment #7 were designed to evaluate the performance and efficiency of the 

alternative water/solvent/polymer flooding process when the solvent consists of a 

mixture of methane, propane, and carbon dioxide in conjunction with the first heavy 

oil sample and the second one, respectively. The mixture chosen had a composition of 

33 mole% pure C1, 34% mole% pure C3, and 33 mole% pure CO2 (equal amounts of 

each in mole percentages). The properties of this solvent mixture were previously 

presented in Table 3.3 (the phase behaviour diagram of this solvent is presented in 

Figure 4.3). The addition of propane and methane to CO2 is expected to improve the 

recovery factor by obtaining an enriched solvent mixture. The experiments were 

carried out at operating conditions similar to the other sets in which a pure gas was 

used as the solvent. The mixture of solvents remained in the gas phase under all the 

operating conditions used in this study, as mentioned previously. The results of these 

two experiments are presented in Table 3.9. 
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 The enhanced oil recovery performance obtained in Experiment #4 was the 

best among the tests performed with the first heavy oil sample (825 mPa.s). This flood 

produced the highest overall recovery factor, 93.02% OOIP. The production trend is 

illustrated in Figure 3.17. The solvent production phase of this experiment was similar 

to that of pure CO2. The solvent flooding of this test did not result in a lot of 

additional oil production; however, the subsequent polymer flood of this experiment 

produced the most oil (~35% OOIP) compared to the first two solvent-assisted floods 

with the first heavy oil sample, which was approximately 27% and 20% OOIP, 

respectively). The oil production profile of polymer injection indicated that an oil 

bank formed without significant delay in reaching the appropriate build-up pressure. 

After approximately 1 PV of polymer was injected, the oil recovery increased by 

around 30% OOIP. 

 Also, Figure 3.18 presents the collected pressure drop during the first polymer 

flooding cycle. As can be seen, again, the stabilized pressure drop for the first 

polymer flood cycle was much lower compared to the polymer flood without any 

prior solvent injection. The pressure gradient decreased about by 2.5 times when 

compared to the conventional polymer flooding, and it took less time to achieve 

steady state when the mixture of solvents was used.  

 Experiment #7 was designed to evaluate the performance and efficiency of 

water/solvent/polymer flooding when the same mixture of solvents was used in 

conjunction with the second heavy oil sample (5,000 mPa.s). Therefore, the 

conditions used in this experiment were also designed to measure the effect of oil 

viscosity on the recovery performance of the technique. 

 This flood produced the highest overall recovery factor, 94.17% OOIP, of all 

the experiments performed with the second heavy oil sample under the same 
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operating conditions. As mentioned above, this was also happened for the first heavy 

oil sample when the same mixture of solvents was used (Experiment #4). Figure 3.19 

and Figure 3.20 illustrated the production and the collected pressure drop during the 

first cycle of polymer injection, respectively. As with the oil system in Experiment #6, 

when pure propane was used as the solvent, this solvent composition produced 

approximately 4% OOIP oil from the solvent flood alone; however, the subsequent 

polymer flood produced a significant amount of oil at nearly 46% OOIP. If 

Experiment #7 is compared with #6, the ultimate oil recoveries are very similar; 

however, the multi-component solvent appeared to have a much larger effect on the 

differential pressure during displacement. The differential pressure for Experiment #7 

did not exceed 21 KPa, and the stabilized pressure drop during the first polymer flood 

cycle was approximately one-third (~11.5 KPa) relative to Experiment #6 (~30 KPa). 

Using a mixture of solvents with an equal amount of each in mole percentage resulted 

in approximately 4.5 times reduction in pressure differential when the system 

achieved steady state conditions. The maximum pressure gradient during the first 

cycle of polymer flooding showed about 3.5 times reduction, and it was maintained 

for a shorter period of time when compared with the conventional polymer flooding 

performed on the second heavy oil sample (Experiment #5). Therefore, the polymer 

flood did increase the displacement efficiency when displacing the heavier oil sample, 

and it resulted in 46.8% OOIP oil recovery. It could double the oil recovery in 

comparison to a baseline waterflood. 

 Most of the oil recovery for each experiment occurred during the first cycle of 

water/solvent/polymer injection, about 90% OOIP in Experiment #4 and 93.5% OOIP 

for Experiment #7. It is obvious from Figure 3.19 that injecting the mixture of 

solvents and polymer in the second cycle of Experiment #7 could not increase the oil 



98 

 

recovery any further; however, the total oil recovery was increased significantly by 

applying the alternative water/solvent/polymer technique.  
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Table 3.9: Summary of Water/Solvent/Polymer Flooding  

Solvent: 33 mol.% C1 - 34 mol.% C3 - 33 mol.% CO2 

Experiment # 4 7 

Oil Viscosity (mPa.s) 825 5,000 

First Cycle 

Recovery Factor 

(%) 

Waterflooding 52.94 42.86 

Solvent Flooding 1.77 4.00 

Polymer Flooding 34.70 46.85 

Overall First Cycle Recovery Factor (%) 89.41 93.71 

Second Cycle 

Recovery Factor 

(%) 

Waterflooding 1.47 0.46 

Solvent Flooding 1.55 - 

Polymer Flooding 0.59 - 

Total Recovery Factor (%) 93.02 94.17 

Total Oil Production (cm
3
) 15.81 16.48 
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Figure 3.17: Production Trend – Solvent: 33% C1 - 34% C3 - 33% CO2 

Experiment #4 (825 mPa.s Heavy Oil Sample) 

 

 
Figure 3.18: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: 33% C1 - 34% C3 - 33% CO2 – Experiment #4 (825 mPa.s Heavy Oil)
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Figure 3.19: Production Trend – Solvent: 33% C1– 34% C3 – 33% CO2 

Experiment #7 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.20: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: 33% C1-34% C3-33% CO2 – Experiment #7 (5,000 mPa.s Heavy Oil Sample)  
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3.2.5. Alternative Water/Solvent/Polymer Flooding; Solvent Composition 

 In addition to oil viscosity, solvent composition might have a significant 

impact on the recovery factor of the process. To compare the potential of propane, 

methane, and carbon dioxide as the injection solvent in Solvent-Assisted Polymer 

Flooding Method, another two sets of experiments were performed following the 

same procedure and using two different mixtures of propane, methane, and carbon 

dioxide as the solvent. 

 The higher viscosity heavy oil sample (5,000 mPa.s) was chosen for 

investigating the effect of solvent composition on the performance of this technique 

because the second heavy oil sample resulted in a higher recovery factor and showed 

more favourable results during the initial experiments. 

 A PVT study as described previously was performed to choose two mixtures 

of solvent in the gas phase. The first mixture of solvents chosen had a composition of 

15 mol.% C1, 35% mol.% C3, and 50 mol.% CO2 (mixture #2, Experiment #8). The 

other mixture of solvents chosen had a composition of 35 mol.% C1, 15% mol.% C3, 

and 50 mol.% CO2 (mixture #3, Experiment#9). Lower light hydrocarbon fractions 

were considered to maintain the mixture in the gas phase, as well as to not 

compromise the feasibility of the process by considering expensive solvents. The 

properties of both solvent mixtures were previously presented in Table 3.3. These 

tests investigated the effect of solvent composition on the recovery performance of the 

process by changing the percentage of methane, and propane (light hydrocarbon 

solvents) in the mixture of solvents. All the operating conditions were the same as in 

the previous experiments. These two mixtures of solvents remained in gas phase at the 

operating conditions used during the tests, as mentioned earlier. Table 3.10 presents 

the results obtained from these two experiments. 



103 

 

 The production trends for Experiment #8 and Experiment #9 are shown in 

Figure 3.21 and Figure 3.23, respectively. It is obvious the general production trends 

during these experiments were very similar to the previous runs on the heavier oil 

sample, as the curves are similar for each experiment. The solvent flood produced 

approximately 5.5% OOIP after waterflooding, and the first polymer flood produced 

much of the remaining oil. 

 Interestingly, mixture #2, containing a higher mole percentage of propane, 

produced the lowest overall recovery factor, 91.05% OOIP, of all the experiments 

using this technique performed with the second heavy oil sample. Also, the 

combination of solvents in mixture #3 (containing a lower mole percentage of 

propane) produced the third highest overall recovery factor, 92.06% OOIP, of all the 

experiments performed with the 5,000 mPa.s viscosity heavy oil sample.  

 The collected pressure drop during the first polymer flooding cycle is plotted 

in Figure 3.22 for Experiment #8 with mixture #2. Even though the overall recovery 

in this test was slightly lower than the previous composition (mixture #1, Experiment 

#7), the differential pressure during the polymer flood cycle was even lower during 

this experiment. The composition in mixture #2 could decrease the maximum 

differential pressure gradient (~17.5 KPa), which occurred during the polymer 

injection and was about 4.1 times less than the conventional polymer flooding (~17.5 

KPa to ~72 KPa) and approximately 1.2 times less in comparison to using mixture #1 

as the solvent (~17.5 KPa to ~21 KPa). Also a significant reduction occurred when 

the system achieved steady state conditions, which was reached in a shorter time 

period than the other experiments. There was approximately an 18 times decrease in 

comparison with the conventional polymer flooding. 
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 The results obtained from the solvent mixture #3 (containing lower molar 

percentage of propane) showed that the production trend was similar to the other tests 

in Experiment #9. However, for this test, as illustrated in Figure 3.24, the differential 

pressure during the first polymer flood was higher than the other runs, indicating 

additional resistance when compared to the previous test. The maximum differential 

pressure across the model during the first polymer injection and the pressure gradient 

at steady state condition are ~28.5 KPa and ~17.5 KPa, respectively, which showed 

approximately 2.5 and 2.8 times reduction in comparison with conventional polymer 

flooding test. The reduction in pressure for the mixture of solvents during the first 

cycle of polymer injection was more significant when compared with the 

corresponding cycle of the previous tests, which were conducted using no solvent or 

pure solvent. Mixture #1 and mixture #2, containing a higher mole percentage of 

propane than mixture #3, showed better performance in terms of the injection pressure 

reduction via the alternative water/solvent/polymer flooding process. 

 The highest incremental recovery occurred during the first cycle for all the 

mixtures. Following a small difference in the percentage of propane in two mixtures, 

close results of 91.05% and 92.06% (of OOIP) recovery factor were observed for 

mixture #2 and mixture #3, respectively. In both of the experiments, the polymer 

flood accelerated the displacement efficiency of the heavy oil sample after injection of 

a mixture of solvents. This conclusion is based on the results obtained in this study, 

and more investigations are recommended to observe the influence of solvent 

composition on this process. Additional tests at several other operating pressures 

would allow for determination of the effect of more specific solvent compositions. 
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Table 3.10: Summary of Water/Solvent/Polymer Flooding 

Experiment # 8 9 

Oil Viscosity (mPa.s) 5,000 5,000 

Solvent 
15% C1+ 35% C3 

+ 50% CO2 

35% C1+ 15% C3 

+ 50% CO2 

First Cycle 

Recovery Factor 

(%) 

Waterflooding 42.35 41.76 

Solvent Flooding 5.30 5.88 

Polymer Flooding 38.82 40.00 

Overall First Cycle Recovery Factor (%) 86.47 87.64 

Second Cycle 

Recovery Factor 

(%) 

Waterflooding 2.35 2.65 

Solvent Flooding 1.17 0.59 

Polymer Flooding 1.06 1.18 

Total Recovery Factor (%) 91.05 92.06 

Total Oil Production (cm
3
) 15.48 16.65 
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Figure 3.21: Production Trend – Solvent: 15% C1 - 35% C3 - 50% CO2 

Experiment #8 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.22: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: 15% C1-35% C3-50% CO2 – Experiment #8 (5,000 mPa.s Heavy Oil Sample)  
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Figure 3.23: Production Trend – Solvent: 35% C1 - 15% C3 - 50% CO2 

Experiment #9 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.24: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: 35% C -15% C3-50% CO2 – Experiment #9 (5,000 mPa.s Heavy Oil Sample)  
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3.2.6. Alternative Water/Solvent/Polymer Flooding; Operating Pressure 

 As in many other heavy oil recovery techniques, the feasibility of this method 

is strongly dependent upon key factors such as fluid properties and operating 

conditions. To demonstrate the effect of operating pressure on the performance and 

efficiency of the Solvent-Assisted Polymer Flooding Method, two more experiments 

were designed to evaluate the performance and capability of this technique with the 

operating pressure set at 689 KPa (Experiment #10) and 1034 KPa (Experiment #11). 

 The more viscous oil, with a viscosity of 5,000 mPa, was selected for these 

series of tests as in the previous section. Comparing the performance of different 

solvents used in this study, it was observed that mixture #1 with equal mole 

percentage of each solvent had a greater potential with respect to the recovery of 

heavy oil employing the alternative water/solvent/polymer flooding technique. 

Utilizing mixture #1 as the solvent not only showed a higher recovery factor but also 

more favourable results during the first cycle of polymer injection when compared 

with the other solvents. The outlet pressure was fixed at 1034 KPa (150 psi) in one of 

the tests to match the maximum Lloydminster heavy oil reservoir pressure. It was 

mentioned previously that pure propane could not be used as the solvent through these 

conditions because of its dew point pressure. Therefore, mixture #1 was chosen for 

these series of tests, and it is obvious from the phase diagram of mixture #1 in Figure 

4.3 (also see Table 3.3) that at both of these operating conditions, the solvent remains 

in gas phase. 

 The solvent was injected into the sandpack model from a pressurized cylinder 

under a fixed outlet pressure of 689 KPa and 1034 KPa in Experiment #10 and 

Experiment #11, respectively, all controlled by a Back Pressure Regulator (BPR). The 

results of these tests are summarized in Table 3.11. The production trend was plotted 
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in Figure 3.25 for Experiment #10 and Figure 3.27 for Experiment #11. As observed 

from these tests, the recovery factor for the solvent flooding section was significantly 

increased when the operating pressure was increased by a factor of 6.5 and 10 from an 

initial value of 101.33 KPa. An increase of approximately 3.5% OOIP in oil recovery 

during solvent flooding was observed when the pressure was increased from 101.33 to 

689 KPa, while a further increase in pressure created a pressure of 689 to 1034 KPa, 

which improved the oil recovery factor during solvent flooding by an additional 2% 

OOIP. Therefore, the incremental recovery factor of the solvent flooding phase was 

7.5% OOIP in Experiment #10 and 9.74% OOIP in Experiment #11, which showed 

about 2 times or more increase in recovery factor by raising the operating pressure 

from the previous experiments and using mixture #1 as the solvent. This indicates that 

the macro sweep efficiency was low for horizontal immiscible solvent flooding due to 

viscous fingering and gravity segregation because of the density difference between 

the solvent and the heavy oil. However, after changing the operating pressure, the oil 

production with solvent flooding could be increased. 

There was an initial delay in oil production in both of the experiments. This 

was due to the slow establishment of solvent concentration in the interface. It needed 

a pressure build-up across the interface of the heavy oil to move through the 

sandpack. During pressure build-up, the oil production was very slow or ceased 

entirely; during pressure draw-down, the oil production was very fast. This 

phenomenon might be due to the oil swelling effect. The second observation is that 

the oil production rate and oil recovery rate was higher in Experiment #11 with higher 

operation pressure. It seems that under a fixed solvent rate, the increase of the 

operating pressure increased the density of the mixture of gas solvent, which further 

reduced the oil viscosity. The oil production profile for polymer injection after solvent 
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flooding indicated that an oil bank formed at approximately 0.2 PV of polymer 

injection, and after injecting around 0.5-1 PV of polymer solution, the oil recovery 

increased ~30% OOIP in both of the experiments. This confirms that the solvent 

injection (mixture #1) could reduce the oil viscosity significantly under higher 

operating pressure, and it resulted in more mobilized heavy oil that could be 

produced.  

As with other alternative water/solvent/polymer flooding tests, the pressure 

drop during the polymer injection period was more substantial during the first cycle. 

The related differential pressures of Experiment #10 and #11 are plotted in Figure 

3.26 and Figure 3.28, respectively. The pressure gradient recorded during the first 

polymer injection at 689 KPa rose to 16 KPa and fell to ~3.5 KPa when the system 

reached steady state conditions. These results indicate that about 1.3 times and 3.3 

times reduction occurred from the maximum and the steady state condition 

differential pressure of the system, respectively, in comparison with Experiment #7 

(same solvent, different operating pressure). Raising the pressure to 1034 KPa yielded 

a reduction of about 7 KPa (1.5 times less) and about 2.5 KPa (1.2 times less) than the 

maximum pressure gradient and 9 KPa (4.6 times) and 1 KPa (1.4 times) when the 

system reached steady state condition, when comparing Figure 3.28 with Figure 3.20 

(Experiment #7) and with Figure 3.26 (Experiment #10). 
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Table 3.11: Summary of Water/Solvent/Polymer Flooding  

Solvent: 33 mol.% C1 - 34 mol.% C3 - 33 mol.% CO2 

Different Operating Pressures 

Experiment # 10 11 

Oil Viscosity (mPa.s) 5,000 5,000 

Operating Pressure (KPa) 689 1034 

First Cycle 

Recovery Factor 

(%) 

Waterflooding 41.00 40.51 

Solvent Flooding 7.50 9.74 

Polymer Flooding 45.5 45.13 

Overall First Cycle Recovery Factor (%) 94.00 95.38 

Second Cycle 

Recovery Factor 

(%) 

Waterflooding 0.40 0.26 

Solvent Flooding 0.50 - 

Polymer Flooding - - 

Total Recovery Factor (%) 94.90 95.64 

Total Oil Production (cm
3
) 19.45 20.08 
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Figure 3.25: Production Trend – Solvent: 33% C1 - 34% C3 - 33% CO2 

Operating Pressure: 689 KPa, Experiment #10 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.26: Differential Pressure Profile – First Cycle of Polymer Flooding 

Solvent: 33% C1 - 34% C3 - 33% CO2 – Operating Pressure: 689 KPa 

Experiment #10 (5,000 mPa.s Heavy Oil Sample)   
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Figure 3.27: Production Trend – Solvent: 33% C1 - 34% C3 - 33% CO2 

Operating Pressure: 1034 KPa, Experiment #11 (5,000 mPa.s Heavy Oil Sample) 

 

 
Figure 3.28: Differential Pressure Profile – First Cycle Polymer Flooding 

Solvent: 33% C1 - 34% C3 - 33% CO2 – Operating Pressure: 1034 KPa 

Experiment #11 (5,000 mPa.s Heavy Oil Sample) 
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3.2.7. Alternative Water/Solvent/Polymer Flooding; Slug Size 

 It was specified earlier that the decisions regarding applying enhanced oil 

recovery projects are based more on economics than on screening criteria. Excessive 

oil price might enable the application of some more expensive EOR methods (i.e., 

polymer flooding). Therefore, higher polymer concentration and larger slug size 

might be suitable for some heavy oils with a viscosity greater than the generally 

suggested viscosity limitations in the screening criteria. One of the major conclusions 

derived from the differential pressure recordings during polymer injection after 

solvent flooding in the water/solvent/polymer flooding process in this study is that the 

enhanced oil production was attributable to the favourable polymer flood scenarios 

presented here. In this stage, this experiment (Experiment #12) was designed to 

evaluate the performance and efficiency of the Solvent-Assisted Polymer Flooding 

Method when the size of the injection slug and the pattern of injection is changed.  

 The more viscous oil and solvent mixture #1 of methane, propane, and carbon 

dioxide (with equal mole percentages) were chosen as in the previous experiments. 

The alternative water/solvent/polymer injection process consisted of alternative three 

floodings in the following sequence: an initial 1 PV of water followed by a 0.25 PV 

slug of the selected solvent chased by 0.25 PV of polymer solution. The operating 

conditions were kept same as in the other experiments. 

 In Table 3.12, the overall results of Experiment #12 are presented, and Figure 

3.29 illustrates the production trends for all the cycles of this test. It is obvious from 

Figure 3.30 that there was no additional oil production during solvent flooding in the 

4
th

 cycle, and the oil production was stopped after the 4
th

 waterflooding. The 

incremental oil recovery from each cycle of water/solvent/polymer flooding was 

46.05% OOIP, 28.42% OOIP, 9.49% OOIP, and 2.89% OOIP, respectively. This 
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combination of flooding produced the lowest overall recovery factor, 86.84% OOIP, 

of all the experiments performed with the second heavy oil sample (5,000 mPa.s). 

However, the technique did increase the displacement efficiency significantly when 

displacing heavy oil based on practical/economic considerations. An important 

parameter for the success of the solvent and polymer injection is the amount of gas 

solvent and polymer solution used to produce heavy oil. Although the other 

experiments had a higher recovery, they consumed more gas and polymer solution in 

each cycle(sixteen times more solvent and polymer solution were injected in each 

cycle to recover about 5-10% OOIP more oil than Experiment #12). 

 The results obtained from this test indicate that sweep efficiency can be 

improved by alternating smaller slug injections of polymer with solvent. The total oil 

production from the waterflooding of all the cycles performed in this test was 

drastically increased (65% OOIP), which shows about 20% OOIP or even more 

increase in incremental oil recovery of the waterflooding section in comparison with 

the other experiments performed on the second heavy oil sample. In all the 

experiments in this study, it was indicated that water breakthrough occurred at a small 

PV injection in the sandpack model because of the high contrast of viscosity between 

the water and the heavy oil, and most of the oil production for the flood was obtained 

after 1-1.5 PVs water injection. Here, in Experiment #12, the pressure decreased with 

continued water injection after water breakthrough during the first waterflooding. On 

the other hand, during the injection of solvent and the viscous polymer slug, the 

model was re-pressurized and a substantial pressure gradient was established. 

Therefore, the second waterflooding was able to decrease the water cut, and it resulted 

in significant oil production, approximately 19% OOIP, during 1 PV of water 

injection. Accordingly, applying the higher pressure gradient after each polymer slug 
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injection allowed the heavy oil to flow and be produced at higher rates in each cycle 

of waterflooding. 

 More investigations are needed and recommended to observe the influence of 

injection slug size during the alternative water/solvent/polymer process. In this regard, 

different sizes of slug, such as a bigger solvent slug and a smaller polymer slug, are 

recommended to find out the optimum size of the injection slug for each flooding 

phase. In addition, altering the injection scheme to smaller slugs of solvent and 

polymer in an alternating fashion might further improve the oil recovery contribution 

from solvent as the polymer might provide a conforming effect such that better 

solvent contact might be obtained. 

 The overall trend of the pressure drop during each cycle of polymer flooding 

was similar to previous runs. However, the differential pressure during the polymer 

flood was higher than the other runs. This indicates additional resistance, which is 

acceptable because the system could not reach steady state conditions in the early 

cycles of injection. 
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Table 3.12: Summary of Water/Solvent/Polymer Flooding  

Solvent: 33 mol.% C1, 34 mol.% C3, 33 mol.% CO2 

Different Slug Size of Injection 

Experiment # 12 

Oil Viscosity (mPa.s) 5,000 

Total Waterflooding During Cycles (%) 65 

Total Solvent Flooding During Cycles (%) 5.53 

Total Polymer Flooding During Cycles (%) 16.32 

Total Recovery Factor (%) 86.85 

Total Oil Production (cm
3
) 18.25 
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Figure 3.29: Production Trend – Solvent: 33% C1 - 34% C3 - 33% CO2 

Experiment #12 (5,000 mPa.s Heavy Oil Sample) 
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3.3. Summary of Results 

 It was mentioned earlier that for all the experiments, the physical models were 

packed under the same conditions, such as sand size and packing method, to achieved 

the parameters of each experiment in the same range for each type of the model (i.e., 

the porosity, permeability, and initial oil saturation values) (see Table 3.5). Hence, the 

unintentional discrepancy between models was minimized. 

 The recovery factors obtained from the first cycle of each type of flooding in 

the Solvent-Assisted Polymer Flooding Method in an alternative schematic for each 

experiment on the heavy oil with 825 mPa.s viscosity are represented in Figure 3.30, 

and Figure 3.31 for the heavy oil with 5,000 mPa.s viscosity, to make the comparison 

easier. Experiments with the same solvent were selected in order to compare the 

results of each flood cycle for both types of heavy oils to demonstrate the effect of 

viscosity on the alternative water/solvent/polymer flooding technique (i.e., the 

experiments utilizing pure C3 as the solvent (Experiment #3 for lighter oil and 

Experiment #6 for more viscous one) and the ones with utilizing mixture #1 (33 

mol.% C1, 34 mol.%C3 and 33 mol.% CO2) as the solvent (Experiment #4 for 825 

mPa.s heavy oil sample and Experiment #7 for 5,000 mPa.s one)). The results of this 

comparison are represented in Figure 3.32 and Figure 3.33, respectively. 
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Figure 3.30: Comparison of Heavy Oil Recovery – First Series of Experiments  

825 mPa.s Heavy Oil Sample (Original in color) 

(columns in order of the legend from left to right) 

 

 
Figure 3.31: Comparison of Heavy Oil Recovery – Second Series of Experiments 

5,000 mPa.s Heavy Oil Sample (Original in color) 

(columns in order of the legend from left to right)  
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Figure 3.32: Comparison Between Oil Recovery of Heavy Oil Samples – First Cycle 

Solvent: Pure Propane (Experiment #3, Experiment #6) – Original in color 

 

 
Figure 3.33: Comparison Between Oil Recovery of Heavy Oil Samples – First Cycle 

Solvent: 33% C1 -34% C3 -33% CO2 (Experiment #4, Experiment #7) 

Original in color  



122 

 

3.3.1. Waterflood 

 As is obvious in Figure 3.30 and Figure 3.31, the recovery factors of the 

waterflooding sections were in the same range in all the experiments for each type of 

heavy oil sample. In Figures 3.32 and 3.33, the results show that the incremental 

recovery factor of this section was consistently higher for the lower viscosity heavy 

oil. The less viscous heavy oil (825 mPa.s) had a higher incremental oil recovery 

factor by 6-10% OOIP over the more viscous heavy oil system. 

  One of the key observations during this study was that for each waterflood 

test, the majority of production was made within two pore volumes injected. 

3.3.2. Solvent Flood 

 For the heavier oil sample, there was an initial delay in oil production in each 

related experiment. This is due to the slow establishment of solvent concentration at 

the interface. A pressure build-up across the interface of the penetrating vapour 

fingers and heavy oil was required in order to move the flood through the model. 

 For each solvent flooding, the majority of production is made within the first 

pore volume injection. It was observed that the oil production rate and the incremental 

oil recovery during the solvent flood could be higher at higher operational pressures. 

This is simply because the elevation in operational pressure increased the density of 

the gas solvent. As a result, the mass transfer rate of the solvent into the heavy oil 

increased. Accordingly, this could reduce the viscosity of the heavy oil locally much 

faster and greatly improve the oil displacement rate. 

 The solvent flooding did not show a significant increase in oil recovery in 

these series of experiments conducted at atmospheric pressure (see Figure 3.30 to 

Figure 3.33). Since both the injection and system pressure were low, the solvent 

breakthrough happened earlier and the utilized solvent was likely not able to 
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effectively lower the viscosity of the oil. Therefore, the solvent was not able to 

mobilize a large portion of the heavy oil. The impact of the solvent flooding was more 

pronounced at higher operating pressures and during the first cycle(s). This 

conclusion is based on the results obtained in this study, and more investigations are 

recommended to observe the influence of operating pressure during this process. 

 The main objective of solvent flooding for this study was to utilize the solvent 

for reducing the heavy oil viscosity and allowing the low viscosity polymer solution 

to displace the heavy oil and increase production. The solvent also created greater 

sweep efficiency in the model because the gas can contact the oil that was not reached 

by the water. The observations made during this study suggested that the addition of 

propane and methane to the mixture of solvent increased the heavy oil recovery 

compared to the injection of pure CO2. However, these tests were unable to fully 

quantify the effect of the composition of the solvent on the oil recovery during solvent 

flooding due to the low injection pressure. As mentioned earlier, additional tests at 

several other operating pressures would allow for more specific examination of the 

effect of solvent compositions. 

 In addition, altering the injection scheme to smaller slugs of solvent and 

polymer in an alternating fashion (as in Experiment #12) might further improve the 

oil recovery contribution from solvent because the polymer might provide a 

conforming effect such that better solvent contact would be obtained. Accordingly, 

both imposing a higher operating pressure and injecting smaller slugs of solvent 

would improve the solvent mass transfer and solvent contact. Therefore, the 

efficiency of the respective floods could improve. 
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3.3.3. Polymer Flood 

 Comparing all the results gained, the heavy oil recovery with polymer 

flooding after solvent injection was higher for the more viscous oil (5,000 mPa.s) in 

all the experiments conducted and reported here. This behaviour was not expected 

because the lower viscosity heavy oil should have exhibited a more favourable 

mobility ratio between the injected polymer solution and displaced heavy oil. 

However, these tests showed that the solvent flooding affected the higher viscosity 

heavy oil to a greater degree than the less viscous heavy oil under the same 

conditions. From the oil recovery results produced for polymer flooding and, as it is 

illustrated in Figure 3.32 and Figure 3.33, it was indicated that the 5,000 mPa.s 

viscosity heavy oil had a higher oil recovery factor by 15-20 % OOIP relative to the 

825 mPa.s viscosity heavy oil. In some of the tests performed with the heavier oil 

sample, the polymer flood was able to double the oil recovery in comparison to a 

baseline waterflood. 

 It was observed during this study that a certain start-up pressure drop was 

required to mobilize the trapped oil, and the more viscous the oil, the higher the start-

up pressure drop needed. The results obtained from these series of experiments 

showed that by injecting the solvent before polymer flooding, the polymer requires a 

lower build-up pressure to initiate recovery. In addition, the pressure drop after 

polymer breakthrough was much lower when combined with solvent flood compared 

to conventional water/polymer flooding (i.e., the differential pressure profiles of the 

first polymer flood cycle presented in sections 3.2.1 to 3.2.7). For the lower viscosity 

heavy oil sample (825 mPa.s), the pressure profile showed a significant decrease, 

around 50%, during the build-up pressure by using pure propane as the solvent 

(Experiment #3). Also, using the mixture of gases showed a more significant decrease 



125 

 

in the build-up pressure compared to that of pure carbon dioxide (Experiment #4). For 

the heavier oil sample (5,000 mPa.s), the pressure profile showed a principal 

reduction, about 50%, during the build-up pressure when using a compositional 

mixture of 33 mol.% C1, 34% mol.C3, and 33 mol.% CO2 as the solvent (Experiment 

#7). It is obvious from the pressure profiles that using the mixture of gases as the 

solvent showed a more significant reduction in the build-up pressure compared to that 

of using pure solvents. 
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 A summary of all the experiments is presented in Table 3.13. Also, Figure 

3.34 represents the overall recovery factor of all the tests reviewed in this study for 

easier comparison purposes. 

 Comparing the performance of different tests in this study, it was observed 

that using solvent before polymer injection has greater potential with respect to the 

recovery of heavy oil employing conventional water/polymer flooding. It was 

observed that pure propane has a larger effect with respect to the recovery of heavy 

oil when applying the alternative water/solvent/polymer technique when compared 

with injecting pure CO2 as the solvent. The technique not only showed a higher 

ultimate recovery factor but also earlier peak oil production and much less pressure 

differential during polymer injection when compared with pure CO2 under the same 

conditions. Comparing the efficiency of different solvents used during this study, 

Experiment #6 with the mixture of 33 mol.% C1, 34 mol.% C3 and 33 mol.% CO2 as 

the solvent had the highest recovery between all the experiments performed in the 

acrylic model with the second oil sample (5,000 mPa.s). Also, it is obvious from 

Figure 3.34 that Experiment #4 with the same solvent (mixture #1) showed the 

highest oil recovery between the experiments that were conducted on the first oil 

sample (825 mPa.s).  

A final finding of this study is that injecting a gas mixture (mixture #1) 

yielded a relatively higher recovery factor at a similar operating pressure when 

compared with pure solvents. Also, this technique with a mixture of propane, 

methane, and carbon dioxide as the solvent showed more favourable results in 

correspondence with the pressure gradient during polymer solution injection. 

 As the peak of the oil production rate occurred during the first cycle of the 

process, the pressure depletion around the model was comparatively higher for the 



127 

 

corresponding cycle. Therefore, it can be concluded that solvent injection is more 

pronounced during this cycle, while during the remaining cycle(s), the phenomenon 

was less effective due to the lower pressure gradient and oil in place remaining in the 

model. 

 For all the tests utilizing solvent in conjunction with polymer in the alternative 

water/solvent/polymer flooding technique, interestingly, the best performance 

occurred with the heavier oil system. This could be due in part to the fact that the 

initial waterflood performed slightly better in the 825 mPa.s heavy oil system, and the 

utilized solvent resulted in more oil viscosity reduction during solvent flooding in the 

5,000 mPa.s heavy oil system. Therefore, higher viscosity heavy oil showed more 

significant increase in oil recovery and decrease in build-up pressure compared to the 

less viscous heavy oil. As mentioned before, the favourable polymer flood scenarios 

presented more than doubled the waterflood recovery at reasonable injection pressures 

in most of the cases and significantly increased the total oil recovery compared to the 

conventional water/polymer flooding (see Figure 3.31). The results demonstrate that 

by performing solvent flooding before polymer injection, the overall oil recovery 

increased and the build-up pressure during the initial injection stages for a polymer 

flood was decreased during implementation of the proposed technique. The more 

viscous the oil, the higher the build-up pressure needed to mobilized the trapped oil 

after waterflooding. 

 Also, it should be noted that for the selected type of solvent, higher operating 

pressures recovered more heavy oil due to the slower and higher solvent solubility 

and viscosity reduction occurring at elevated pressures. 

  



128 

 

Table 3.13: Information and Results of Each  

Water/Solvent/Polymer Flooding Experiment 

Oil 

Viscosity 

(mPa.s) 

E
x

p
er

im
en

t 
#
 

Solvent 

Operating 

Pressure 

(KPa) 

First Cycle 
First 

Cycle 

Overall 

Recovery 

Factor 

(%) 

Total 

Overall 

Recovery 

Factor 

(%) 

Waterflooding  

Recovery 

Factor 

(%) 

Solvent 

Flooding 

Recovery 

Factor 

(%) 

Polymer 

Flooding 

Recovery 

Factor 

(%) 

F
ir

st
 H

ea
v

y
 O

il
 S

a
m

p
le

 

(8
2

5
 m

P
a

.s
) 

1 - 101.33 54.70 - 33.24 87.94 87.94 

2 Pure CO2 101.33 53.82 2.06 26.59 82.47 86.88 

3 Pure C3 101.33 53.65 6.18 19.39 79.22 84.27 

4 

34% C3 + 

33% CO2 

+ 33% C1 

101.33 52.94 1.77 34.70 89.41 93.02 

S
ec

o
n

d
 H

ea
v
y
 O

il
 S

a
m

p
le

 (
5
,0

0
0
 m

P
a
.s

) 

5 - 101.33 42.94 - 38.24 81.18 81.18 

6 Pure C3 101.33 39.70 4.12 47.82 91.64 92.11 

7 

34% C3 + 

33% CO2 

+ 33% C1 

101.33 42.86 4.00 46.85 93.71 94.17 

8 

35% C3 + 

50% CO2 

+ 15% C1 

101.33 42.35 5.30 38.82 86.47 91.05 

9 

15% C3 + 

50% CO2 

+ 35% C1 

101.33 41.76 5.88 40.00 87.64 92.06 

10 

34% C3 + 

33% CO2 

+ 33% C1 

689.00 41.00 7.50 45.5 94.00 94.90 

11 

34% C3 + 

33% CO2 

+ 33% C1 

1034.00 40.51 9.74 45.13 95.38 95.64 

12 

34% C3 + 

33% CO2 

+ 33% C1 

101.33 36.84 1.84 7.37 46.05 86.85 

*All the experiments were conducted under a temperature of 27C. 
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Figure 3.34: Comparison of Heavy Oil Recovery Factor (%OOIP) 

(Bottom: Waterflooding – Middle: Solvent Flooding – Top: Polymer Flooding) 

Original in color 
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CHAPTER 4 

 

 

 SIMULATION STUDY OF SOLVENT-ASSISTED 

POLYMER FLOODING PROCESS 

 

 

 After conducting experiments in the laboratory, it is highly suggested to use a 

simulator and perform a reservoir simulation study and variety of numerical studies 

with the goal of simulating a pilot test. Also, the model can be verified with the 

assistance of history matching analysis and additionally be used for applicable studies 

for optimizing field development plans and operation strategies. 

 A numerical reservoir simulation of the experiments was carried out using 

STARS
TM

, the advanced compositional simulator available from CMG, the Computer 

Modelling Group Ltd. (Ver. 2009). For the purpose of attaining an appropriate 

simulation model that can represent a realistic case, the model should be verified 

according to the results obtained from the physical model experiments. Consequently, 

a lab-scale simulation model, with the same dimensions and properties of the 

experimental model, was developed to represent the physical behaviour of the 
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experimental results. Therefore, a complete history matching analysis was performed 

for all the first cycles of the alternative flooding experiments conducted on the first 

heavy oil sample. Also, the same procedure was carried out for the first three tests of 

the second heavy oil sample. The main lab-scale simulation objective was to 

investigate the applicability and potential of the alternative water/solvent/polymer 

flooding method to improve heavy oil recovery and generate substantial parameters 

for field-scale simulation forecasts. The fine-tuned parameters could then be used to 

scale-up the process from laboratory to field-scale simulation to evaluate the expected 

performance and to aid in design of a field-scale pilot project. 

4.1. PVT Study 

 Using CMG-WinProp
TM

 (Ver. 2009) from the Computer Modelling Group 

Ltd., a comprehensive pressure-volume-temperature (PVT) analysis was performed. 

As mentioned in the previous chapter, the phase behaviour of different mixtures of 

solvents was studied to find out the appropriate mixtures for this study. This phase 

behaviour analysis was carried out based on laboratory conditions during the 

experiments, specific temperature, and operating pressures. Also, PVT tables required 

for the component section of performing a simulation and history matching analysis 

were generated. 

 The injected solvent should stay in gas phase during the experiment under 

operating conditions. Consequently, the thermodynamic phase behaviour of each of 

the solvents mixtures had to be determined. The phase diagram of pure solvents and 

mixtures of solvents was been studied using WinProp
TM

 software. Figure 4.1 and 

Figure 4.2 show the phase diagram of pure CO2 and pure C3 for various ranges of 

temperature and pressure, respectively. As mentioned in Chapter 3, it is obvious from 

the phase diagrams that the operating pressure range specified for this process belongs 
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to the gas phase. Both of the pure solvents at a pressure of 101.33 KPa and at 27°C 

are in the gas phase. 

 Figure 4.3 demonstrates the phase envelope for the mixture of carbon dioxide, 

propane, and methane. The phase diagrams were generated for the different mole 

fractions of each component in the mixture. As observed in Figure 4.3, the phase 

diagram is shifted to the right when the mole fraction percentage of heavier 

component (propane) increases. In addition, with respect to the composition of 

mixture #1 and mixture #2, both solvent mixtures were in gas phase based on the 

temperature and pressure of the experiments. Developing a phase diagram was 

impossible for mixture #3; however, this mixture remains in the gas phase. This was 

confirmed by performing some flash calculations with the PVT software on this 

mixture of solvents. 
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Figure 4.1: Carbon Dioxide Phase Diagram 

(Recreated, ChemicaLogic Corporation, 1999) 

 

 
Figure 4.2: Propane Phase Diagram 

(Recreated, Engineering Toolbox)  
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 For each heavy oil sample, the oil components were lumped into smaller 

numbers of pseudo-components by using Winprop
TM

 software. One more component 

was required to define as the polymer solution to adequately model the polymer flood 

using the specific rheological characteristics of the selected polymer, which were 

measured during the laboratory experiments presented in Chapter 3 (i.e., shear-

thinning behaviour and adsorption of polymer solution). No desorption of polymer 

was considered. The related MW and densities of the polymer solution (2,000 ppm) 

were calculated. 

 The viscosities of the provided heavy oil samples were measured at different 

temperatures using a DV-II-Pro+ Brookfield
©

 viscometer. Based on these measured 

experimental data, the regression analysis was performed to accommodate the 

equation of state (EOS). Two types of viscosity correlations are available in 

WinProp
TM

 software. Both of the correlations were tried to tune the EOS with the 

experimental data, including the viscosity of dead heavy oil at different temperatures 

and the heavy oil density at room temperature. This study indicated that the modified 

Pederson corresponding state model showed better and more reliable results when 

compared to the other types of correlations in the case of heavy oil PVT modelling. 

The heavy oil viscosity values measured at different temperatures, as well as the 

results of the regression analysis performed with WinProp
TM

 software, were plotted in 

Figure 4.4 for the 825 mPa heavy oil sample and Figure 4.5 for the 5,000 mPa.s 

sample. 
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Figure 4.3: Phase Diagrams of Different Mixtures of 

Methane, Propane and Carbon Dioxide 

(mole fraction, WinProp
TM

, Ver. 2009) 
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Figure 4.4: Viscosity of First Heavy Oil Sample at Different Temperatures  

(Experimental Data and Results of Regression Analysis by Winprop
TM

, Ver. 2009) 

 

 
Figure 4.5: Viscosity of Second Heavy Oil Sample at Different Temperatures 

(Experimental Data and Results of Regression Analysis by Winprop
TM

, Ver. 2009)  
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4.2. Lab-Scale Simulation Model 

 The model was built using a hybrid grid system in the CMG-BUILDER
TM

 

(Ver. 2009) software to interpret the radial shape of the experimental model. The 

model had dimensions that exactly duplicated the experimental physical model: 9.5 

cm length, 2.53 cm width, and 2.53 cm thickness. The specifications of the lab-scale 

simulation model used in this study depended on the properties of the related 

experiment (e.g., the simulation model is homogenous). The schematic of the model 

built in CMG-BUILDER
TM

 is shown in Figure 4.6. As shown in this figure, the model 

consists of 5 blocks in the I-direction and 4 in the J-direction (radial, 90 angels) with 

one layer. The same properties as the laboratory sandpack model were used for the 

simulated model (i.e., porosity, permeability, and connate water saturation (Swc)) for 

each related experiment.  

 Two PVT models were generated for each type of heavy oil sample using 

CMG-WinProp
TM

, and the physical model properties were incorporated into the 

simulation model. All experiments were conducted at the temperature of 27°C so the 

simulation was set up to be isothermal at a constant temperature, the same as the 

experimental tests. The related heavy oil viscosities (825 mPa.s or 5,000 mPa.s) were 

assumed for each model. 

 To obtain a realistic model that was similar to the physical model, two wells 

were assumed for the simulation model. The injector was perforated at the first block, 

and the producer was perforated at the last block of the simulation model. Taking into 

consideration the final relative permeability curves of the simulation model, achieved 

after the history matching analysis, it can be concluded that the sandpack was water 

wet. This was expected because of the relatively high recoveries accomplished during 

the experiments. The resulting curves and matched values of krow and kro for the first 
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and second heavy oil samples are illustrated in Figure 4.7 and Figure 4.8, 

respectively. 

 The polymer option in CMG-STARS
TM

 accounts for water rheological 

property changes as a function of polymer concentration, change in water effective 

permeability due to adsorption of polymer on the sand surfaces, and the non-

Newtonian viscosity (shear-thinning) behaviour of the polymer solution. Laboratory-

measured viscosities were approximated using the non-linear viscosity function of the 

STARS simulator. Experimentally-measured values of adsorption were also used in 

the simulation. Usually, all pore throats might not be accessible to polymer molecules, 

as they are large when compared to most pore throats. However, the polymer-

accessible pore volume was assumed to be ~0.9-0.95, indicating that pore throat sizes 

are large. This is supported by the very high permeabilities, as well as the fact that no 

plugging occurred during the polymer injection phase of the experiments. All polymer 

flooding tests achieved steady state after 2-3 PVs were injected. 

 Original oil in place of about 18 cm
3
 was obtained with the simulation model, 

which was quite similar to the corresponding physical model. 
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a) 

 

 

 

b) 

 

Figure 4.6: Schematic of Simulation Model Created By Simulator 

a) 3D view and b) 2D view of Grid Tops (IK Direction) - Original in color 

(CMG-Builder
TM

) 
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Figure 4.7: Relative Permeability Curves for the First Heavy Oil Sample 

(After History Matched Values for Simulation) 

 

 

 

Figure 4.8: Relative Permeability Curves for the Second Heavy Oil Sample 

(After History Matched Values for Simulation)  
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4.3 History Matching Results 

Whether a simulation model is reasonably accurate or not, there is only one 

way to test it, which is through changing the property data or functions in the 

simulation model to let the simulation results match the past production performance 

of the model. This is called history matching. History matching can be achieved by 

manipulating and adjusting input data until a minimal difference remains between the 

production data and the simulator calculations at the same point in time. As a result, 

history matching is the most time consuming part of a reservoir simulation project. 

 The physics involved in a typical chemical flood are much more complex and 

require consideration of the extensive microscopic phenomena that are taking place at 

the fluid-fluid and fluid-rock interfaces. Interfacial phenomena, phase behaviour of 

the complex systems, and adsorption and desorption of certain chemical agents to and 

from the rock grains make the problem even more complicated. During polymer 

flooding simulation, inaccessible pore volume, polymer shear thinning effect, and 

polymer adsorption are taken into account for construction of the mathematical 

model. 

 The production wells have been specified with a liquid production rate, aiming 

to match the oil and water production rate, water cut, and bottom hole pressure. 

Matching all these parameters will never happen fully, since much of the physically 

measurable information used in the simulator is based on incomplete or inaccurate 

field measurements, any property data or functions of the reservoir are not absolutely 

certain. 

 This section represents an attempt to accomplish a reasonable and appropriate 

comparison between the recovery factors and production data of the simulation study 

with those obtained from laboratory experiments. As a result, history matching 
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analysis was conducted for the Solvent-Assisted Polymer Flooding Method 

experiments, operated under the same conditions. The effects of heavy oil viscosity 

and different types of solvents were investigated, and the corresponding simulation 

results were compared with the experimental data for the first cycle of injection. In 

order to perform history matching, production history files were created for all the 

selected tests and well constraint data was modified based on the available production 

results. The principal features for the simulation of chemical processes such as 

polymer flooding with the compositional simulator, STARS, include shear-thinning 

behaviour of polymer solution and adsorption of chemical components. The history 

matching approach can be listed as a matched waterflood performance by adjusting 

the waterflood relative permeability curves, matching the injection pressure response 

by employing the shear-thinning behaviour of the polymer solutions, and matching 

the produced chemical concentrations by varying the adsorption parameters. These 

were modified several times to obtain a reasonable and an appropriate match with the 

real experimental data. The incremental oil production rate was matched relative to 

the corresponding test data, and the match between the simulation recovery factors 

and the physical models was quite close to each other. As the simulation model was 

too small for the solvent injection process, obtaining a reasonable and an appropriate 

match with the real experimental data for the immiscible gas flooding under low 

pressure conditions was achieved with some discrepancies. 

 Generally, according to Figure 4.9 to Figure 4.12, for the first heavy oil 

sample experiments and Figure 4.13 to Figure 4.17 for the second heavy oil sample, 

the simulation results are very and, in some cases, are identical to the results achieved 

during the experimental tests. The differences are likely due to some laboratory 

operating conditions that cannot be completely captured by the numerical formulation 
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of the simulation file. Overall, however, there is a very reasonable match between the 

two approaches. It can be concluded that the simulation model is already reliable for 

prediction of further performance of the reservoir, and it can be taken as a basis for 

future polymer flooding simulation. 

 Based on the simulation‟s recovery factor graphs, the differences between the 

recovery factors of the simulation model with those of the experimental results, 

among all such results for the first heavy oil sample, are very small (less than 6% as 

the greatest difference). Meanwhile, this discrepancy for the second heavy oil sample 

was less than 10% under the same operating pressure. Comparing the two approaches 

of simulation and experimental analysis, there is only a 5% maximum difference in 

the final recovery factor for the second heavy oil sample. However, this discrepancy 

is about 10% for the incremental oil recovery at some points during the process. For 

waterflooding section, the first heavy oil sample showed a very good match with the 

minimum discrepancy. However, the simulation results for the waterflooding with 

second heavy oil sample illustrated more discrepancy. It can be speculated that the 

simulation results for all types of solvent would be much closer to the experimental 

results when utilizing the first heavy oil sample (Experiment #1 to #4). However, 

when all history matching results were taken into consideration, they were quite 

agreeable. 

 As for the history matched values and validated model, a larger, field-scale 

model can be applied and scaled up in order to examine the larger-scale efficiency of 

Solvent-Assisted Polymer Flooding Method in enhancing heavy oil recovery. 

Matched values of relative permeability and the same PVT model can be utilized in 

this larger model. 
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a) 

b) 

 
Figure 4.9: Comparison Between Experimental and Simulated Results 

Experiment #1 – Solvent: No Solvent – 825 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.10: Comparison Between Experimental and Simulated Results 

Experiment #2 – Solvent: Pure CO2 – 825 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.11: Comparison Between Experimental and Simulated Results 

Experiment #3 – Solvent: Pure C3 – 825 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.12: Comparison Between Experimental and Simulated Results 

Experiment #4 – Solvent: 33% C1 - 34% C3 - 33% CO2 –825 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.13: Comparison Between Experimental and Simulated Results 

Experiment #5 – Solvent: No Solvent – 5,000 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.14: Comparison Between Experimental and Simulated Results 

Experiment #6 – Solvent: Pure C3 – 5,000 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.15: Comparison Between Experimental and Simulated Results 

Experiment #7– Solvent: 33% C1-34% C3-33% CO2 – 5,000 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  



151 

 

a) 

b) 

 
Figure 4.16: Comparison Between Experimental and Simulated Results 

Experiment #8– Solvent: 15% C1-35% C3-50% CO2 – 5,000 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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a) 

b) 

 
Figure 4.17: Comparison Between Experimental and Simulated Results 

Experiment #9– Solvent: 35% C1-15% C3-50% CO2 – 5,000 mPa.s Heavy Oil Sample 

a) Recovery Factor b) Oil Production (CMG-Results
TM

, Ver. 2009)  
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CHAPTER 5 

 

 

 CONCLUSIONS AND RECOMMENDATIONS 

 

 

5.1 Conclusions 

 There exists a growing need to choose low-cost, efficient non-thermal 

recovery techniques for heavy oil when the economics of thermal operations are not 

applicable. A comprehensive literature review was carried out to examine different 

aspects of the polymer flooding process to enhanced heavy oil recovery and factors 

affecting the performance of this method. Although, there exists a gap in polymer 

flooding knowledge documented in literature regarding the applicability and 

efficiency of polymer flooding in heavy oil formations, this process proved to be very 

effective in the experimental studies (Ashghari and Nakutnyy, 2008). 

 An experimental study was carried out regarding the applicability of Solvent-

Assisted Polymer Flooding to enhance heavy oil recovery during an alternative 

schematic by utilizing two different heavy oil samples and different solvents (i.e., 
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pure carbon dioxide, pure propane, and different mixtures of methane, propane, and 

CO2).  

 A total of 12 alternative water/solvent/polymer flooding tests was conducted 

during the experimental portion of this study, and the effect of parameters such as 

heavy oil viscosity, solvent composition, operating pressure, and injection slug size on 

this process were investigated. The rheological behaviour of the selected polymer 

solution was found to be compatible and stable with the 1 wt% NaCl and to provide a 

mobility buffer with good viscosity. The measured polymer adsorption in these high 

permeability sandpacks did not retard the polymer propagation. It is obvious, through 

this study, that polymer propagation remains easy if permeability is sufficiently high, 

but adsorption is responsible for a delay in polymer breakthrough. 

 Based on the sets of experiments conducted, using a cyclic procedure of 

alternating water/solvent/polymer flooding led to an increase in oil recovery factor 

under experimental conditions on the selected heavy oil samples, as compared with 

the conventional water/polymer flooding. Significant recoveries and water cut 

reductions were observed under more favourable operating conditions. The polymer 

flooding for both of the heavy oil samples was able to generate incremental oil 

recoveries ranging from 19.39% OOIP to 47.82% OOIP during applying this EOR 

process. Injecting 2,000 ppm polymer solution into sandpacks saturated with heavy 

oil samples accelerated the displacement efficiency, while the sandpacks waterflooded 

and watercuts surpassed 90%. Some of these favourable polymer flood scenarios 

presented in this study more than doubled the waterflood recovery at the feasible 

operating conditions. This was in good agreement with results previously obtained by 

other researchers about the application of polymer flooding to improve oil recovery in 
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heavy oil systems (Wassmuth et al., 2007; Zhang et al., 2010; Asghari and Nakutnyy, 

2008; Wang and Dong, 2007; Wassmuth et al, 2009).  

The experimental results of this study demonstrate that alternating polymer 

flooding with a hydrocarbon solvent (mixtures of methane, propane, and carbon 

dioxide) could improve the overall recovery factor by about 15% OOIP. It can be 

concluded that this heavy oil recovery improvement occurred because the oil near the 

watered-out channels was able to be contacted by the solvent during the injection of 

solvent, such that oil viscosity could be reduced in these areas. The high permeability 

of the porous media and the small size of the lab-generated model led to high oil 

recovery by polymer flooding.  

 Moreover, the laboratory-scale sandpack flooding results showed that the 

injection of 2,000 ppm polymer solution during alternative water/solvent/polymer 

flooding displaced the oil and solvent mixture under more applicable operational 

conditions. Although the laboratory-scale flooding results for the first heavy oil 

sample (with lower viscosity) illustrated that the oil recovery efficiency when coupled 

pure solvents and polymer flooding did not show any dramatic increase above 

conventional water/polymer flooding, the alternative water/solvent/polymer flooding 

technique resulted in more feasible operating conditions during polymer injection by 

reducing oil viscosity. The pressure profile showed a significant decrease, around 

50%, during the build-up pressure by using pure propane as the solvent. Also, 

according to the results obtained during this study, utilizing the mixture of gases as 

the solvents showed a more significant decrease in the build-up pressure compared to 

that of pure carbon dioxide. The less efficient and lower recovery of CO2 based on 

this process is due to the lower solubility of CO2 and less reduction of heavy oil 

viscosity. 
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 The oil recovery was higher for lower viscosity heavy oil during conventional 

water/polymer flooding experiments. This behaviour was expected as lower oil 

viscosity led to more favourable mobility ratio between the injected polymer solution 

and displaced oil. Despite the more unfavourable mobility ratio, the heavier viscosity 

of the oil exhibited a higher oil recovery by implementing the Solvent-Assisted 

Polymer Flooding technique than the less viscous oil. The results indicated that under 

similar operational conditions (i.e., the same pressure and temperature, same selected 

solvent and fixed injection rate), the higher the viscosity of the oil, the higher the oil 

recovery with polymer flooding after solvent injection. The highest oil recovery of the 

first heavy oil sample during the first cycle of alternative water/solvent/polymer 

flooding technique was 89.41% OOIP at 101.3 KPa and 27°C. This was lower than 

the 93.71% OOIP recovery factor achieved from the first cycle of this process using 

the second heavy oil sample (the more viscous one) at similar operating conditions. 

From the oil recovery results produced for polymer flooding in this study, it was 

indicated that the incremental oil recovery for the 5,000 mPa.s viscosity heavy oil 

sample was relatively 15-20% OOIP higher when compared to that of the 825 mPa.s 

viscosity heavy oil sample. As with the less viscous heavy oil sample, the pressure 

profile showed a significant decrease, around 50%, during the build-up pressure by 

injecting solvent before polymer flooding. It is also observed that the more viscous 

the oil, the higher the build-up pressure and pressure differential during polymer 

injection along the model that is needed to mobilized the trapped oil after 

waterflooding. 

 This study showed that a moderate addition of light hydrocarbons (propane 

and methane) into the CO2 stream can improve the recovery efficiency when 

compared with pure solvents at a similar operating pressure. Also, it is evident that the 
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build-up pressure for polymer injection and differential pressure along the model 

decreased significantly, specifically the first cycle, due to the larger viscosity 

reduction caused by the higher solvent solubility. By adding 34 mol.% of C3 and 33 

mol.% of C1 into the CO2 stream, two cycles of water/solvent/polymer produced 

93.02% OOIP, compared to 86.88% OOIP when pure CO2 was used as the solvent at 

the same operating conditions, 101 KPa and 27°C. The highest recovery of heavy oil 

throughout the polymer flooding among all the alternative water/solvent/polymer 

flooding tests was achieved by using a mixture of equivalent molar percentage of each 

solvent (33 mole% C1, 34 mole% C3 and 33 mole% CO2) as the injection solvent. It 

was also observed that injecting this solvent mixture is more beneficial and not only 

can improve the recovery factor but also, at the same operating pressure, could reduce 

viscosity far more than the other cases and thereby greatly decrease the differential 

pressure and pressure build-up during polymer injection. The related pressure profile 

was the lowest among all of them for both types of the heavy oil samples without 

excessive need of more expensive propane and methane. Therefore, the results of the 

experimental work of this study demonstrated that injecting equal mole percentage of 

methane, propane, and carbon dioxide is the best choice for Solvent-Assisted Polymer 

Flooding Method in comparison to the other mixtures of solvents and to the pure 

solvents used in this work. Although the results obtained with this mixture of solvents 

were very promising, an economic analysis is required to verify the viability of this 

solvent when compared to the injection of other types of solvents or operation at 

higher pressures. 

 As proven by other researchers and based on the achievements of this study, 

the solubility of pure solvent and their mixtures would be improved with increasing 

pressure. Hence, operating pressure plays an important role in the recovery from the 
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Solvent-Assisted Polymer Flooding process. Increasing the operating pressure from 

101.33 KPa to 689 KPa resulted in an increase in the incremental recovery factor of 

solvent around 3.5% OOIP, utilizing mixture #1 as the injection solvent. This 

incremental increase was 5.74% OOIP for the same solvent when the pressure was 

raised to 1034 KPa. It was also observed that the viscosity reduction by injecting 

solvent was more noticeable with a higher injection pressure. The higher operating 

pressure, when compared to a lower operating pressure, needs a lower build-up 

pressure for the more viscous heavy oil sample utilizing a mixture of an equivalent 

percentage of propane, methane, and carbon dioxide as the solvent. 

 Utilizing different injection slug size (1 PV waterflooding, 0.25 PV slug of 

mixture #1 as the solvent, and 0.25 PV of polymer solution) resulted in the lowest 

overall recovery factor, 86.84% OOIP, of all the experiments conducted with the 

second heavy oil sample after four cycles of injection. However, that is only one-

sixteenth of the amount of polymer solution and solvent consumed in each cycle of 

the previous runs to recover about 5-10 % OOIP less of the heavy oil. 

 In order to further investigate the applicability of the Solvent-Assisted 

Polymer Flooding Method, a numerical lab-scale simulation model, which 

represented the physical model used during the experiments, was built, and a 

complete history match was carried out to validate the lab-scale simulation model and 

to compare the results from the experimental and numerical approaches. Among the 

available viscosity models in the PVT software, Winprop
TM

, the modified Pederson 

(1987) correlation showed a better match with the experimental data, and the equation 

of state was tuned based on that match.  

 As with the experimental analysis, the numerical simulation study also 

indicated the process is suitable and efficient for heavy oil recovery. According to the 
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results of the history matching analysis, the simulation results were very agreeable 

and, in some cases, identical to the results obtained from the experimental study. The 

differences are likely due to the laboratory operating conditions, which cannot be 

completely captured by the numerical formulation of a simulation file specifically for 

immiscible flooding under low operating pressure. The first heavy oil sample model 

with 825 mPa.s viscosity showed less discrepancy than the more viscous oil sample 

model. The discrepancy between the recovery factors of the simulation model and that 

of the experimental model was a maximum of 10%. It can be concluded that the 

simulation model is already reliable for prediction of further performance of the 

reservoir, and it can be taken as a basis for future polymer flooding simulation. 

 Gas solvents can substantially reduce the viscosity of heavy oil, even at a 

comparatively low pressure. Viscosity reduction is the most important mechanism 

during an immiscible solvent flooding for heavy oil recovery. The results obtained 

from this study showed that by injecting the solvent before polymer flooding, the 

polymer requires a lower build-up pressure to initiate recovery. In addition, the 

flowing pressure drop after the polymer breakthrough was much lower when 

combined with the solvent flood compared to conventional polymer flooding. It has 

been clearly demonstrated that with a light hydrocarbon enriched CO2 stream, the 

pressure profile showed more favourable results but sometimes with no significant 

improvement in the final recovery. 

 On the other hand, the superior performance of polymer solution injection 

over immiscible gas injection suggests that an important mechanism for the success of 

an EOR process is improving sweep efficiency by having more favourable mobility 

control. This EOR technique, Solvent-Assisted Polymer Flooding, can be used as an 

efficient process for heavy oil recovery.  
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5.2 Recommendations for Future Work 

 The following fundamental and applied studies are recommended for future 

work: 

 Further research should focus on dealing with major technical challenges, such 

as alleviation of gas fingering in immiscible flooding and better mobility 

control to achieve successful recovery in the application of this EOR process. 

 Although the results of the experiments presented in this study can be used for 

designing and making decisions about implementing polymer flooding with 

the assistance of solvent in Canadian heavy oil reservoirs, it should be kept in 

mind that, depending on the geology and conditions of specific fields, several 

other parameters should be investigated prior to implementing this method. 

The experimental work presented here was aimed at unconsolidated reservoirs 

with temperatures about 27°C, which is typical of the Lloydminster region. 

Also, the pressure for these experiments was low, much lower than the 

pressure that commonly exists in heavy oil reservoirs, which should be 

considered for future work. 

 A sensitivity analysis should be performed to observe the uncertainty of the 

experimental results. Further parametric and experimental studies should be 

conducted to investigate the effect of other parameters such as lower 

permeability, connate water saturation, temperature, and higher operating 

pressure. 

 A series of tests with different types of the polymer solutions should be 

conducted, and by considering the rheological behaviour of these polymers in 

the model, the optimal concentration for polymer solution may be found. 
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 A series of tests should also be conducted to investigate the effect of injection 

and production rate on the performance of this technique and on ultimate oil 

recovery. 

 More experiments with the purpose of identifying the effect of solvent 

composition more accurately on the performance of this technique should be 

completed. 

 Also, more experiments should be done to observe the influence of the size of 

the injection slug and to identify the optimal range for the injection slug by 

considering economic aspects of alternative water/solvent/polymer flooding 

process. 

 In addition to the operational conditions of pressure and temperature, 

operational strategies should also be examined. For example, 1D corefloods 

could be used to investigate whether more efficient utilization of both solvent 

and polymer results from using an alternating injection sequence. Another 

important future investigation is to conduct similar experiments in  a larger, 

3D model such that the nature of both vertical and areal sweep efficiency can 

be better quantified. Such a model would also allow a better and more accurate 

assessment of the processes and examination of more elaborate vertical and 

horizontal wellbore injection strategies to further exploit this technique 

optimally. 

 As for the history matched values and properties, a larger field-scale model 

can be applied and the validated model scaled up in order to examine more 

closely the efficiency of Solvent-Assisted Polymer Flooding Method in 

enhancing heavy oil recovery and to perform a complete analysis. 
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 The simulator could be used as a screening tool to select optimal patterns, to 

determine optimal slug sizes, and to analyze the increased production and 

profitability of the technique under several operating strategies and to predict 

the effect of fluid and reservoir properties on the oil recovery and flood 

performance. 
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Appendixes 

A) Result of GC Analysis on the Heavy Oil Samples Used for Experiments in this 

Study 

 

Table A.1: First Heavy Oil Sample, µ = 825 mPa.s at 27°C 

*Carbon Equivalent Numbers 

Component 
Carbon 

No. 
Weight 

Normalized 

Values Component 
Carbon 

No. 
Weight 

Normalized 

Values 

Wt % Mole% Wt% Mole % 

Methane 1 0.00 0.00 0.00 C30's 30 1.32 1.32 1.10 

Ethane 2 0.00 0.00 0.00 C31's 31 1.46 1.46 1.18 

Ethane 

(Ethylene) 
2 0.00 0.00 0.00 C32's 32 1.34 1.34 1.04 

Propane 3 0.00 0.00 0.00 C33's 33 0.98 0.98 0.74 

Propane 

(Propylene) 
3 0.00 0.00 0.00 C34's 34 1.03 1.03 0.76 

2-Butane 

(i-Butane) 
4 0.00 0.00 0.00 C35's 35 1.30 1.30 0.93 

1-Butane 

(n-Butane) 
4 0.00 0.00 0.00 C36's 36 1.26 1.26 0.87 

Other C4's 4 0.00 0.00 0.00 C37's 37 0.89 0.89 0.60 

2-Pentane 

(i-Pentane) 
5 0.00 0.00 0.00 C38's 38 0.90 0.90 0.59 

1-Pentane 

(n-Pentane) 
5 0.00 0.00 0.00 C39's 39 1.21 1.21 0.77 

Other C5's 5 0.00 0.00 0.00 C40's 40 1.03 1.03 0.64 

2-Hexane 

(i-Hexane) 
6 0.00 0.00 0.00 C41's 41 1.03 1.03 0.63 

1-Hexane 

(n-Hexane) 
6 0.00 0.00 0.00 C42's 42 0.73 0.73 0.44 

Other C6's 6 0.00 0.00 0.00 C43's 43 1.31 1.31 0.76 

C7's 7 0.00 0.00 0.00 C44's 44 1.22 1.22 0.69 

C8's 8 0.00 0.00 0.00 C45's 45 1.00 1.00 0.56 

C9's 9 1.67 1.67 4.58 C46's 46 0.84 0.84 0.46 

C10's 10 4.83 4.83 11.96 C47's 47 1.00 1.00 0.53 

C11's 11 7.25 7.25 0.00 C48's 48 0.95 0.95 0.50 

C12's 12 3.32 3.32 6.86 C49's 49 0.95 0.95 0.49 

C13's 13 1.23 1.23 2.34 C50's 50 0.75 0.75 0.37 

C14's 14 1.17 1.17 2.07 C51's 51 0.83 0.83 0.41 

C15's 15 1.46 1.46 2.41 C52's 52 0.88 0.88 0.42 

C16's 16 1.48 1.48 2.31 C53's 53 0.74 0.74 0.35 

C17's 17 1.60 1.60 2.34 C54's 54 0.74 0.74 0.34 

C18's 18 1.88 1.88 2.59 C55's 55 0.65 0.65 0.30 
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C19's 19 1.75 1.75 2.30 C56's 56 0.74 0.74 0.33 

C20's 20 1.75 1.75 2.18 C57's 57 0.74 0.74 0.33 

C21's 21 1.98 1.98 2.35 C58's 58 0.67 0.67 0.29 

C22's 22 1.33 1.33 1.51 C59's 59 0.67 0.67 0.28 

C23's 23 1.74 1.74 1.89 C60's 60 0.67 0.67 0.28 

C24's 24 1.57 1.57 1.63           

C25's 25 1.71 1.71 1.71 Sub-Total (C1 to C49) 65.92 65.92 87.54 

C26's 26 1.60 1.60 1.54           

C27's 27 1.70 1.70 1.57 C1 to C29   44.17 44.17 73.25 

C28's 28 1.65 1.65 1.47 C30 to C60   29.83 29.83 17.99 

C29's 29 1.50 1.50 1.29 C1 to C60   74.00 74.00 91.25 

C30's 30 1.32 1.32 1.10 C61+'s 74.4 26.00 26.00 8.75 

          Total   100 100 100 

C30+'s 30 plus   55.83 26.75           

C1 to C29's 1 to 29 44.17 44.17 73.25 C50+'s 50 plus 34.08 34.08 13.65 

          Total/100   1.00 1.00 0.91 

C1 to C6's 1 to 6   0.00 0.00           

C7+'s 7 plus   100 100 
Estimated 

MW 
560       

C30+'s 30 plus   55.83 26.75           

C1 to C10's 16   6.50             

C11 to C16 11 to 16   15.90             

C15+ C15+   80.54             

*GC analysis provided by Saskatchewan Research Council         
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Table A.2: Second Heavy Oil Sample, µ = 5,000 mPa.s at 27°C 

*Carbon Equivalent Numbers 

Component 
Carbon 

No. 
Weight 

Normalized 

Values Component 
Carbon 

No. 
Weight 

Normalized 

Values 

Wt% Mole % Wt% Mole % 

Methane 1 0.00 0.00 0.00 C30's 30 1.68 1.68 1.65 

Ethane 2 0.00 0.00 0.00 C31's 31 1.67 1.67 1.59 

Ethane 

(Ethylene) 
2 0.00 0.00 0.00 C32's 32 1.85 1.85 1.71 

Propane 3 0.00 0.00 0.00 C33's 33 1.13 1.13 1.01 

Propane 

(Propylene) 
3 0.00 0.00 0.00 C34's 34 1.29 1.29 1.12 

2-Butane 

(i-Butane) 
4 0.00 0.00 0.00 C35's 35 1.70 1.70 1.44 

1-Butane 

(n-Butane) 
4 0.00 0.00 0.00 C36's 36 1.48 1.48 1.21 

Other C4's 4 0.00 0.00 0.00 C37's 37 1.10 1.10 0.88 

2-Pentane 

(i-Pentane) 
5 0.00 0.00 0.00 C38's 38 0.98 0.98 0.76 

1-Pentane 

(n-Pentane) 
5 0.00 0.00 0.00 C39's 39 1.52 1.52 1.15 

Other C5's 5 0.00 0.00 0.00 C40's 40 1.60 1.60 1.18 

2-Hexane 

(i-Hexane) 
6 0.00 0.00 0.00 C41's 41 0.90 0.90 0.65 

1-Hexane 

(n-Hexane) 
6 0.00 0.00 0.00 C42's 42 0.88 0.88 0.62 

Other C6's 6 0.00 0.00 0.00 C43's 43 1.38 1.38 0.95 

C7's 7 0.00 0.00 0.00 C44's 44 1.42 1.42 0.95 

C8's 8 0.00 0.00 0.00 C45's 45 1.00 1.00 0.66 

C9's 9 0.09 0.09 4.58 C46's 46 0.85 0.85 0.54 

C10's 10 1.03 1.03 11.96 C47's 47 1.25 1.25 0.79 

C11's 11 0.94 0.94 0.00 C48's 48 1.14 1.14 0.71 

C12's 12 1.43 1.43 6.86 C49's 49 0.90 0.90 0.54 

C13's 13 1.83 1.83 2.34 C50's 50 0.93 0.93 0.55 

C14's 14 2.04 2.04 2.07 C51's 51 1.05 1.05 0.61 

C15's 15 2.48 2.48 2.41 C52's 52 0.88 0.88 0.50 

C16's 16 2.31 2.31 2.31 C53's 53 0.85 0.85 0.47 

C17's 17 2.50 2.50 2.34 C54's 54 0.90 0.90 0.49 

C18's 18 2.53 2.53 2.59 C55's 55 0.90 0.90 0.48 

C19's 19 2.47 2.47 2.30 C56's 56 0.78 0.78 0.41 

C20's 20 2.33 2.33 2.18 C57's 57 0.80 0.80 0.42 

C21's 21 2.70 2.70 2.35 C58's 58 0.72 0.72 0.37 

C22's 22 1.66 1.66 1.51 C59's 59 0.72 0.72 0.36 

C23's 23 2.31 2.31 1.89 C60's 60 0.77 0.77 0.38 

C24's 24 2.00 2.00 1.63           

C25's 25 2.13 2.13 1.71 Sub-Total (C1 to C49) 66.32 66.32 85.03 

C26's 26 1.84 1.84 1.54           
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C27's 27 2.18 2.18 1.57 C1 to C29   40.60 40.60 64.92 

C28's 28 1.98 1.98 1.47 C30 to C60   35.00 35.00 25.15 

C29's 29 1.80 1.80 1.29 C1 to C60   75.60 75.60 90.07 

C30's 30 1.68 1.68 1.10 C61+'s 74.4 24.40 24.40 9.93 

          Total   100 100 100 

C30+'s 30 plus   59.40 35.08           

C1 to C29's 1 to 29 40.60 40.60 64.92 C50+'s 50 plus 33.68 33.68 16.62 

          Total/100   1.00 1.00 0.90 

C1 to C6's 1 to 6   0.00 0.00           

C7+'s 7 plus   100 100 
Estimated 

MW 
574       

C30+'s 30 plus   59.40 35.08           

C1 to C10's 16   1.13             

C11 to C16 11 to 16   11.04             

C15+ C15+   92.63             

*GC analysis provided by Saskatchewan Research Council         
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B) Related Graphs of Pressure Profiles for Each Experiment 

 

 

 

 

 

Figure B.1: Differential Pressure Profile 

Conventional Water/Polymer Flooding 

Experiment #1 (825 mPa.s Heavy Oil Sample)  
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a) 

b) 

 

Figure B.2: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: Pure CO2 – Experiment #2 (825 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.3: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: Pure C3 – Experiment #3 (825 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.4: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: 33% C1- 34% C3- 33% CO2 – Experiment #4 (825 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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Figure B.5: Differential Pressure Profile 

Conventional Water/Polymer Flooding  

Experiment #5 (5,000 mPa.s Heavy Oil Sample)  
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a) 

b) 

 

Figure B.6: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: Pure C3 – Experiment #6 (5,000 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.7: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: 33% C1-34% C3-33% CO2 – Experiment #7 (5,000 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.8: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: 15% C1-35% C3-50% CO2 – Experiment #8 (5,000 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.9: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: 35% C1-15% C3-50% CO2 – Experiment #9 (5,000 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.10: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: 33% C1-34% C3-33% CO2–Experiment #10 (5,000 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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a) 

b) 

 

Figure B.11: Differential Pressure Profile – Water/Solvent/Polymer Flooding 

Solvent: 33% C1-34% C3-33% CO2–Experiment #11 (5,000 mPa.s Heavy Oil Sample) 

a) The First Cycle b) The Second Cycle  
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C) Related Graphs of Concentration Profile and Measured Polymer 

Adsorption for Each Experiment 

 

 

 

 

 

Figure C.1: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #2 (injecting polymer started from 8
th

 PV) 
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Figure C.2: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #3 (injecting polymer started from 8
th

 PV) 

 

 

Figure C.3: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #4 (injecting polymer started from 8
th

 PV) 
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Figure C.4: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #6 (injecting polymer started from 8
th

 PV) 

 

 

Figure C.5: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #7 (injecting polymer started from 8
th

 PV) 
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Figure C.6: Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #8 (injecting polymer started from 8
th

 PV) 

 

 

Figure C.7 : Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #9 (injecting polymer started from 8
th

 PV) 
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Figure C.8 : Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #10 (injecting polymer started from 8
th

 PV) 

 

 

Figure C.9 : Variation of Effluent Polymer Concentration During Polymer Flooding 

Followed By 1 PV Brine and 1 PV Solvent Injection 

Experiment #11 (injecting polymer started from 8
th

 PV) 

 


