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Abstract  

 

The high demand of energy has aroused significant interest toward the development of 

enhanced oil recovery (EOR) techniques.  Polymer flooding is an EOR technique that has 

gained great interest due to the reported incremental oil recovery. The main issue of 

polymer flooding is the detrimental effect of the high salinity and hardness of the injection 

and formation brine, as well as the negative impact of high reservoir temperatures on the 

effective performance of polymers during EOR flooding.   

 

Objectives of this research were the optimization of a self-assembly polymeric system 

(SAP) and the evaluation of its performance under harsh reservoir conditions. The 

optimum concentrations of surfactant and βeta-cyclodextrin were found to be 50 ppm at 

1 wt% HPAM. This optimum SAP exhibited better performance and higher resistance to 

various salinities and hardness, mechanically and thermally stable, and lower mobility in 

porous media than the baseline polymer.  
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Chapter 1: Introduction 

1.1 Research Background 

 

Nowadays, as demand for energy continues to rise, more energy sources have to be 

utilized in order to meet the growing consumer’s demand. In fact, oil has been the world’s 

main source of energy that can accommodate for most types of energy conversion [1]. Oil 

production includes various techniques based on the stage of oil production, oil viscosity, 

and reservoir characterization. During waterflooding of heavy oil reservoirs, the sweep 

efficiency of the process is low due to the unfavorable mobility ratio of water to oil. 

Therefore, water tends to channel or finger through the heavy oil phase [3]. Mobility ratio 

can be improved through viscosity adjustment techniques to increase the oil productivity. 

According to The American Petroleum Institute, the API gravity is a measure of the 

density of petroleum compared to water. API gravity is expressed in terms of specific 

gravity (SG) as shown in Equation 1 below. 

API (Gravity) =
141.5

SG
 − 131.5 

Equation (1): API Gravity [2] 

Table 1 shows the classification of crude oil in accordance with API gravity [2]. 

Table 1: Crude oil Classification (API gravity) [2] 

Classification  Minimum API Gravity Maximum API Gravity 

Light Oil 31.10 45.40 

Medium Crude Oil 22.30 30.20 

Heavy Oil 100 21.50 

Extra Heavy Oil 0.10 6.50 
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Enhance oil recovery operations are potential solutions to take advantage of the abundant 

amounts of heavy oil. Reserves of heavy oil are approximately two thirds of all oil 

reserves compared to the reserves of light oil [4]. In addition, more recent estimations 

show that, heavy oil reserves in many basins around the world are in the order of 3396 

billion barrels, especially in reservoirs located in South America, North America, and in 

the Middle East [2, 4]. 

 

Oil production can be categorized into three phases: primary, secondary, and tertiary. 

Primary recovery relies on natural mechanisms based on sufficient underground pressure 

that enables oil displacement [11]. A primary production progresses, the underground 

(natural) pressure decreases and pressure maintenance is initiated through the application 

of secondary oil recovery techniques; in which water or gas is injected into the reservoir 

to adjust reservoir pressure to continue oil production. In heavy oil reservoirs, the 

viscosity of the oil is higher than the viscosity of water which leads to unfavorable 

mobility ratio between water and oil [11]. Enhanced Oil Recovery (EOR or tertiary) is 

usually launched after the completion of secondary oil recovery.  During the application 

of thermal EOR techniques, heating is used to decrease the viscosity of the oil in order to 

move the oil bank toward production. While, polymer flooding targets the increase of the 

water viscosity by adding polymers to improve the mobility ratio rendering better sweep 

efficiency [5]. EOR techniques are discussed in more details in the next chapter. 

 

Wei et al [5] mentioned that the injection of polymer to water (polymer flooding) has been 

considered a potential method to reservoirs with deep formations or thin oil layers since 

heating techniques will cause major heat loss. Polymer flooding is a mature technique for 
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mobility-control in oil recovery. It refers to the increase of the displacing fluid’s viscosity 

(i.e. water) through the addition of water-soluble polymers. 

 

Polymer injection is intended to correct the poor water/oil mobility ratio. Seright [17] stated 

that, polymer flooding has been proven successfully in many EOR projects worldwide for 

conventional oil recovery and its field application have demonstrated technical and economic 

advantages. Therefore, polymer flooding is playing an important role for heavy oil 

recovery due to its simplicity and effectiveness. 

1.2 Research Problems and Hypothesis  

 

In a previous experimental work conducted by our research group to find out the 

appropriate relation between the complex of surfactant and βeta-cyclodextrin mixed with 

partially hydrolyzed polyacrylamide (HPAM) polymer solution that could render better 

viscoelasticity than baseline solutions. The obtained value that showed higher 

viscoelasticity than baseline was 8000 ppm at 1 wt% HPAM. In addition to that research 

finding, another set of experiments were conducted to determine the optimum molar ratio 

of surfactant and βeta-cyclodextrin, it was obtained as 2:1 that result in the best stable 

molecular structure. This research was conducted to optimize the formulation of a self-

assembly polymeric system (SAP) by lowering the amounts of the added chemicals (8000 

ppm of surfactant and βeta-cyclodextrin) to the polymer solutions. The associated cost of 

chemicals is expensive and the target of this research was to establish an optimized SAP 

formulation that render better performance combined with cost reduction. The 

performance of the SAP system compared to the baseline polymer is established through 

its viscoelastic properties. A better viscoelasticity indicates higher resistance to 
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mechanical shear, tolerance to high salinity and hardness, and thermal stability. 

Furthermore, the flow behavior of the baseline polymer and the optimum SAP system in 

porous media was conducted to test the SAPs functionality as mobility control agent. 

The hypothesis to be tested in this research was that the addition of the optimum 

concentrations of surfactant and -cyclodextrin to the baseline HPAM would improve the 

viscoelastic properties of the HPAM. Therefore, it is expected that the SAP would be a 

more stable structure than the baseline polymer due to the ability of the self-assembling 

of molecules driven by the concept of force balance. Also it is anticipated that the SAP 

system will show more tolerance to mechanical degradation, formation brine high salinity 

and hardness concentration, and high reservoirs temperatures. The self-aggregation of 

these chemical compounds renders more a stable chemical structure that enhances the 

mobility control of the baseline polymer in porous media and subsequently results in 

incremental oil recovery.  

1.3 Delimitations of Research 

 

The research delimitations are listed as follows. 

 

1.3.1 Polymers 

The research was limited to the use of a partially hydrolyzed polyacrylamide, HPAM, 

with a commercial name Alcoflood 995 whit a 5% hydrolyses degree.  

 

1.3.2 Brine  

Synthetic brines containing different concentrations or TDS (Total Dissolved Solid) 

values were used to prepare the polymer powders. The synthetic brine concentrations used 
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were 1.4, 2.1, 4.3, 6.3, and 8.3 wt% with the objective of testing the performance of 

optimum SAP formulation under different salinity and hardness concentrations. 

  

1.3.3 Temperature  

All rheological measurements, sandpack flooding, and displacement tests were conducted at 

room temperature, which was approximately 25 ± 2oC. The rheology study to establish the 

thermal stability of the SAP system was conducted by storing the polymer samples in an oven 

at 90 degrees for a period of 3 months, after which the rheological properties of the samples 

were measured at 350C. 

 

1.3.4 Polymer Concentration 

Polymer solutions with various concentrations were evaluated for the determination of the 

optimum SAP systems. Polymer concentrations used were 0.6, 0.8, 1, 1.2, and 1.4 wt%. 

1.3.5 Porous Media  

The sandpack was prepared so that the permeability and porosity of the system were 

similar to real heavy oil reservoirs (i.e. the Pelican Lake reservoir, Alberta, Canada.).  

 

1.3.6 Rheological Measurements  

The rheological evaluation was carried out through the application of oscillatory analysis 

(amplitude and frequency sweeps). The equipment used was a Bohlin Gemini HR 150 

Nano Rheometer that was equipped with parallel plate measuring geometry at a fixed gap 

between the parallel plates of a 1 mm.  During this analysis, an amplitude sweep is first 

conducted to determine the linear viscoelastic region. After which, an angular frequency 

sweep was conduted in the range from 0.001to 100 rad/s. All measurements were carried 
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out at 25oC. The maximum standard deviation for each of the rheological measurements 

was set up at 5%. 

1.4 Outline of the thesis  

 

This thesis consists of five chapters: introduction, literature review, methodology and 

experimental setup, analysis and discussion of results, and conclusions and 

recommendations. Chapter one provides a general introduction of oil production 

techniques and indicates the research problems and hypotheses. Chapter two provides 

more detailed information into the core of the research within the contest of oil recovery 

techniques and expands polymer flooding principles. The chemistry of polymers and self-

assembly systems are discussed in detailed in chapter two.  Chapter three discusses the 

experimental procedures and materials. Chapter four presents the analysis and discussion 

of the experimental results, followed by conclusions and recommendations in chapter 

five. 

1.5 Research Findings 

 

The main findings derived from this research are: 

 

1. A stable self-assembly system was developed through inclusion complexes between 

polymer-surfactant associations and beta-cyclodextrin (-CD). The viscoelasticity of 

the baseline polymer increases with the concentration of surfactant and -CD until an 

optimum concentration. 
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2. The optimum SAP render a higher viscoelasticity, chemically more stable, and 

tolerant to high temperatures than the baseline polymer. Also a better performance in 

terms of mobility ratio in porous media and resistance to high brine salinity and 

hardens concentrations.  

 

3. During the displacement tests in porous media, the optimum SAP network system 

generated notable higher values of resistance factors, RF, and lower residual resistance 

factors, RRF, values than the baseline polymer which proves better mobility and lower 

polymer retention in porous media, respectively. 

 

4. Optimum SAP (50 ppm) formulated in this work shows improved thermal stability (at 

90 0C for a period of three months) if compared with the thermal stability of a 

previously obtained SAP (8000 ppm) system.  

 

5. Polymer flooding using the optimum formulated SAP system seems to be technical 

feasible to enhance the mobility ratio under harsh reservoir conditions. 
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Chapter 2: Literature Review  

 

2.1 Background 

 

In the twenty-first century, petroleum leads as the major commodity for the production of 

energy that drives industries and services [2]. The continuous increase in the demand of 

oil led to the rapid production and depletion of light conventional oil reservoirs [4]. 

Therefore, heavy oil reservoirs have gained importance as hydrocarbon resources.  

Advanced EOR methods, such as thermal EOR, have allowed producing a larger amount 

of heavy oil by decreasing its viscosity via heating; while, polymer flooding targets the 

increase of the viscosity of the injected water by adding polymers. 

For most oil reservoirs, a large amount of trapped oil is left behind in the formation, even 

after extensive water flooding due to the unfavorable mobility ratio between the driving 

(displacing) water and the displaced oil. Once a preferential flow path is formed within 

the porous media, the driving water will flow directly from the injection well to the 

production well bypassing the oil bearing zone, which ultimately leads to lower oil 

recovery, particularly in heavy oil reservoirs [6, 8]. 
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2.2 Enhanced Oil Recovery  

 

2.2.1 Overview  

 

According to Alvarado and Manrique [12], a number of issues related to global energy 

supply can be alleviated if the oil recovery factor from hydrocarbon reservoirs could be 

increased beyond the current limits. Presently, the daily oil production comes mainly from 

mature oil fields and reserves replacement is not proportional to the growing energy 

demand. Shah [8] also indicated that, the world average recovery factor from hydrocarbon 

reservoirs is held in the mid-30 per cent range. This challenge opens an opportunity for 

advanced secondary and enhanced oil recovery (EOR) technologies that may mitigate the 

demand-supply balance. 

2.2.2 Phases of Oil Recovery 

 

Enhanced Oil Recovery (EOR) is defined as, the implementation of various methods for 

improving the amount of crude oil that can be extracted from an oil field [8]. EOR is also 

called tertiary recovery or improved oil recovery (IOR) in many cases. However, the term 

IOR refers to improving oil recovery by any mean such as improving operational 

strategies to increase oil recovery. EOR is more specific in scope and it can be considered 

as a subset of IOR [8, 11]. 

According to Seright [27], the life cycle of oil fields can be categorized into three phases: 

primary recovery, secondary, and tertiary or Enhanced Oil Recovery. During the primary 

recovery phase, reservoir drive comes from a number of natural mechanisms. These 

mechanisms include: natural water displacing oil into the producing well, expansion of 

https://en.wikipedia.org/wiki/Crude_oil
https://en.wikipedia.org/wiki/Oil_field
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the natural gas at the top of the reservoir, expansion of gas initially dissolved in the crude 

oil, and gravity drainage, among others. 

Primary recovery contributes to the extraction of about 5% to 10% of the original oil in 

the reservoir [29]. Over the lifetime of the well, the pressure falls, and become insufficient 

to force the oil to the production well. After natural reservoir drive diminishes, secondary 

recovery methods are applied. An external energy source is required to fix or increase the 

reservoir pressure; thus fluid injection (mainly water) is applied to support underground 

pressure to enable oil displacement. Secondary recovery allows the recovery of the 

additional 25% to 30% of the original oil in the reservoir. Seright [27] states that after an 

extensive utilization of secondary recovery, water tends to finger through the oil phase or 

to channel through high permeability zones and oil production significantly drops. 

Therefore, tertiary recovery comes in place to produce an additional 20% to 30% of the 

original oil in the reservoir. Various techniques can be applied depending on the reservoir 

properties. 

2.2.3 Classifications of Enhanced Oil Recovery 

 

Taber et al [19] stated that the main drive behind all EOR operations is to increase the 

global average recovery factor which is currently at 40 % for a typical oil field. The 

necessity for EOR operations enables the extraction of the abundant volumes of oil left 

behind after secondary recovery operations. The establishment of criteria for the selection 

of reservoir candidates for EOR applications commences with gathering reservoir 

information and understanding of the reservoir properties [18, 19]. 
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Enhanced oil recovery methods can be divided under two main categories Thermal and 

Non-Thermal based on the EOR recovery mechanisms as shown in Figure 1. 

Figure 1: EOR methods [16] 
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2.2.3.1 Thermal Methods 

 

This category involves the introduction of heat into the reservoir to lower the viscosity of 

the heavy oil and to improve its ability to flow through the reservoir [16]. Thermal 

recovery is a major branch of enhanced oil recovery processes and it can be subdivided in 

two types as shown in Figure 1: Hot fluid (steam or hot water) injection and in-situ 

combustion processes. Both operations are briefly described below [16, 23]. 

Steam flooding. Steam is injected continuously through injection wells rising the 

temperature of the crude oil and reducing its viscosity. Surfactants and certain inorganic 

are added to the steam to improve the performance of steam flooding in oil recovery. 

In situ-combustion. In this operation, fire is generated inside the reservoir by injecting 

air. As the fire moves ahead in the reservoir, the burning front pushes ahead a mixture of 

hot combustion gases, steam, and hot water, which in turn reduces oil viscosity and 

displaces oil toward production wells. The in situ combustion process can be applied in a 

reverse, forward, and dry combustion scheme.  

 

 

 

 

 

 

http://www.glossary.oilfield.slb.com/Terms/e/enhanced_oil_recovery.aspx
http://www.glossary.oilfield.slb.com/Terms/i/in-situ_combustion.aspx
http://www.glossary.oilfield.slb.com/Terms/i/in-situ_combustion.aspx
http://www.glossary.oilfield.slb.com/Terms/v/viscosity.aspx
http://www.glossary.oilfield.slb.com/Terms/p/production.aspx
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2.2.3.2 Non Thermal Methods 

 

In this section, natural reservoir drives and secondary recovery (i.e. waterflooding and 

gas flooding) are mentioned before discussing the non-thermal EOR processes.  

Natural Reservoir Drives and Secondary Recovery 

During the primary oil recovery phase, there are three natural basic reservoir drives as 

shown in Figure 2. 

 

Figure 2: Basic Natural drive for reservoirs [21] 

As explained earlier, in primary recovery, oil is displaced by natural drive mechanisms. 

The most efficient is water drive, which uses the natural reservoir pressure to produce oil. 

A combination or mixed drive occurs when two or more of the primary drive mechanisms 

are present in the same reservoir. A combination drive may also occur when one or more 

of the primary drive mechanisms are assisted by gravity drainage [21]. 
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Water flooding  

Waterflooding is defined as a method of secondary recovery in which water is injected 

into the reservoir formation to displace oil, when the natural reservoir energy has been 

depleted [28]. The water introduced from injection wells physically sweeps the displaced 

oil to adjacent production wells. Potential problems associated with waterflooding 

techniques include inefficient recovery due to variable permeability, or similar conditions 

affecting fluid transport within the reservoir, and early water breakthrough that may cause 

production and surface processing problems [28, 33]. 

The principal reason for waterflooding an oil reservoir is to increase the oil-production 

rate and ultimately, the oil recovery factor [39]. This is accomplished by increasing the 

reservoir pressure to its initial level and/or by maintaining the reservoir pressure near the 

original reservoir pressure. Water displaces oil from the pore spaces, but the efficiency of 

such displacement depends on many factors such as oil viscosity and rock characteristics. 

The concept of water flooding is shown in figure 3, water causes sufficient pressure to 

displace oil toward production wells [33]. 

 

Figure 3: Concept of water flooding [33]. 

http://www.glossary.oilfield.slb.com/Terms/r/recovery.aspx
http://www.glossary.oilfield.slb.com/Terms/f/formation.aspx
http://www.glossary.oilfield.slb.com/Terms/p/production.aspx
http://www.glossary.oilfield.slb.com/Terms/p/permeability.aspx
http://www.glossary.oilfield.slb.com/Terms/b/breakthrough.aspx
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Gas Injection  

As a secondary recovery process, this method uses natural gas that expands in the 

reservoir to increase or maintain the reservoir pressure, which displaces additional oil to 

production wells.In the context of enhance oil recovery as in miscible gas injection, gases, 

such as nitrogen, hydrocarbon gases, and carbon dioxide are injected at high pressure to 

reach miscibility with the oil to lower its viscosity improving oil displacement [38]. 

Currently, the most common method of gas injection is the use of CO2 gas for EOR as 

shown in Figure 4. 

 

Figure 4: Miscible flooding, CO2-EOR [38] 

Chemical Injection EOR 

Chemical injection involves the use of polymers to increase the effectiveness of water 

floods, or the use of detergent-like surfactants to help lower the surface tension that often 

prevents oil droplets from moving through a reservoir [42].  Polymer flooding is the focus 

of this research and will be discussed in detailed in the next sections. 



16 
 

2.3. Polymer Flooding  

 

Polymer flooding is a process in which a high-molecular-weight and viscosity-enhancing 

polymer is added to the injected water leading to a decrease in its mobility hence 

improving sweep efficiency of the waterflooding process [35, 37]. The primary purpose 

of adding polymers to enhanced waterfloods is to increase the viscosity of the flooded 

water; however, polymer addition during waterflooding in many instances also imparts a 

secondary permeability-reduction component. Polymer flooding is commonly applied 

when the mobility ratio of the waterflooding process is high or the heterogeneity of the 

reservoir is high. The process of polymer flooding is shown in Figure 5, where polymer 

is injected to water prior to its injection into the reservoir to thicken the displacing solution 

(i.e. water) and to enable the displacement of a moving oil bank toward production wells 

[37,39] 

 

Figure 5: Process of Polymer Flooding [37] 
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2.3.1 EOR Polymer Types 

Chilingarian and Donaldson [47] mentioned that, Polymer can be defined as a chemical 

that is composed of a number of individual molecules that are attached in some manner. 

These units are usually associated in a pattern that repeat itself throughout the length of 

each polymer. The repeating units are called monomers and the joining of two monomers 

are called copolymers. Polymer flooding operations use high molecular weight organic 

chemicals to alter the flow of water in the formation. These large molecules are soluble 

in water because of the hydrogen bonding between water molecules and polymer’s polar 

side chains. In theory, almost any water soluble, non-toxic chemical can be used to 

increase the viscosity of water and improve the effectiveness of a waterflood process. 

Chilingarian and Donaldson [47] also emphasis that, many polymers types can be 

applicable to increase water viscosity but very view polymer types meet the requirements 

necessary for use in enhanced oil recovery process. Four types are listed in tables 2 but 

only two types are (Polyacrylamides and xanthan gum) commonly used in the field for 

EOR operations.  

Table 2: Polymers commonly used in EOR operations [47] 

Type Description 

Polyacrylamides Synthetic, usually anionic, dry powder, water solution, 

emulsion, gel 

Xanthan gum Natural biopolymer, anionic, water solution, dry powder 

Cellulosics Semi-synthetic, non-ionic or anionic, dry powder 

Polyacrylate copolymers Synthetic, anionic, dry powder, water solution 
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There are two types of water-soluble and viscosity-enhancing polymers commonly used 

for EOR: biopolymers, such as Xanthan gum and synthetic polymers or acrylamide-based 

polymers. Synthetic polymers, such as Partially Hydrolyzed Polyacrylamides (HPAMs), 

have become the predominant and preferred polymer for use in enhanced oil recovery 

operations. [41, 45,47] 

HPAM polymers offer a superior viscosity enhancing agent in low-salinity brines and 

tend to adsorb less onto rock surfaces. Figure 6 illustrates the chemical structure of 

HPAM. A downside of the use of HPAM for EOR its salt sensitivity, therefore this 

polymer performs best during polymer flooding in low-salinity reservoir brines [20], 

 

Figure 6: HPAM Structure [33] 

Xanthan gum is a polysaccharide or usually called as biopolymer. This polymer is 

produced by the microbial action of Xanthomonas campestris on a substrate of 

carbohydrate media, with a protein supplement and an inorganic source of nitrogen. 

Contrary to polyacrylamides, xanthan gum is less sensitive to mechanical shear, elevated 

salinity and/or divalent ion concentration because of its rigid polysaccharide chains [33].  
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In addition, some modified cellulosic natural polymers are also used for polymer flooding. 

View basic types of cellulosic polymers have been used in flooding process such as 

hydroxylethylcellulose (HEC), guar gum and sodium carboxymethyl cellulose (CMC), 

and carboxyethoxyhydroxyethylcellulose. The side chains of either cabroxymethyl or 

hydroxyethyl are added to cellulose backbone, thereby rendering the polymer water-

soluble. Most HEC polymers are completely soluble in cold and hot water and in high 

salinity brines. Polyacrylates (PAC) are water soluble polymers and copolymers are 

synthetic materials that have found limited use in EOR. The side chain on most PAC’s 

are carboxyl groups which may be sensitive to some high hardness oilfields brines. Every 

polymer of those various types has its own advantages and disadvantages for a specific 

reservoir [34, 47]. Current commercial polymers face some technical challenges in oil 

production due to the limitations of their performance and structural arrangement. These 

limitations aroused interest into the development of polymers with more stable structures 

that exhibit high resistance to high temperatures, brines with high salinity and hardness 

as is the case of hydrophobically modified polymers, which are produced by introducing 

a small number of hydrophobic groups directly into the polymer backbone. The 

hydrophobic interactions in addition to molecular chain entanglements render improved 

viscosifying functionality to these copolymers. HMSPAM is an example of a 

hydrophobically modified polymer. Wei [9] stated that the HMSPAM exhibits significant 

elasticity compared to the hydrolyzed polyacrylamide (HPAM) and xanthan gum.  

Partially hydrolyzed polyacrylamide (HPAM) in production water after polymer flooding 

in oil filed causes environmental problems, such as increases the difficulty in oil-water 
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separation, degrades naturally to produce toxic acrylamide and endanger local ecosystem. 

Biodegradation of HPAM may be an efficient way to solve these problems 

HPAM polymer is added relatively low concentration (1 wt %) which should contribute 

to the reduction of related environmental issues. Polymer separation techniques are 

applied to the produced polymer’s solution and more waterflooding follows polymer 

flooding which maintain reservoir environment and tend to dilute polymer concentrations. 

Also, practical techniques could be applied such controlled level of polymer injectivity, 

adding additive chemicals to control reactivity with affecting polymer stability and 

performance as well as use of appropriate polymer type to avoid polymer precipitation.   

2.3.2 Rheological Measurements 

 

The viscosity of polymer solutions follows a non-Newtonian behavior and exhibit a shear-

thinning behavior when subjected to sufficiently high shear rates [41]. Rheological 

properties of polymers are evaluated through oscillatory analysis. The basic principle of 

oscillatory measurements is to induce a shear deformation in the sample and measure the resultant 

stress response; the time scale is determined by the frequency of oscillation, ω, of the shear de-

formation. The viscoelastic behavior of the system at ω is characterized by the storage modulus 

called elastic modulus, G’(ω), and the loss modulus or viscous modulus, G’’(ω), which 

respectively characterize the polymer solution contributions to the measured stress response. The 

oscillatory analysis consists of two types of measurements: 

 

1. Amplitude sweep: During an amplitude sweep the amplitude of the shear stress 

is varied while the frequency is kept constant. For the amplitude sweep test, the 

storage modulus G' and the loss modulus G'' are plotted against the deformation. 
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At low deformation, G' and G'' are constant; thus the sample structure is 

undisturbed. This region is called linear-viscoelastic Region (LVR). The LVR-

region is shown in figure 7.  The plateau value of G' in the LVR-region describes 

the rigidity of the sample at rest; the plateau value G'' is a measure for the 

viscosity of the unsheared sample [10]. 

 

Figure 7: Amplitude sweep [10] 

 

2. Frequency Sweep: During the frequency sweep, the frequency is varied while the 

amplitude of the shear stress is kept constant within the LVR region. For the 

analysis the storage (G') and loss modulus (G'') are plotted against the frequency to 

determine the viscoelastic of measured polymers compared to SAP systems. The 

samples evaluated at low frequencies describe the behavior of the samples at slow 

changes of stress. The shear rate corresponds to typical shear rates in the oil 

reservoirs away from injection well is 7s-1 [46]. 
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2.3.3 Flow Behavior in Porous Media  

 

The rate of polymer propagation through porous media is affected by the adsorption of 

polymer onto the rock surface and/or due to mechanical entrapment of large size polymer 

molecules at the pore constrictions in the reservoir [41, 43]. Furthermore, the addition of 

polymer increases the viscosity of the brine, which is favorable for mobility control. 

Polymer addition is required due to the unfavorable mobility ratio between water and oil, 

which leads to water channeling and fingering as shown in figure 8.  

 

Figure 8: Viscous Fingering effect [11] 

Mobility Ratio (M) is described as the ratio of mobility (λ) of the displacing fluid (water) 

to the mobility of the displaced fluid (oil), where mobility is permeability (κ) divided by 

viscosity (μ) [5]. The value of M greater than unity is unfavorable, since this will cause 

the instability of the displacement process and so called "viscous fingering" effect. 

 

       

          Equation 2: Mobility Ratio [11] 

 
M = 

λwater 

 
λoil 

 

= 

κwater / μwater 

 
κoil / μoil 
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Fluid mobility can be quantified using the resistance factor, RF, parameter, as given by 

Equation 3. 

𝑅𝐹 =  
λ𝑤

λ𝑝
=

(
𝑘

𝜇
)

𝑤

(
𝑘

𝜇
)

𝑝

=

1

Δ𝑃𝑤
1

ΔP𝑝

=
ΔP𝑝

Δ𝑃𝑤
  

 

 

where λw is the mobility of the brine before polymer injection which simplifies to the 

permeability of brine to its viscosity and λp is the mobility of the polymer solution.  The 

residual factor quantifies fluids mobility through injection pressure profile; while the 

residual resistance factor, RRF, measures the polymer-induced permeability reduction as 

indicated by Equation 4 [41,43]. 

       

𝑅𝑅𝐹 =  
𝑘𝑏

𝑘𝑎
=

1
𝛥𝑃𝑏

1
𝛥𝑃𝑎

=
𝛥𝑃𝑎

𝛥𝑃𝑏
 

Equation 4: Residual Resistance factor [43] 

Where kb is brine permeability measured before polymer flooding, and ka is the brine 

permeability measured after polymer flooding. The induced polymer permeability 

reduction tends to be greater in lower permeability reservoir rocks due to entrapment of 

polymer in low permeable channels [41]. This issue is discussed in more detail in the 

succeeding paragraphs.  

2.3.4 Polymer retention 

 

Polymer retention is an important factor that affects the technical and economic success 

of a polymer-flooding. Seright [26] stated that the amount of oil that will be recovered 

Equation 3: Residual Factor [43] 
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depends on the efficiency of the polymer injection process, which may fail due to high 

polymer retention levels. Low permeability reservoirs lead to polymer retention, also 

higher molecular weight polymer molecules and significant clay content in the formation 

rock promotes polymer retention. The presence of clay in the reservoir rock promotes 

polymer retention by screening the negative charges in the polymer backbone that results 

in polymer precipitation or adsorption [45]. Polymer precipitation, particularly in the 

presence of high salinity concentration, is another important factor for polymer retention 

within the oil formation. In the case of HPAM, precipitation tends to increase in high-

temperature reservoirs that containing high concentration of divalent cations (i.e. Ca++, 

Mg++). The mechanical entrapment of large size polymer molecules at the pore 

constriction or at small pores in the formation rock is another issue that affects polymer 

performance. Mechanical entrapment can lead to permeability reduction, and loss of the 

entrapped polymer’s favorable viscosity [45] 

2.3.5 Thermal Stability  

 

A reduction in polymer’s molecular weight can be caused by chemical, biological, 

mechanical, and thermal degradation which inversely influences polymer stability. Most 

of the polymers used in the oil industry have an upper temperature limit that must be 

followed to ensure the chemical stability of the polymer structure. This upper temperature 

limit depends on the injection water chemistry, the composition of the reservoir brines, 

and on the polymer chemistry [38]. 
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2.3.6 Mechanical Degradation  

 

Mechanical degradation of polymers is mainly caused by mechanical shear against the 

pore walls. All dissolved polymers mechanically degrade if subjected to a sufficiently 

high-flow shear rate. During polymer flooding, high-flow shear rates exist at the surface-

injection equipment, downhole equipment, and at the construction entry of the injection 

wells. High molecular weight polymers (i.e. HPAM) are quite susceptible to mechanical 

shear degradation and it particularly increases if the reservoir brine has high hardness and 

salinity concentrations [40]. 

 Delamaide [43] stated that if water-soluble polymer runs into a sufficiently high-velocity 

flow field, then the polymer solution’s viscosity is affected by both shear and elongational 

stress. Therefore, the higher the MW of a given polymer, the more sensitive it is to 

mechanical shear degradation. 

2.3.7 Salinity Tolerance and hardness  

 

The effect of salt and hardness on the polymer’s viscosity and mobility-control function 

is significant. Cations present in the brine reduce the electrostatic repulsion of the 

negatively charged hydrolyzed carboxylate suspended groups on the polymer backbone. 

Cations screen and break up the negatively charged double layer formed around the 

carboxylate species. This effect is directly proportional to salt concentration. The 

electrostatic field around the polymer’s carboxylate groups breaks down and the 

electrostatic repulsive forces that sponsor polymer backbone-chain enlargement are 

reduced and this effect results in significant reduction in polymer-solution viscosity. The 

negative impact of divalent cations, such as Ca++ and Mg++, are much more damaging to 
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polymer’s stability at the same concentration than monovalent ions, such as Na+ and K+. 

Therefore, the higher the concentration of divalent cations (i.e. Ca++) the greater the 

tendency of the polymer to mechanical shear degradation [28, 31]. 

2.3.8 Formulation of Self-Assembly Systems  

 

Self-Assembly polymeric systems are spontaneous aggregations based on molecular 

interactions that take place according to a force balance concept as shown in figure 9. 

These molecular interactions include forces of attraction, repulsion, and directional forces 

that naturally builds up the molecular assembly [15]. 

 

Figure 9: Force Balance Concept [15] 

 

 

In oil recovery processes, the harsh conditions of oil reservoirs require the use of 

chemically robust polymers with superior viscoelasticity, tolerance to high salinity and 

hardness, and thermal and mechanical stability. These high performance polymers must 

be of low cost and simple synthesis to be affordable for field applications. A polymer 

molecules contain both hydrophobic and hydrophilic groups attached to the polymer 

backbone. This molecular structure gives polymer the ability of dissolving in aqueous 

solutions. Furthermore, polymers are capable of forming enhanced networks in aqueous 
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solutions that build up based on intra and intermolecular hydrophobic interactions.  These 

rapid interactions among molecules improve polymers viscoelasticity due to the formation 

of more stable structures [31, 35]. The synthesis of these polymers can take place either 

by copolymerization of water-soluble and hydrophobic monomers via micellar 

polymerization or by the modification of the chemical structure of the polymers after 

polymerization. However, the manufacturing cost of these type of polymers is expensive, 

which prevents is long term use in EOR. In this work a different approach has been taken 

to formulate self-assembly polymeric (SAP) systems for EOR. The main goal was to 

develop a high performance polymer oil recovery application at low cost. The SAP 

developed in this work is based in non-bonding (non-covalent interactions) among a 

partially hydrolyzed polyacrylamide, an anionic surfactant, and -cyclodextrin. The non-

bonding molecular interactions active in the formation of this SAP system are as follows: 

[5, 9, 28] 

 

1. Hydrogen Bonding.  
 

The main interaction between partially hydrolyzed polyacrylamide (HPAM) and the 

anionic surfactant is hydrogen bonding. The amide groups (RCONH2) in the HPAM 

polymer backbone interact via hydrogen bonding with the surfactant head group as shown 

in figure 10(a and b). 

 

2. Hydrophobic Interactions  
 

These types of interactions take place between hydrophobic and hydrophilic terminals 

between the anionic surfactant and -cyclodextrin (-CD) as shown in figure 10 (c and 

d). The cavity of the -CD is hydrophobic an enables the formation of host-guest 

interactions.  
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3. Electrostatic Attractions 

Electrostatic forces exist due to presence of divalent cations in the brine that act as a bridge 

between the carboxylate species in the HPAM structure and the polar head of the 

surfactant. This type of interactions can be seen in figure 10 (e).  

 
Figure 10: Hydrogen bonding and electrostatic interactions [5] 
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Figure 11 illustrates a hypothetical structure of the self-assembling structure developed in 

this research. 

 

Figure 11: Hydrophobic and hydrophilic interaction [5] 
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Chapter 3: Materials and Experimental Methodology 

 

This section is divided into five parts: rheology measurements, salinity tolerance, flow 

behavior in porous media, thermal stability, and mechanical degradation tests.  

3.1 Materials  

 

The polymer used during all the experimental work was a partially hydrolyzed 

polyacrylamide HPAM with a commercial name Alcoflood 995 having a 5% hydrolysis 

degree commonly used for EOR applications. This sample of HPAM was provided by 

Gel Technologies Corporation (Midland, Texas, USA). The polymer solution was 

prepared by dissolving the polymer powder in a synthetic brine with the composition 

shown in Table 2. All samples the polymer samples used in all experiments were prepared 

fresh. 

Table 3: Synthetic brine composition (2.1 wt% of Total Dissolved Solids, TDS) 

3L Solution- 2.1 wt% TDS 

Component Mass (g) wt% 

NaCl 51.8 1.76 

MgCl2 1.32 0.045 

CaCl2 9.75 0.33 

Na2SO4 0.29 0.0097 

H2O 2935.4  

Total TDS (wt%) 2.15 
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Anionic surfactant (Alfoterra L167-4S) was provided by Sasol North America Inc. 

(Houston, Texas, USA) and β-Cyclodextrin was obtained from Cyclodextrin 

Technologies Development Inc. Table 3 summarizes the main properties of these 

chemicals. 

Table 4: Chemicals (General properties) 

 

3.2 Formulation of Self-Assembling Polymeric Systems (SAP) 

 

The polymer solution was prepared by dissolving the polymer powder into the brine at a 

salinity level of 2.1 wt% TDS. In all the experimental runs, polymer solutions were made 

fresh in order to avoid biodegradation. The mixture was shaken at room temperature for 

1-2 days using an IKA®KS 130 basic shaker to ensure complete dissolution of the 

polymer powder. Beta-cyclodextrin was added to the polymer solution (1 wt%) and 

thoroughly shaken until it was totally dissolved. The last step to solution preparation was 

the addition of the EOR surfactant (Alfoterra 167-4s) to the solution mixture (Polymer 

and β-CD). This mixture was well shaken during approximately half a day to ensure 

homogeneity of the chemical blend. In the previous chemical blend, the molar ratio of 

surfactant to -CD used was 2 to 1, this molar ration was taken from previous research. 

However, the focus of this research was to reduce the concentration of the surfactant and 

Chemical Name Molecular 

Weight (g/mol) 

Appearance @ 20oC Activity 

(wt%) 

Water solubility 

HPAM 8×106 Powder 100 Soluble 

Surfactant 576 Liquid 30 Soluble 

-Cyclodextrin 1135 Powder 98 Soluble 
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-CD to a minimum requirement at which the outstanding rheological properties of the 

SAP system were maintained. 

3.3 Rheology Measurements  

 

The rheological properties of the polymer solutions and SAP system were determined 

using a rheometer model Bohlin Gemini HR 150 Nano manufactured by Malvern 

Instruments Ltd., UK. All rheological measurements were carried out at 25oC with a 60 

mm parallel plate measuring system. Oscillatory test conditions were set using a gap 

between the plates of 1 mm. The viscolinear region of the polymeric systems evaluated 

were first determined through amplitude sweep analysis.   After which a frequency sweep 

at the following conditions: frequency 0.1-100 rad/s, logarithmic scale, at the 

corresponding strain previously determined at the viscolinear region. At reservoir 

conditions, a typical shear rate away from injection well is 7s-1 [46]. The frequency sweep 

analysis was carried out to determine the rheological properties of the polymers such as 

elastic and viscous modulus. The standard deviation for rheological measurements was 

set at 5%. The focus of the results is the loss modulus which indicates the viscosity 

variation since it is the most important parameter. Although, elastic modulus seems to 

have a positive effect on oil recovery. 

3.4 Salinity Tolerance  

 

The effect of brine salinity on the SAP systems (50 ppm and 8000 ppm) were tested by 

preparing the SAP solutions at the following salinities and hardness concentrations: 

distilled water, 0.84, 1.0, 1.2, 1.4, 2.1, 4.3, 6.3, and 8.3 wt%. 
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3.5 Flow behavior in porous media 

 

The flow behavior of the SAP systems was evaluated in porous media to determine the 

effectiveness of the SAP as mobility control agent. The flow injection rate of the polymer 

solutions was calculated to render an average linear velocity of 1 ft/day.  Figure 12 

presents a simplified diagram of the experimental setup used during the displacement 

tests.  

 

Figure 12: Sandpack flooding experimental set-up 
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The procedure followed during the displacement tests is as follows:  

1. The core holder sleeve was vertically packed using sand and hammered to the level 

of the sleeve and fixed steel, which is about 5cm distance from top of the sleeve, then 

the sleeve was placed horizontally into the body of the core holder. The sandpack over 

burden pressure was kept at a constant pressure of 550 psig and the experimental run 

were conducted at 25oC. 

2. The pore volume and permeability of the sandpack to brine were determined.  

3. The volume of the SAP systems and the baseline polymer injected was 3 pore volumes 

(PVs) in all the experimental runs. During this stage, the pressure along the core holder 

was measured. This step lasted for about 9 hours for each run. The polymeric systems 

used during the porous media displacement tests were also characterized through 

rheology.  

4. Brine injection was conducted after the injection of polymer to determine the retention 

of polymer within the sand pack. Brine injection was conducted until the differential 

pressure (ΔP) across the porous media was constant.  

5. Each experiment was conducted by duplicated and various salinities and hardness 

concentrations were evaluated: 1.4, 2.1, and 8.3 wt%. A total of 12 displacement tests 

were conducted. Each run lasted for a period of a week approximately. 

6. The data obtained from the porous media displacement tests was used to quantify the 

resistance factor (RF) and the residual resistance factor (RRF). 

 

 

 



35 
 

3.6 Thermal stability 

 

A total of 90 SAP samples were tested for thermal stability of all polymer. These samples 

were prepared in 8.4wt% brine. All samples were placed in an oven at a constant 

temperature of 900C for a period of 12 weeks to establish the polymeric systems stability 

at high temperatures. Every 2 weeks a set of samples were retrieved from the over for 

rheological analysis. 

3.7 Mechanical Stability 

 

The mechanical stability of the SAP systems (50ppm and 8000ppm) were measured using 

oscillatory analysis under different shear rate cycles. All samples were exposed to low 

and high shear rate in 3 steps at pre-established periods of time as follows:   

 Step 1: 6% strain during 20 minutes (Viscolinear region) 

 Step 2: 1000% strain during 10 minutes (Outside of the viscolinear region) 

 Step 3: 6 % strain during 20 minutes (Viscolinear region) 

The objective of this evaluation was to determine the reformability of the SAP systems 

after subjected to significant shear rates. Therefore, if the polymer chains are broken down 

under the influence of the high shear rate they will not reform to the original state in the 

low shear rate cycle or step 3. 
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Chapter 4: Results and Discussion  

 

4.1 Formulation of the Self-Assembly Polymeric Systems  

This section presents step by step the process followed during the optimization of the SAP 

system. The concentration of surfactant and β-CD at a fix molar ratio of 2 to 1, was 

evaluated from 100 ppm to 1500 ppm. These concentrations were added to a polymer 

solution containing a polymer concentration of 1wt %. Figures 13 and 14 summarize these 

experimental results by plotting the elastic modulus (G’) and viscous modulus (G”) as a 

function of angular frequency and surfactant:-CD concentration. Figure 13 and 14 shows 

that the baseline polymer outperforms all the SAP systems in terms of the elastic and 

viscous modulus.  

 

Figure 13: Elastic Modulus (100-1500 ppm) 
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Figure 14: Viscous Modulus (100-1500 ppm) 

The next experimental step was the evaluation of the polymeric systems at lower 

concentrations of surfactant:-CD blends below 100 ppm since it displayed the closest 

concentration approaching the baseline performance. 

Figures 15 and 16 show that the system outperforming the baseline polymer lies between 

the lower limit of 25 ppm and an upper limit of 100 ppm. The best performance of the 

polymeric systems was around 50 ppm of the surfactant:-CD blend, which outperforms 

the baseline polymers in terms of the elastic and viscous performance; which ensures 

better self-assembling capabilities. A superior viscoelasticity of HPAM at a fixed polymer 
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replicated several times, including independent formulations by a third party in order to 

confirm these observations. 

 

Figure 15: Elastic Modulus (25-100 ppm) 

 

Figure 16: Viscous Modulus (25-100 ppm) 
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Further experimental runs were performed to establish with more precision the optimum 

concentration of the surfactant and -CD. The experimental observations confirmed that 

50 ppm rendered the best performance at different polymer concentrations: 0.6, 0.8, 1, 

1.2, 1.4 wt.%.  Therefore, a concentration of surfactant and -CD of 50 ppm was finally 

selected as the optimum concentration based on the rheological data.  Figures 17 displays 

these experimental results and demonstrates that 50 ppm shows the optimum 

performance. Figures 18 to 20 shows the performance of the optimum surfactant and -

CD concentration of 50 ppm at different polymer concentrations to determine the 

optimum polymer concentration at which the SAP system displays the most appropriate 

viscoelastic properties.  The experimental observations (Figs. 15 to 17) demonstrate that 

1 wt% HPAM renders better elasticity than 1.2 wt%; while there is no significant 

difference in terms of viscous modulus. Therefore, a SAP system of the following 

formulation: 1 wt% HPAM, 50 ppm surfactant, and 50 ppm -CD was selected to be the 

optimum blend.  

 

Figure 17: Surfactant:-CD Blend Optimization 
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 Table 5: Viscoelasticity data of 50 ppm (selected optimum) 

 

Results for 50 ppm - Optimum Value  

Samples 
 Frequency 

rad/s 

Temperature 

°C 

Shear Stress 

Pa Strain   

Viscous 

Modulus Pa 

Elastic 

Modulus 

 Pa 

1, 1 0.01 25 0.01 0.10 0.03 0.04 

1, 2 0.02 25 0.01 0.10 0.03 0.04 

1, 3 0.03 25 0.01 0.10 0.05 0.04 

1, 4 0.04 25 0.01 0.10 0.08 0.05 

1, 5 0.07 25 0.01 0.10 0.12 0.06 

1, 6 0.11 25 0.02 0.10 0.17 0.09 

1, 7 0.18 25 0.03 0.10 0.24 0.13 

1, 8 0.30 25 0.04 0.10 0.34 0.20 

1, 9 0.48 25 0.05 0.10 0.45 0.30 

1, 10 0.78 25 0.07 0.10 0.58 0.44 

1, 11 1.27 25 0.09 0.10 0.74 0.62 

1, 12 2.07 25 0.12 0.10 0.91 0.85 

1, 13 3.36 25 0.14 0.10 1.11 1.14 

1, 14 5.46 25 0.15 0.10 1.32 1.49 

1, 15 8.86 25 0.16 0.10 1.56 1.90 

1, 16 14.4 25 0.41 0.10 1.80 2.34 

1, 17 23.4 25 1.33 0.10 2.08 2.79 

1, 18 37.9 25 3.89 0.10 2.31 3.08 

1, 19 61.6 25 10.77 0.10 1.68 2.94 

1, 20 100 25 28.99 0.10 1.00 1.74 
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Figure 18: Polymer concentration optimization for 50 ppm SAP (0.6 and 0.8 HPAM wt%) 
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Figure 19: Polymer concentration optimization (1.2 and 1.4 HPAM wt%) 

 

Figure 20: Polymer concentration optimization (1 wt% HPAM and 50 ppm) 

The optimum value is 1wt% HPAM with 50 ppm due to the ability of viscosity regain as 

shown in figure 20 above. Viscosity gain of 1 wt% is almost twice the value of 1.2 wt% 

and 1.4 wt%.  
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4.2 Salinity Tolerance  

 

Salinity as NaCl and the presence of divalent cations in the aqueous media affect the 

stability and viscosity of the polymer solutions. Therefore, the behavior of the optimum 

SAP was evaluated under various salinities and hardness concentrations. 

Figure 21 shows the behavior of both SAP systems (i.e. 50 ppm and 8000 ppm) and the 

baseline polymer. The baseline case (i.e. distilled water) displays the highest viscous 

modulus and elastici modules if compared with the SAP systems. These results clearly 

show the screening effect that the electrolytes added to the systems with the surfactant 

(i.e. Na+ from the dissociation of the surfactant molecule) induced on the negative charges 

of the polymer molecules causing it to coil, which reduces the viscosity and elasticity of 

the SAP systems below the baseline. 

 

Figure 21: Salinity Tolerance - Distilled Water 
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However, Figure 22 shows that at higher salinities (2.1 wt%), both SAPs retain their 

performance above the baseline polymer. The performance of the 50 ppm SAP and the 

8000 ppm SAP is very similar, with the viscoelastic performance of the 8000 ppm SAP 

slightly higher than the performance of the 50 ppm, which makes this the preferred self-

assembly system because it uses the minimum amount of surfactant and -CD. Figures 

22 to 25 plots these experimental results. It seems that the optimum SAP (i.e. 50 ppm) 

shows greater stability at higher brine concentrations and it gradually losses stability at 

salinities concentration of 6.3 and 4.3 wt%. However, the experimental observations (Figs 

22 to 25) indicate that the performance of the SAP is regained at lower salinity 

concentrations (i.e. 2.1 wt%).  

      

Figure 22: Salinity Tolerance at 2.1wt% Brine 
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Lower salinity concentrations were tested in this work to determine the SAP performance 

as a function of salinity. The salinities tested were 0.84, 1.05, 1.4, 2.1 to 8.3 wt%. These 

experimental runs were replicated. The performance of the optimum SAP system at 50 

ppm and the performance of a previous optimum (SAP 8000 ppm) obtained from 

preceding research as a function of salinity were determined through rheological analysis. 

Figure 23 presents the performance of the SAP systems at 1.4% brine salinity, in which 

the best performance is demonstrated by the optimum SAP of 50 ppm.  

 

Figure 23: 50 ppm vs 8000 ppm at 1.4 wt% Brine. 
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It is shown that the optimum SAP (i.e. 50 ppm) formulation shows a better performance 

than the previous SAP (8000 ppm). These observations are significant because they 

indicate that at higher salinities the optimum SAP system (i.e. 50 ppm) is more stable 

exhibiting tolerance to high salinity (8.3 wt%) environments. 

 

Figure 24: Salinity Tolerance at 8.3 wt% Brine 
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4.3 Flow Behavior in Porous Media  

 

Figure 25 provides the values of resistance factor (RF) for the optimum SAP formulation 

prepared in 2.1 wt% brine, which develops higher pressures during its propagation 

through porous media indicative of higher resistance to flow (reduced mobility) compared 

to the propagation of the baseline polymer. Mobility is reduced by viscosity increased and 

exhibit high RF values which indicated better polymer propagation in porous media. 

 

Figure 25: Resistance Factor 2.1wt% Brine (Baseline vs SAP) 

 

Figure 26 presents the residual resistance, RRF, of the SAP system formulated in a 2.1 

wt% brine as a function of pore volume of fluid injected.  The experimental observations 

indicate that the optimum SAP system shows a lower RRF (2.7) when compared with the 

baseline polymer. This indicates that the optimum SAP system causes lower permeability 

reduction than the baseline polymer.  
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Table 6 shows the tabulated data for obtaining RF and RRF values at 2.1 wt% brine and 

at 8.3 wt % brine. The increase at RF values indicated better polymer propagation in 

porous media and decrease at RRF values indicated lower polymer retention. 

Table 6: RF and RRF (baseline and optimum) at 2.1 wt % brine 

Tabulated data for RF and RRF at 2.1 wt % brine and 1 wt % HPAM 

Resistance Residual Factor (psi) Resistance factor (psi) 

RRF (baseline) RRF (50 ppm) RF (baseline) RF (50 ppm) 

1810 1072.5 9.7 48.3 

901.1 318.9 23.3 360.4 

720.9 202.9 391.3 720.9 

540.7 173.9 521.8 1225.5 

432.5 159.4 623.2 1477.8 

432.5 159.4 681.2 1622.0 

432.5 144.9 681.2 1748.2 

396.5 144.9 710.2 1874.3 

396.5 144.9 710.2 1874.3 

 

Table 7: RF and RRF (baseline and optimum) at 8.3 wt % brine 

Tabulated data for RF and RRF at 8.3 wt % brine and 1 wt % HPAM 

Resistance Residual Factor (psi) Resistance factor (psi) 

RRF (baseline) RRF (50 ppm) RF (baseline) RF (50 ppm) 

1072.5 2811.3 10.2 50.4 

1025.1 1009.5 23.6 570.4 

797.6 576.2 637.8 1225.5 

753.1 432.6 942.1 1870.3 

681.5 365.4 10.14.2 2523.2 

652.7 360.5 1058.2 2703.3 

652.4 358.1 1115 2757 

623.4 354.6 1101 2811 
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Figure 26: RRF - Indicator of permeability reduction 

Similarly, the optimum SAP system was injected in the sandpack at the same conditions 

but at higher salinity (8.3wt% brine). Figure 27 plots the resistance factor, RF, versus 

volume of fluid injected in PV. The optimum SAP system shows greater values of RF 

than the baseline polymer, which again indicates that the SAP systems offers a better 

mobility control in porous media.  

 

Figure 27: RF (SAP vs baseline) 8.3 wt% Brine 
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Figure 28 displays the residual resistance factor or RRF as a function of volume of fluid 

injected. The optimum SAP system causes a lower RRF than the baseline polymer, which 

indicates that the self-assembly system shows less overall retention within the porous 

media. 

 

Figure 28: RRF at 8.3wt% Brine 

 

Figures 29 and 30 plot RF and the RRF of the optimum SAP system and the baseline 

polymer as a function of volume of fluid injected at 1.4 wt% brine salinity, respectively. 
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1

10

100

1000

10000

0.00 0.50 1.00 1.50 2.00 2.50

R
es

id
u

al
 R

es
is

ta
n

ce
 F

ac
to

r,
 R
R
F

Pore Volume of Injected Fluid, PV

Optimum Baseline



51 
 

 

 

Figure 29: RF for 1.4 wt% Brine (SAP vs baseline) 

 

 

Figure 30: RRF for 1.4 wt% Brine (SAP vs baseline) 
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4.4 Thermal Stability  
 

Thermal stability is important during polymer flooding. Therefore, the thermal stability 

of the optimum SAP (i.e. 50 ppm) formulation was evaluated. A total of 90 samples 

containing the polymeric systems (50 ppm, 8000 ppm, and baseline) were prepared at five 

different salinity concentrations (DW, 2.1, 4.3, 6.3, and 8.3wt%). These samples were 

place in an oven at 900C for a period of three months. The experimental results indicated 

that the previous developed SAP- 8000 ppm significant degraded showing precipitation 

of solid material and the solution turned dark. The SAP formulated in this work (i.e. 50 

ppm) proved to be more thermally stable as shown in Figures 31 and 32. The appearance 

of the baseline polymer started to change after 8 weeks of testing. Similar results were 

obtained for the SAP-50 ppm after 12 weeks of testing. These observations indicate that 

the optimum SAP system formulated in this work showed greater thermal stability than 

the SAP- 8000 ppm and the baseline polymer. The thermal stability of the polymeric 

systems evaluated was quantified through rheological analysis. Figures 33, 34, and 35 

plots the elastic modulus (G’) and the viscous modulus (G”) of the polymer samples after 

2, 6, and 10 weeks of testing. The rheological analyses clearly indicate that the optimum 

SAP formulation is the most stable structure and tolerant to high temperatures 

environments. It seems that self-assembly provides protection to the polymer structure 

and enables it to function even at high temperatures. Figures 33 to 35 also demonstrate 

that the optimum SAP-50 ppm performed better at high brine salinities. These results also 

confirmed the superior performance and stability of optimum SAP system that is in 

agreement with its improved salinity tolerance, mechanical stability, and its superior 

functionality as mobility control agent during it propagation through porous media. 
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Figures (36 and 37) summarize the results of thermal tolerance in terms of G' and G"   as 

function of time in weeks at 7 s-1. 

   

Figure 31: Thermal Stability - Week # 2  

     

Figure 32: Thermal Degradation of SAP -8000 ppm (Week # 12) 
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Figure 33: Thermal stability- Week # 2 
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Figure 34: Thermal stability - Week # 6 
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Figure 35: Thermal stability- Week # 10 
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In table 8, temperature profile is presented for weeks 2, 6, and 10 for samples of various 

salinity levels. In the case of zero salinity (distilled water), values of optimums (50 ppm) 

exhibit almost twice resistance as baselines in the absence of divalent ions present in brine 

which makes the viscoelasticity enhancement. For 2.1 wt% brine, optimum is still 

showing higher temperature resistance even in the presence of salt which is more 

challenge to the system since it is affected more at high temperatures. For 6.3 wt%, a 

slight improvement at some weeks and solutions start to loss viscoelasticity at longer 

temperature exposure at week 10. In the case of high salt level like 8.3 wt%, 50 ppm is 

showing the best performance which proves the more superior stability of molecular 

structure caused by self-assembly systems. Hydrolysis reactions of the amide pendant 

groups present at polymers structure is significant reaction that determine polymers 

resistance to high temperatures. At high-temperature reservoir that contains a significant 

concentration of hardness divalent ions in the formation water. HPAM polymer will 

undergo a phase change to an undissolved solid state that causes the polymer to precipitate 

and subsequently the polymer loses its viscosity-enhancing properties. 

 Table 8: Tabulated data for temperature profile over weeks 2, 6, and 10 

 

  Elastic Modulus (Pa) Viscous Modulus (Pa) 

weeks 2 6 10 2 6 10 

DW (Base) 0.01 0.006 0.004 0.008 0.002 0.002 

DW (OPT) 0.02 0.1 0.02 0.02 0.005 0.01 

2.1% (Base) 0.035 0.009 0.003 0.06 0.006 0.009 

2.1 % (OPT) 0.08 0.15 0.006 0.1 0.02 0.01 

6.3 % (Base) 0.0065 0.03 0.004 0.01 0.005 0.006 

6.3 % (OPT) 0.0085   0.045 0.007 0.008 0.009 0.01 

8.3 % (Base) 0.015 0.05 0.06 0.006 0.002 0.007 

8.3 % (OPT) 0.04 0.13 0.15 0.01 0.009 0.09 
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Figure 36: Thermal Stability - Elastic Modulus 
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Figure 37: Thermal Stability - Viscous Modulus 
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4.4 Mechanical Stability 
 

Mechanical Stability is also important during polymer flooding. In this research, the 

mechanical stability of the polymeric systems was evaluated through rheology by 

subjecting the polymeric systems under evaluation to a cycle of shear rates in  3 steps 

as follows:   

 Step 1: 6% strain during 20 minutes 

 Step 2: 1000% strain during 10 minutes 

 Step 3: 6 % strain during 20 minutes 

Figures 38 and 39 show the experimental results of the mechanical degradation tests 

by plotting the corresponding G’ and G” as functions of time for steps 1 and 3. The 

optimum SAP-50 ppm system shows to be more mechanically stable than the SAP-

8000 ppm. The optimum SAP-50 ppm exhibits a better elasticity and lower viscosity 

loss than the SAP-8000 ppm. Therefore, the optimum SAP system formulated in this 

work shows mechanical stability. 
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Figure 38:  Mechanical Stability - Elastic Modulus  
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Figure 39: Mechanical Stability - Viscous Modulus 
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Chapter 5: Conclusions and Recommendations  

 

In this chapter, the main findings of research are discussed as follow: 

 

Previous research work aimed at finding 8000 ppm as the selected value of complex 

(surfactant, βeta-cyclodextrin, and HPAM polymer) that exhibited better performance 

than baseline. Another finding was the optimum molar ratio between surfactant and 

βeta-cyclodextrin which is 2:1 and it showed the best stable structure. For this 

research, the primary goal was the optimization of self-assembling polymer networks 

systems with outstanding properties to improve oil recovery through polymer 

flooding. Lowering added chemicals (surfactant, βeta-cyclodextrin, and HPAM 

polymer) was the main factor at determining the selected optimum value which is 50 

ppm at 1 wt% HPAM. 

 

It is also notable that self-assembly polymeric systems are an advancement in the 

science of polymer flooding and results in a significant contribution to unique 

viscoelastic properties, stability to mechanical shear, thermal stability, and tolerance 

to high electrolyte concentration in reservoir brines.The selection of a particular 

polymer system depends primarily on the oil reservoir conditions and the target EOR 

application. HPAM was the tested polymer against self-assembly polymer systems. 

The optimum formulation of the SAP system (i.e.50 ppm) developed in this work 

shows thermal stability, mechanical stability, and tolerance to high brine salinities and 

hardness than the baselines and also better than 8000 ppm in certain cases.  
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The optimum SAP system shows appropriate propagation in porous media, superior 

mobility control, and lower retention within the porous media than the baseline 

polymer. The decreased mobility caused by viscosity adjustment improves the 

propagation of polymer’s solution in oil reservoirs. The optimum (50 ppm) showed 

higher performance to high salinity levels such as 8.3 wt% and better performance 

than 8000 ppm which is expensive. This clearly indicated the benefits of self-assembly 

polymer systems for thermal stability test, samples of 8000 ppm degraded and had 

polymer break and precipitation and particle separation due to increased amount of 

used surfactant at high temperatures. Samples of 50 ppm exhibited better performance 

and proved to be more thermally stable under high temperatures with various salinity 

levels. 

 

Recommendations  

For the future development of the research, the following recommendations are 

encouraged to be part in future studies:  

 

 Conducting heavy oil experiments to prove the enhancement of SAP in producing 

incremental oil recovery. 

 Better characterization of the self-assembly polymeric chemical structure through 

molecular interactions modeling. 

 Evaluate the optimum SAP formulation developed in this research using other 

polymers such as the biopolymer Xanthan gum. 

 



65 
 

6. References  

 

1. Wei, Bing, Laura Romero‐Zerón, and Denis Rodrigue. "Novel self‐assembling 

polymeric system based on a hydrophobic modified copolymer: formulation, 

rheological characterization, and performance in enhanced heavy oil 

recovery." Polymers for Advanced Technologies 25, no. 7 (2014): 732-741. 

2. Wei, Bing, Laura Romero-Zerón, and Denis Rodrigue. "Oil displacement mechanisms 

of viscoelastic polymers in enhanced oil recovery (EOR): a review." Journal of 

Petroleum Exploration and Production Technology 4, no. 2 (2014): 113-12. 

3. Seright, Randall S., Tianguang Fan, Kathryn Wavrik, and Rosangela de Carvalho 

Balaban. "New insights into polymer rheology in porous media."SPE Journal 16, no. 

01 (2011): 35-42. 

4. Romero-Zerón, Laura. “Enhanced Oil Recovery.” Lecture, course from University of 

New Brunswick, Fredericton, NB, September, 2013.  

5. Wei, Bing, Laura Romero-Zerón, and Denis Rodrigue. "Evaluation of Two New Self-

assembly Polymeric Systems for Enhanced Heavy Oil Recovery."Industrial & 

Engineering Chemistry Research 53, no. 43 (2014): 16600-16611. 

6. Wei, Bing. "β-Cyclodextrin associated polymeric systems: Rheology, flow behavior 

in porous media and enhanced heavy oil recovery performance."Carbohydrate 

polymers 134 (2015): 398-405. 

7. Seright, Randall S., Andrew Campbell, Peter Mozley, and Peihui Han. "Stability of 

partially hydrolyzed polyacrylamides at elevated temperatures in the absence of 

divalent cations." Spe Journal 15, no. 02 (2010): 341-348. 

8. Shah, Dinesh Ochhavlal, ed. Improved oil recovery by surfactant and polymer 

flooding. Elsevier, 2012. 



66 
 

9. Wei, Bing, Laura Romero-Zerón, and Denis Rodrigue. "Mechanical properties and 

flow behavior of polymers for enhanced oil recovery." Journal of Macromolecular 

Science, Part B 53, no. 4 (2014): 625-644. 

10. Jung, Jae Chul, Ke Zhang, Bo Hyun Chon, and Hyoung Jin Choi. "Rheology and 

polymer flooding characteristics of partially hydrolyzed polyacrylamide for enhanced 

heavy oil recovery." Journal of Applied Polymer Science 127, no. 6 (2013): 4833-

4839. 

11. Terry, Ronald E. "Enhanced oil recovery." Encyclopedia of physical science and 

technology 18 (2001): 503-518. 

12. Alvarado, Vladimir, and Eduardo Manrique. "Enhanced oil recovery: an update 

review." Energies 3, no. 9 (2010): 1529-1575. 

13. Wei, Bing, Laura Romero‐Zerón, and Denis Rodrigue. "Formulation of a Self‐

Assembling Polymeric Network System for Enhanced Oil Recovery 

Applications." Advances in Polymer Technology 33, no. 3 (2014). 

14. Sabhapondit, Anupom, Arun Borthakur, and Inamul Haque. "Characterization of 

acrylamide polymers for enhanced oil recovery." Journal of applied polymer 

science 87, no. 12 (2003): 1869-1878. 

15. Lee, Yoon S. Self-assembly and nanotechnology: a force balance approach. John 

Wiley & Sons, 2008. 

16. Nasr, Tawfik Noaman, and Oluropo Rufus Ayodele. "Thermal techniques for the 

recovery of heavy oil and bitumen." In SPE International Improved Oil Recovery 

Conference in Asia Pacific. Society of Petroleum Engineers, 2005. 

17. Seright, Randall. "Potential for polymer flooding reservoirs with viscous oils."SPE 

Reservoir Evaluation & Engineering 13, no. 04 (2010): 730-740. 

18. Zhang, Zhen, Jiachun Li, and Jifu Zhou. "Microscopic roles of “viscoelasticity” in 

HPMA polymer flooding for EOR." Transport in porous media 86, no. 1 (2011): 199-

214. 

19. Taber, Joseph John, F. D. Martin, and R. S. Seright. "EOR screening criteria revisited-

Part 1: Introduction to screening criteria and enhanced recovery field projects." SPE 

Reservoir Engineering 12, no. 03 (1997): 189-198. 



67 
 

20. Han, Ming, Wentao Xiang, Jian Zhang, Wei Jiang, and Fujie Sun. "Application of 

EOR technology by means of polymer flooding in Bohai Oilfields." In International 

Oil & Gas Conference and Exhibition in China. Society of Petroleum Engineers, 

2006. 

21. Shaker Shiran, Behruz, and Arne Skauge. "Enhanced oil recovery (EOR) by combined 

low salinity water/polymer flooding." Energy & Fuels 27, no. 3 (2013): 1223-1235. 

22. Shutang, Gao, and Gao Qiang. "Recent progress and evaluation of ASP flooding for 

EOR in Daqing oil field." In SPE EOR Conference at Oil & Gas West Asia. Society 

of Petroleum Engineers, 2010. 

23. Shen, Pingping, Jialu Wang, Shiyi Yuan, Taixian Zhong, and Xu Jia. "Study of 

enhanced-oil-recovery mechanism of alkali/surfactant/polymer flooding in porous 

media from experiments." Spe Journal 14, no. 02 (2009): 237-244. 

24. Jin-gang, N. I. U. "Practices and understanding of polymer flooding enhanced oil 

recovery technique in Daqing oilfield [J]." Petroleum Geology & Oilfield 

Development in Daqing 5 (2004): 024. 

25. Littmann, Wolfgang. Polymer flooding. Vol. 24. Elsevier, 1988. 

26. Seright, Randall. "Potential for polymer flooding reservoirs with viscous oils."SPE 

Reservoir Evaluation & Engineering 13, no. 04 (2010): 730-740. 

27. Seright, Randall Scott, James M. Seheult, and Todd Talashek. "Injectivity 

characteristics of EOR polymers." In SPE annual technical conference and exhibition. 

Society of Petroleum Engineers, 2008. 

28. Wang, Dongmei, Peihui Han, Zhenbo Shao, and Randall Scott Seright. "Sweep 

improvement options for the Daqing oil field." In SPE/DOE symposium on improved 

oil recovery. Society of Petroleum Engineers, 2006. 

29. Seright, Randall, Guoyin Zhang, Olatokunbo Akanni, and Dongmei Wang. "A 

comparison of polymer flooding with in-depth profile modification." Journal of 

Canadian Petroleum Technology 51, no. 05 (2012): 393-402. 

30. Wang, Dongmei, Randall Scott Seright, Zhenbo Shao, and Jinmei Wang. "Key 

Aspects of Project Design for Polymer Flooding." In SPE Annual Technical 

Conference and Exhibition. Society of Petroleum Engineers, 2007. 



68 
 

31. Manichand, Renuka N., Moe Soe Let, P. Kathleen, Ludwig Gil, Bernard Quillien, and 

Randall S. Seright. "Effective propagation of HPAM solutions through the 

Tambaredjo reservoir during a polymer flood." SPE Production & Operations 28, no. 

04 (2013): 358-368. 

32. Sydansk, Robert D. Reservoir conformance improvement. Society of Petroleum 

Engineers, 2011. 

33. Wassmuth, F. R., K. Green, W. Arnold, and N. Cameron. "Polymer flood application 

to improve heavy oil recovery at East Bodo." Journal of Canadian Petroleum 

Technology 48, no. 02 (2009): 55-61. 

34. Wassmuth, Fred Rolf, Ken Green, and Jen Bai. "Associative Polymers Outperform 

Regular Polymers Displacing Heavy Oil in Heterogeneous Systems." In SPE Heavy 

Oil Conference Canada. Society of Petroleum Engineers, 2012. 

35. Gao, Chang Hong. "Scientific research and field applications of polymer flooding in 

heavy oil recovery." Journal of Petroleum Exploration and Production Technology 1, 

no. 2-4 (2011): 65-70. 

36. Gao, Chang Hong. "Advances of polymer flood in heavy oil recovery." In SPE heavy 

oil conference and exhibition. Society of Petroleum Engineers, 2011. 

37. Sorbie, Kenneth S. Polymer-improved oil recovery. Springer Science & Business 

Media, 2013. 

38. Doorwar, Shashvat, and Kishore K. Mohanty. "Viscous fingering during non-thermal 

heavy oil recovery." In SPE Annual Technical Conference and Exhibition. Society of 

Petroleum Engineers, 2011. 

39. Fletcher, Philip, Sygifredo Cobos, Cory Jaska, Jeffrey Paul John Forsyth, Michael 

Crabtree, Nicolas Gaillard, and Cedrick Favero. "Improving heavy oil recovery using 

an enhanced polymer system." In SPE Improved Oil Recovery Symposium. Society of 

Petroleum Engineers, 2012. 

40. Taylor, Kevin C., and Hisham A. Nasr-El-Din. "Water-soluble hydrophobically 

associating polymers for improved oil recovery: A literature review." Journal of 

Petroleum Science and Engineering 19, no. 3 (1998): 265-280. 



69 
 

41. Gao, Changhong. "Viscosity of partially hydrolyzed polyacrylamide under shearing 

and heat." Journal of Petroleum Exploration and Production Technology 3, no. 3 

(2013): 203-206. 

42. Sheng, James J., Bernd Leonhardt, and Nasser Azri. "Status of polymer-flooding 

technology." Journal of Canadian Petroleum Technology 54, no. 02 (2015): 116-126. 

43. Delamaide, Eric. "Polymer Flooding of Heavy Oil-From Screening to Full-Field 

Extension." In SPE Heavy and Extra Heavy Oil Conference: Latin America. Society 

of Petroleum Engineers, 2014. 

44. Sedaghat, Mohammad Hossein, Mohammad Hossein Ghazanfari, Mohammad 

Parvazdavani, and Saeid Morshedi. "Experimental investigation of 

microscopic/macroscopic efficiency of polymer flooding in fractured heavy oil five-

spot systems." Journal of Energy Resources Technology 135, no. 3 (2013): 032901. 

45. Levitt, David, Maurice Bourrel, Igor Bondino, Stephane Jouenne, and Jean-Phillipe 

Gingras. "The interpretation of polymer coreflood results for heavy oil." In SPE 

Heavy Oil Conference and Exhibition. Society of Petroleum Engineers, 2011. 

46. Muggeridge, Ann, Andrew Cockin, Kevin Webb, Harry Frampton, Ian Collins, Tim 

Moulds, and Peter Salino. "Recovery rates, enhanced oil recovery and technological 

limits." Phil. Trans. R. Soc. A 372, no. 2006 (2014): 20120320. 

47. Donaldson, Erle C., George V. Chilingarian, and Teh Fu Yen, eds. Enhanced oil 

recovery, II: Processes and operations. Vol. 17. Elsevier, 1989. 

 

 

 

 

 

 

 

 

 



 

 

Curriculum Vitae 

 

Candidate’s full name: Salman Alribi 

University of New Brunswick (2009-2013), B.S. Chemical Engineering 

Publications: None 

Conference Presentations: None  

 


