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ABSTRACT 

 

Polymer flooding is the simplest and one of the most widely used chemical 

Enhanced Oil Recovery (EOR) techniques.  Viscoelasticity of polymers is 

known to contribute significantly towards improved displacement efficiency in 

polymer flood operations. But the contribution of elasticity of viscoelastic 

polymers in EOR still remains largely unexplored.  

 

This study aims to delineate and investigate the individual effects of elasticity of 

partially hydrolyzed polyacrylamide (HPAM) polymer towards improved oil 

recovery. This was achieved by formulating polymers such that they have same 

average molecular weight (shear viscosity) but different molecular weight 

distribution (elasticity). Series of linear and radial core flooding experiments 

were conducted along with visual analysis.  

 

Results from the experiments indicate that, polymer with higher elasticity gives 

higher recovery. Considering the molecular weight distribution together with 

average molecular weight seems to be a better approach for screening polymer 

for EOR. Elasticity of polymer solutions could well be used as a screening 

criterion for EOR applications.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview and Background 

 

Fast depleting oil reserves coupled with ever increasing demand for energy is 

pushing the modern technology, as we know today, to its brink. More than two 

decades ago, in an article, Menard (1981) predicted that the probability of 

discovering new oil fields with an oil content of more than 100 billion barrels is 

very low. As we are witnessing today, the rate of replacement of the produced 

reserves by new discoveries has been declining steadily. This scenario leads to 

the conclusion that the demand for oil may not only be met by putting more 

efforts in exploration alone but also by improving the production techniques 

from known and existing reservoirs.  

 

Enhanced Oil Recovery (EOR) in recent years has gained tremendous 

importance due to fast depleting oil reserves worldwide. Major advances in 

technology and high oil prices have made more and more oil reservoirs as 

potential candidates for EOR applications. Improved/enhanced oil recovery 

comes into picture when primary and secondary recovery techniques have been 

applied and a considerable portion of original oil in place (OOIP) still resides in 

the reservoir.  

 

Every reservoir, whether mature, recently discovered or even yet to be 

discovered, are all potential candidates for EOR. During the past five decades or 
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so, an array of improved/enhanced oil recovery methods have been developed 

and applied to mature and mostly depleted oil reservoirs. These methods help 

improve the efficiency of oil recovery by extracting a good portion of oil left 

behind in the reservoir after primary and secondary recovery processes. Primary 

recovery process involves displacing oil from porous rocks in the reservoir 

towards the production well using its own reservoir energy such as natural water 

drive, gas-cap drive or gravity drainage. Primary methods extract only about 

30% to 40% of the original oil in place. In secondary recovery, a fluid (most 

commonly water) is injected into the reservoir in order to maintain reservoir 

pressure and continue oil displacement into the wellbore.  

 

During 1950s, waterflooding became a standard practice in order to maintain 

reservoir pressure and also to sweep out oil in more and more reservoirs. Since 

then waterflooding has been studied and applied to numerous fields worldwide 

with variable degree of success. A significant portion of oil would still be left in 

the reservoir upon completion of secondary recovery. EOR methods are then 

aimed at recovering this residual oil. Conventional oil production strategies have 

followed the order of primary depletion, secondary recovery and tertiary 

recovery processes. Transition from one recovery method to another occurs 

when the current method becomes uneconomical or the oil production rate drops 

to very low values. However, in many cases, applying tertiary recovery methods 

directly after the primary depletion have proved to be more efficient. EOR aims 

at extracting as much recoverable oil from the reservoir as possible.  
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Main categories of EOR methods include gas injection, chemical flooding and 

thermal processes. A summary of different stages involved in EOR methods is 

given in Fig. 1.1.  

 

 

Fig. 1.1 – Summary of EOR mechanisms (Kalifa and Aluhwal, 2008) 
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A large percentage of oil produced nowadays worldwide is through water 

flooding and one of the major concerns associated with water flooding is its poor 

sweep efficiency. Unfavorable mobility ratio causes water to channel through oil 

regions leaving a considerable portion of recoverable oil in the reservoir 

resulting in lower oil recoveries. Efficiency of a waterflood operation can be 

greatly improved by lowering the water-oil mobility ratio in the system. This is 

achieved by adding a suitable water-soluble polymer to injected water, which 

increases the viscosity of the injecting fluid. 

 

Polymer flooding is the simplest and most widely used chemical EOR technique. 

Ample polymer flooding projects have been conducted with different level of 

success ever since the technique was introduced 50 years ago. Some of the early 

pioneering work on polymer flood technology was done by authors such as, Pye 

(1964), Clay and Menzie (1966), Gogarty (1967), Armstrong (1967), Burick 

(1968), and Sandiford (1969). Importance of polymer flooding is evident from 

the fact that, currently, more oil is produced by polymer flooding than all of the 

other chemical EOR processes combined (Pope, 2011).  

 

Viscoelasticity is an intrinsic property of polymer solutions exhibiting both 

viscous and elastic characteristics when undergoing deformation. When such 

viscoelastic materials are subjected to sinusoidally oscillating stress, they behave 

in such a way that, they fall in between the categories of a perfectly elastic solid 

and a perfectly viscous liquid (Ferry, 1980). A good example is the flow of 
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fluids in a natural reservoir where the pore channels are usually tortuous and 

converging/diverging. Polymer solutions flowing through such sections are 

subjected not only to shear but also elongation in the direction of flow. Increase 

in viscosity caused by the elastic response of polymer molecules is termed as 

elastic viscosity or simply “viscoelasticity” (Chauveteau, 1981).  

 

Many authors in the past have reported that viscoelasticity of polymers helps to 

improve oil recovery in polymer flooding operations. Understanding the 

rheological properties and behavior of viscoelastic polymers under different 

reservoir conditions is very important in order to get the best out of viscoelastic 

polymers, which would result in better recovery performance.    

 

1.2 Problem Statement 

 

It is a common practice to select a polymer based on the viscosity range, 

concentration and average molecular weight without giving much emphasis on 

how the rheological characteristics of polymers actually affect the oil recovery. 

Recent studies, however, providing more information regarding the role of 

polymer solution rheology on sweep efficiency,  suggested  that selecting the 

type of polymer and understanding how its fluid rheology affects oil recovery 

are probably among the most critical factors that needs to be considered in 

designing a successful polymer flood operation. It is very important to device a 

general screening criterion for selecting polymers for EOR based on their 

rheological properties. 
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One key property of EOR polymers that makes polymer flooding one of the most 

widely used chemical EOR techniques is its viscoelasticity. Laboratory and field 

experiments along with numerical simulations have shown that the viscoelastic 

characteristics of polymer solutions help improve polymer flood efficiency 

(Masuda et al. 1992, Han et al. 1995, Wang et al. 2000, Zhang, 2007, Delshad et 

al. 2008, Dehghanpour and Kuru, 2009, Zhang et al. 2010). Through core 

flooding experiments and numerical simulation, Han et al. (1995) concluded that 

displacement efficiency of a polymer flood operation would reach its maximum 

when the viscoelastic property of polymer solution is brought into full play. As 

shown previously, extensive literature is available aimed towards understanding 

the role played by viscoelasticity of polymers in improving polymer flood 

efficiency. But the individual effect of elasticity of viscoelastic polymers on 

improved oil recovery remains vaguely understood. In this work, the individual 

effect of elasticity of partially hydrolyzed polyacrylamide (HPAM) solutions on 

sweep efficiency is studied by comparing the results of oil displacement by 

polymer solutions having similar shear viscosity but different elastic properties.  

 

Most chemical EOR processes involve one fluid displacing another with, more-

often-than-not, less viscous fluid displacing the more viscous one. Since less 

viscous fluid has the greater mobility, instabilities always exist. This inevitably 

causes viscous fingering to appear along the direction of flow. Majority of 

horizontal immiscible flooding experiments performed to date have described 

the mechanism of viscous fingering through more common governing factors 
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such as, viscosity ratio, capillary number difference, relative permeability, flow 

rate, interfacial tension etc. But what role does elasticity of polymers play, if 

any, in viscous fingering is a question that still needed to be answered. The role 

of elasticity on stability and polymer fingering has never studied before. 

Question such as, is there a fingering phenomenon due to difference in polymer 

elasticity and if so, what kind?, has not been addressed before. The effect of 

these probable fingers on recovery performance quantification also needs the 

understanding of mechanistic interpretation via visual inspection. An attempt has 

been made to answer these questions through core flooding experiments with 

visual analysis.  

 

1.3 Objectives and Methodology of the Study 

 

Objectives involved with this study were; 

 To device a polymer screening criteria for selecting polymers, that have 

same average molecular weight, based on their elasticity values.  

 To study the individual effect of elasticity of viscoelastic polymers on 

EOR 

 To conduct a detailed visual analysis on frontal displacement of oil by 

viscoelastic polymers during polymer flooding.  

The objectives were accomplished by adopting following methodology: 

1. Formulating HPAM solutions such that they have same average molecular 

weight (i.e., same viscosity) but different molecular weight distribution (i.e., 

different elasticity). 
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2. Studying the rheological characteristics of polymer solutions such as shear 

viscosity, elastic modulus and viscous modulus.  

3. Polymer flooding experiments using core holders specifically designed to 

simulate radial and linear flows. 

4. Analysis of experimental results, studying the performance of each type of 

polymer in terms of breakthrough and overall recoveries.  

5. Visual analysis of frontal displacement patterns after linear core flooding 

experiments.  

6. Drawing conclusions based on the findings from the flooding experiments 

and corresponding visual analysis. 

 

1.4 Structure of the Thesis 

 

Chapter 1 gives a brief overview and background of enhanced oil recovery, 

explains the aim of the research and methodology adopted to address the 

problem statement.   

 

Chapter 2 outlines a detailed literature review of main areas related to the theme 

of the research. It explains the concept of EOR, polymer flooding mechanism 

and terminologies, polymer screening criteria with several case studies and 

examples, structure and rheological properties of HPAM polymer, and finally a 

brief review of past polymer flooding field projects. 
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Chapter 3 provides the procedure for polymer solution preparation. Formulae 

involved and instruments used are explained. Methodology of polymer solution 

characterization is also provided. 

 

Chapter 4 is about the radial core flooding experiments. It describes the 

materials, equipment and procedures for conducting radial core flooding 

experiments. 

 

Chapter 5 discusses the results drawn from radial core flooding experiments. 

The results from rheological tests on HPAM solutions are explained. Detailed 

discussions on all the outcomes of radial core flooding experiments are 

presented.  

 

Chapter 6 describes another set of experiments involving visual study. Concept 

of visualization of displacement fronts involving two immiscible fluids is 

explained. It describes the materials, equipment and procedure for conducting 

linear core flooding visualization experiments. With the help of photographs, the 

mechanism of viscous fingering is explained. Detailed discussion of results from 

rheological characterization of HPAM polymers is given.  

 

Chapter 7 concludes the thesis with a summary of the experimental results and 

recommendations for further research. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Mechanism of Polymer Flooding 

 

Polymer flooding, also known as polymer-augmented water flooding is a 

chemical EOR method designed to alleviate the problems associated with 

conventional waterflood processes as a result of either unfavorable mobility ratio 

or reservoir heterogeneity.  

 

Fig. 2.1 – Polymer flooding process (Lindley, 2001) 

Water soluble polymers are added to injected water to decrease water-oil 

mobility ratio which would lead to better sweep efficiency and also more 

efficient oil displacement in the swept zone (Lake, 1989). Schematic of a typical 

field scale polymer flood process is shown in Fig. 2.1.   
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Since oil and water are immiscible fluids, neither one can completely displace 

the other under reservoir conditions. Oil is left behind in the reservoir after 

waterflood either because it is trapped by the capillary forces (residual oil) or 

because it somehow gets bypassed. Residual oil trapped in the pores is 

immobilized due to strong capillary forces (Dullien, 1979). In order to 

remobilize the trapped residual oil, the interfacial tension between oil and water 

phases must be lowered to a sufficiently low value. This can be achieved by 

adding a surfactant to the injecting fluid; but recovering residual oil by this 

method is the aim of low-tension surfactant flooding (Lake, 1989). Polymer 

flooding can neither reduce the interfacial tension to sufficiently low value nor 

greatly increase the viscous-to-capillary force balance between water and oil 

phases in the displacement; without which the residual oil cannot be mobilized. 

Hence, the target of polymer flooding is to recover that portion of oil that is 

bypassed by waterflood but does not include residual oil (Sorbie, 1991). Even 

though polymer flooding cannot reduce the residual oil saturation (Sor), it still is 

an effective way to reach the Sor more quickly or more economically (Du and 

Guan, 2004).  

 

Needham and Doe (1987) in their review concluded that, higher oil recovery 

resulting from polymer flooding over that of a conventional waterflooding could 

be through following three ways:  

(1) through the effects of polymer on fractional flow 

(2) by lowering water-oil mobility ratio 
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(3) through more efficient oil displacement in the swept zone.  

 

In order to fully understand and appreciate the mechanism of polymer flooding, 

it is very essential to first gain knowledge about some of the key concepts 

associated with polymer flooding, such as, mobility ratio, fractional flow, types 

of sweep efficiency (displacement efficiency and volumetric sweep efficiency) 

and resistance factor.  

 

2.1.1 Mobility Ratio 

 

Mobility ratio, M, is the ratio of mobility of displacing fluid to the mobility of 

displaced fluid. It is defined for waterfloods as follows: 

 

   
  

  
 

(
  

  
⁄ )

(
  

  
⁄ )

 (2.1) 

 where,  

o and w are the mobility of displaced fluid (oil) and the mobility of displacing 

fluid (water) respectively 

µo and µw are the viscosities of oil and water respectively 

ko and kw are the effective permeabilities of oil and water phases respectively. 
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A mobility ratio of greater than one indicates that water is more mobile than oil 

and it would finger through the oil zone leading to early breakthrough, 

consequently resulting in low displacement efficiency.  

If the mobility ratio is equal to or less than one, it is considered to be favorable 

for displacing oil. This is where polymer flooding comes into picture. As 

explained earlier, mobility ratio reduction is one of the main reasons why 

polymer flooding improves sweep efficiency and oil recovery over 

waterflooding. Fig 2.2 illustrates how mobility ratio influences oil recovery. 

  

                     (a)                                                               (b)  

Fig. 2.2 – Favorable and unfavorable mobility ratio effects on displacement 

efficiency (Kalifa, O. and Aluhwal, H. 2008) 

 

At unfavorable mobility ratios, as shown in Fig. 2.2 (a), the Buckley-Leverett 

theory of immiscible displacement (Buckley and Leverett, 1942) predicts that the 

displacing fluid (water in this case), due to its higher mobility, reaches the 
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producer well more rapidly causing breakthrough with a considerable “tailing” 

period of two-phase (oil/water) production after water breakthrough. Kumar et 

al. (2008) performed laboratory experiments to examine the performance of 

waterflood with unfavorable mobility ratios. They concluded that the 

displacement was dominated by viscous fingering, with mobile water 

significantly reducing the oil recovery. They strongly recommended that, 

improving the mobility ratio (e.g., by adding polymer) would improve reservoir 

sweep and recovery efficiency considerably. When polymer is added to the 

injecting fluid, it effectively reduces the mobility ratio and leads to more piston-

like displacement and higher recovery efficiency. This case is shown in Fig. 2.2 

(b). 

 

2.1.2 Fractional Flow 

 

Another important concept associated with two-phase immiscible flow is the 

fractional flow. In immiscible displacement processes, the mobility ratio does 

not remain constant. It varies with the saturation of the flowing phase. Assuming 

that water and oil are flowing simultaneously through a porous medium, the 

fractional flow equations for water and oil can be written as: 

 

    
  

     
  = 

 

   
      
      

 = 
 

   
 

 

 (2.2) 

    
  

     
 = 

 

   
      
      

 (2.3) 
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As discussed earlier, polymer added to the injection water increases water 

viscosity, µw, and reduces the relative permeability to water (through pore 

blocking). As a result, the denominator in Eq. 2.2 increases and the fractional 

flow of water decreases, which will improve the oil recovery performance.  

 

2.1.3 Resistance Factor 

 

The resistance factor is a term that is commonly used to indicate the resistance to 

flow encountered by a polymer solution as compared to the flow of plain water. 

For instance, a resistance factor of 5 means that, it is 5 times more difficult for 

the polymer solution to flow through the system than water. Since water has a 

viscosity of about 1 cp at room temperature and pressure, polymer solution, in 

this case, would flow through the porous medium as though it had an apparent 

viscosity of 5 cp even though the actual viscosity measured in a viscometer 

could be much lower. Resistance factor, thus, gives a good measure of the 

apparent viscosity of the polymer solution (Lyons, 2009). 

 

Resistance factor, Rf, can be defined as the ratio of mobility of water to the 

mobility of a polymer solution (Eq. 2.4). The residual resistance factor, Rrf, is 

the ratio of the mobility of water before to that after the injection of a polymer 

solution (Eq. 2.5).  

 

    
       

       
 

(2.4) 
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 (2.5) 

 

The residual resistance factor is a measure of the tendency of a polymer to 

adsorb into the pores and thus partially block the porous medium. This indicates 

that resistance factor has a pronounced influence on the permeability of the 

porous medium. Studies done by many authors (Chauveteau 1982, Cannella et 

al. 1988, Seright 1991) have proved the permeability dependency on resistance 

factor through correlations. This effect, in a way, is a desired phenomenon in 

flooding processes as it prolongs the characteristics of the polymer flood. 

(Littmann, 1988).  

 

2.1.4 Sweep Efficiency 

 

Sweep efficiency is an important factor that, in conjunction with mobility ratio, 

acts as a yardstick in judging the extent of success of a flooding process. The 

total efficiency factor, E, represents the fraction of original oil in place at the 

beginning of a secondary or tertiary displacement process, that can be recovered 

(Craft et al. 1991) (Neil et al. 1983).  

 

              (2.6) 

Where, ED, EAS and EVS are displacement efficiency, aerial sweep efficiency and 

vertical sweep efficiency respectively. Fig. 2.3 represents all three efficiencies in 

a reservoir. 
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Fig. 2.3 – Sweep efficiencies (Cosse, 1993) 

 

2.1.4.1 Displacement Efficiency (ED) 

 

Displacement efficiency or sometimes referred to as local or microscopic sweep 

efficiency is defined as the ratio of the amount of oil displaced to the amount of 

oil contacted by the displacing fluid (water or polymer).  It is a function of the 

pore size distribution of the contacted volume of the reservoir and is usually 

estimated in waterflooding and polymer flooding operations using water 

saturation behind the front at the time of breakthrough (Sw) and connate water 

saturation (Swi). 

 

   
       

     
 (2.7) 
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2.1.4.2 Volumetric Sweep Efficiency (EV) 

 

Volumetric sweep efficiency is the fraction of total reservoir volume that is 

swept by the injected fluids. Volumetric sweep efficiency is the sum of two 

factors: aerial sweep efficiency and vertical sweep efficiency (Eq. 2.8).    

                                                                                      

            (2.8) 

 

2.1.4.3 Aerial Sweep Efficiency (EAS) 

 

It is defined as the ratio of the area swept by the front to the total area. It depends 

on the time (volume injected), the well pattern, and also on the mobility ratio.  

 

Fig. 2.4 represents the aerial sweep efficiencies at different stages of a 

waterflood operation.  

 

Fig. 2.4 – Aerial sweep efficiency for a five-spot pattern waterflood process 

(Cosse, 1993) 

 

 

For the above case, aerial sweep efficiency equations can be written as, 
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 (2.9) 

 

2.1.4.4 Vertical (or invasion) Sweep Efficiency (EVS) 

 

It is defined as the ratio of area swept to the total area in the vertical direction of 

the swept layers. It depends on the vertical heterogeneity (different permeability, 

strata, drains and fractures) of the reservoir and these factors hinder the regular 

movement of the front and are detrimental to sweep (Cosse, 1993).  In many 

cases, vertical sweep efficiency determines the performance of a waterflood 

more than any other parameter.  

 

One of the main types of heterogeneity is the large scale layering, where high-

permeability strata may be laying adjacent to much lower permeability layers. 

This type of heterogeneity leads to early water breakthrough and hence poor 

vertical sweep efficiency, even if the mobility ratio is favorable (Sorbie, 1991). 

The role of polymer in such systems is to bring down the mobility ratio to much 

lower values (less than one), which improves the vertical sweep mainly as a 

result of viscous cross-flow effects (Clifford and Sorbie, 1985). 

 

2.2 Selection of an EOR Process and Polymer Screening Criteria 

 

Immediate question that arises after the primary depletion in a reservoir is; 

which EOR process to use and when? Providing a satisfactory answer to this 

question requires an integrated study of the reservoir and its characteristics. The 

study would typically involve answering the following basic questions: 
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 What is the current oil saturation? 

 What is the expected residual oil saturation after waterflooding? 

 What is the oil viscosity? 

 What is the permeability, porosity and how heterogeneous is the 

reservoir? 

 What type of fracturing is present in the reservoir?  

 

After these questions are addressed, economics of the selected EOR processes 

must be studied in detail. Based on simplified models and detailed reservoir 

simulations, a decision has to be made on whether the process would be 

profitable or not.  

 

Comprehensive screening guidelines for EOR techniques were provided by 

Aladasani and Bai (2010), and are given in Fig. 2.5. The table provides a range 

of oil and reservoir properties for various EOR methods.  
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Fig. 2.5 – Summary of EOR projects (Aladasani and Bai, 2010) 
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Kaminsky et al. in 2007 suggested a staged process for EOR project evaluation 

and development (Fig. 2.6). 

 

 

Fig. 2.6 - Staged process for EOR project evaluation and development 

(Kamisnky et al., 2007) 

 

After a decision to go ahead with the polymer flooding is made, the next step 

would be to screen and evaluate all possible EOR polymers. Because not all 

polymers are suitable for every reservoir, it is very important to conduct a 

detailed feasibility analysis before selecting a polymer for the given reservoir 

conditions.  
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Detailed screening criteria for polymers are given in Fig. 2.7. 

 

 

 Fig. 2.7 – Technical Screening Criteria for Polymer Flooding (Taber et al., 

1997) 

 

Polymer screening is only the first step in a polymer flooding project. After the 

preliminary screening is done, a detailed project evaluation and development 

follows. Kaminsky et al. in 2007 has outlined a staged process for polymer flood 

project evaluation and development and is given in Fig. 2.8. 



 

24 

 

 

Fig. 2.8 – Polymer project evaluation and development stages (Kamisnky et 

al., 2007) 

 

The first stage of this extensive process is preliminary screening, where based on 

the reservoir rock and fluid properties and data from similar fields, a potential 

candidate polymer for the given field is selected. The first stage is followed by 

preliminary analysis and detailed analysis, both comprising Stage 2 of the 

process. Here, through laboratory screening, rheology studies, computer 

simulations and economic evaluations, the suitability of the polymer under study 

is assessed. The next stages include field testing, field pilot and, finally, 

commercial application. 
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2.3 EOR Polymers 

 

Two of the most general types of polymers used in EOR processes are the 

synthetic polymers - polyacrylamides in their partially hydrolyzed form, referred 

to as HPAM, and the biopolymer - xanthan. Within the scope of this thesis, only 

HPAM has been discussed in detail. 

 

2.3.1 Partially Hydrolyzed Polyacrylamide (HPAM)  

 

Polyacrylamides are water soluble polymers used in polymer flood applications 

in its hydrolyzed form. Polyacrylamides are the co-polymers of acrylic acid and 

acrylamide. HPAM is a straight chain polymer that has acrylamide molecules as 

monomers as shown in Fig. 2.9. 

 

 

Fig. 2.9 – Chemical structure of polyacrylamide (not hydrolyzed) 

 

Polyacrylamides used in flooding undergo partial hydrolysis, which causes the 

negatively charged carboxylic group (-COO-) to be scattered along the backbone 

of the chain. Typical degrees of hydrolysis are 25 - 35 % of the acrylamide 

monomers; that are chosen to optimize the specific properties of polymer 

solutions such as, viscosity, solubility and retention. If the degree of hydrolysis 
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is too small, the polymer will not be water soluble. If it is too large, its properties 

are very sensitive to salinity and hardness (Shupe, 1981). Molecular structure of 

partially hydrolyzed polyacrylamide is shown in Fig. 2.10. 

 

 

 

Fig. 2.10 - Molecular structure of partially hydrolyzed polyacrylamide 

(Littmann, 1988) 

 

The viscosity-increasing feature of HPAM polymers is derived from the 

repulsive forces between polymer molecules and between the segments of the 

same molecule. This repulsion causes the molecules to lengthen and snag on 

other molecules, thus causing the viscosity to increase. 

 

2.3.2 Advantages and Disadvantages of HPAM Polymers 

 

HPAM polymers are inexpensive, readily available in different forms to suit the 

need, excellent viscosifier and more bacteria resistant than biopolymers.   

But they cannot be used in waters of high salinity, especially at raised 

temperature; HPAM polymers are more susceptible to mechanical and shear 

degradation. Other disadvantages associated with HPAM are low thermal and 
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shear stability, injectivity problems when high molecular weight and high 

concentration solutions are used for flooding. Polyacrylamides degrade or 

precipitate in very high-temperature, high-salinity reservoirs (Akstinat, 1980; 

Davison and Mentzer, 1980).  

 

New class of synthetic polymers and associative polymers with improved 

properties have been developed and introduced to oilfield applications to 

minimize problems associated with conventional polymers (polyacrylamide and 

xanthan). More detailed discussion and further references on new type of 

polymers are given elsewhere; Stahl and Schulz (1988), Caram et al. (2006), 

Lara-Ceniceros et al. (2007), Aktas et al. (2008), Buchgraber (2008), 

Pancharoen (2009) and so on.  

 

2.4 Rheological Properties of Polymer Solutions 

 

For Newtonian fluids, shear stress (τ) is directly proportional to shear rate (γ) 

and the proportionality constant is called the viscosity (µ) of the fluid. The 

simple relationship is given in Eq. 2.10. 

         (2.10) 

There are many classes of fluids for which the viscosity does not remain constant 

at different rates of deformation (shear rates). This may be denoted as given in 

Eq. 2.11.  

          (2.11) 
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where, η is a viscosity function that depends on the shear rate. This is known as a 

material function (Bird et al. 1987). Fluids that show this type of behavior are 

known as non-Newtonian fluids.  

 

Polymer solutions generally show non-Newtonian flow behavior at sufficiently 

high polymer concentrations. Several models have been proposed by different 

authors to explain the flow behavior of polymer solutions under different 

conditions (Christopher and Middleman, 1965; McKinley et al. 1966; Savins, 

1969; van Poollen and Jargun, 1969; Hirasaki and Pope, 1974; Abou-Kassem 

and Ali, 1986; Pruess and Witherspoon, 1991 and so on). Most relevant ones in 

the context of this thesis are outlined briefly here. 

 

2.4.1 Power-Law Model 

 

Polymer solutions are generally pseudoplastic or shear thinning in nature, i.e. the 

viscosity of polymer solutions decreases with increasing shear rates. This is due 

to uncoiling and alignment of polymer chains when subjected to shearing. This 

applies to solutions of both bio and synthetic polymers – xanthan and 

polyacrylamide. However, the flow of biopolymers in porous media differs from 

that of polyacrylamides. Solutions of biopolymers show Newtonian behavior at 

sufficiently low flow rates, then the flow changes from Newtonian to shear 

thinning at increasing flow rates. The behavior of polyacrylamide is even more 

complex: it changes from Newtonian flow via shear thinning into shear 



 

29 

 

thickening (or dilatant, i.e. viscosity increases with increasing shear rates) 

beyond a certain critical flow rate. 

 

Heemskerk et al. proposed a model to explain this behavior of polymer solutions 

and is shown in Fig. 2.11, 

 

 

Fig. 2.11 – Flow behavior of polymer solutions (Heemskerk et al. 1984) 

 

Power-law model, without doubt, is the most commonly encountered analytical 

form of the viscosity-shear rate relationship which describes the pseudoplastic 

region (Bird et al. 1960) and is given by the Eq. 2.12, 

         (2.12) 

where,  

τ is shear stress 
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γ is shear rate 

K is consistency index 

n is power-law index 

In pseudoplastic region, n is usually less than or equal to 1 (typically n = 0.4 - 

0.7). For a Newtonian fluid, n = 1 and K is simply the constant viscosity, µ.  

 

2.4.2 Carreau Model 

 

Drawback with power-law model is that, it can be accurately applied only within 

a certain range of shear rates, and not suitable at very low or high shear rates. 

Carreau model gives a better representation of flow behavior in these shear 

regimes (Carreau et al. 1979, Bird et al. 1987).  

In this model, the viscosity function is given by: 

 

                               ⁄  (2.13) 

where: 

η is the viscosity at the shear rate γ 

ηo is the zero shear rate Newtonian viscosity 

η∞ is the high shear rate Newtonian viscosity 

(n-1) is the slope of the power-law portion of the data 

λ is the time constant 

 

Fig. 2.12 shows the improved behavior of Carreau model compared with the 

power-law model. Many researchers have reported that the Carreau model gives 
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a better fit to their viscosity/shear rate data (Abdel-Khalik et al. 1974; Bird et al. 

1974; Chauveteau and Zaitoun, 1981). 

Even though the Carreau model offers much better fit to the viscometry data 

over a wide range of shear rates, it required four parameters instead of two as in 

case of the power-law model. Also, the analytical calculations involving the 

viscosity function gets more complicated in this model.  

 

 

Fig. 2.12 – Comparison of Carreau model and Power-law model (Sorbie, 

1991) 

 

2.4.3 Viscoelastic Models 

 

In the models described above, the shear-dependent fluids considered were 

assumed to be non-elastic. However, some polymer solutions show elasticity to 
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variable extents. By definition, when an elastic substance is deformed through a 

small displacement, it tends to return to its original configuration.  

van Poollen and Jargon (1969), Willhite and Uhl (1986) and many other authors 

have suggested simple empirical models to account for non-linear relationship 

between pressure drop and the flow rate for non-Newtonian fluid flow. But these 

models fall short in accounting for the elastic phenomena manifested by polymer 

flow in porous media. Following models account for the viscous and elastic 

characteristics of polymer fluids. 

 

Maxwell’s Model 

When a shear is applied to an ideal solid, according to Hooke’s law, the 

displacement, which is the strain, γ, is proportional to the applied stress; 

      (2.14) 

 where, G’ is the elastic modulus of the material. 

Hooke’s law for ideal solids (Eq. 2.14) is analogous to Newton’s law for the 

stress of a fluid.  

 

For a fluid that has both viscous and elastic behavior (viscoelastic fluid), the 

equation must incorporate both these laws – Newton’s and Hooke’s. Maxwell 

came up with a model that accounted for both viscous and elastic components. 

The relationship is as follows: 

     
 

  
 (

    

  
)         (2.15) 
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The above equation reduces to that for a simple Newtonian fluid under steady 

shear flow condition. The Maxwell model is the simplest of a very wide class of 

viscoelastic models. It only applies to small deformations, as it is a linear model 

(Sorbie, 1991).  

 

Savins (1969), Thurston et al. (1981), Heemskerk et al. (1984), Wreath et al. 

(1990), Sorbie (1991), Ranjbar et al. (1992), Garrouch (1999), Garrouch and 

Gharbi (2006) have also proposed different viscoelastic models for polymeric 

solutions. 

  

2.5 Viscoelastic Polymer Flow in Porous Media 

 

As explained by Garrouch and Gharbi (2006), the flow of polymers in porous 

media deviates from Darcy’s law because:  

 Viscosity of polymers depends on shear rate 

 Length of polymeric molecules can be comparable to the pore throat 

length, which imparts certain elastic properties in them 

 Molecular adsorption and mechanical entrapment of polymers in 

porous media alter the geometry of the media, in turn altering the 

permeability of the media.  

Viscoelastic polymer flow in porous media is different from the flow of 

Newtonian fluids. As shown in Fig. 2.13, polymers undergo a series of 

contractions and expansions as they flow through porous media. 
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Fig. 2.13 – Viscoelastic Polymer Flow through Porous Media (Urbissinova, 

2010) 

Due to the continuous stretching and recoiling of polymeric molecules as they 

flow through porous media, they develop additional “elastic viscosity” which 

improves the microscopic sweep efficiency. Through micro-seepage polymer 

flooding experiments, Guo (1990) concluded that additional oil recovery was 

observed due to greater shear stress between polymer-oil than between water-oil.  

Zhang (2007, 2008) used constricted/expanded channels to model the pore throat 

in porous media and numerically studied the flow of viscoelastic polymer 

solution in pore throat model. It was found that smaller throat size leads to 

greater “elastic viscosity” and higher flow resistance. The micro-swept 

coefficient rises with the increase of “elastic viscosity”. Viscoelastic polymers 

can penetrate deep into the rock pores and efficiently displace oil; thus 

improving the overall oil recovery and reducing residual oil saturation. 
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Fig. 2.14 – Effect of HPAM on residual oil held by capillary forces (Wang et 

al. 2000) 

 

Fig. 2.14 shows how HPAM flooding reduces the residual oil trapped in pore 

throats held by capillary forces. The residual oil can be reduced mainly because; 

the oil blog is “pulled” away from both ends at the same time by the viscoelastic 

polymeric fluid and polymer reduces the capillary forces holding the oil droplet 

in the pore throat. The wettability also plays a major role in driving oil out, as 

driving oil from more water-wet rock surfaces is easier than driving oil from an 

oil-wet rock surface.  

 

2.6 Polymer Flooding Field Projects 

 

Numerous polymer flooding field projects have been tried with variable degree 

of success all around the world since the 1950s. This section contains extracts 
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from many review papers on some of the major polymer flood field projects that 

have been carried out so far.  

 

2.6.1 Daqing Oil Field 

 

Daqing oil field in northern China is one of the biggest oil fields in the world and 

produces more than 900,000 bbl/day of oil from multiple reservoirs. Commercial 

production from the field started in 1959 and from 1976 to 1996, the field 

maintained a relatively stable oil production of 1 million bbl/day. But steady 

decline in production has forced the field to adopt EOR techniques including 

polymer flooding (Yang et al. 2006).   

Industrial scale polymer flooding was started in 1996. The lithology of the 

reservoir is sandstone layers with average depth 3934 feet, pay zone thickness 

328 to 393 feet, permeability value varying from 50 to 5000 mD, porosity value 

varying from 20 to 30% and reservoir temperature is 113°F, oil viscosity is about 

9-10cp, water reservoir salinity is from 5000 to 7000 ppm which considered no 

high salinity, injection polymer solution with concentration from 500 to 2500 

ppm, finally the average incremental oil recovery is about 15% (Wang et al., 

2002; Lu et al., 2006).  

 

Highlights of Daqing polymer flood project: 

 In the year 2004, in Daqing alone, there were 31 commercial scale 

projects involving 2,427 injection wells and 2,916 production wells 

over an area of 67,759 acres. 
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 An incremental oil recovery of 6 to 12% OOIP has been reported in 

Daqing and Shengli fields (Chang et al. 2006). These two fields 

contributed an oil production of 73.5 million barrels for the year 2004. 

 Polymer flooding significantly reduced the water consumption per m
3
 

of oil produced (by 21.8 m
3
). 

 

 Similar field applications were studied and summarized in Fig. 2.15 (Kalifa and 

Aluhwal, 2008). 
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Fig. 2.15 – Summary of polymer field projects (Kalifa and Aluhwal, 2008) 

 

Needham and Doe in 1987 summarized the results from early polymer flood 

field projects and is given in Fig. 2.15. 

 
Fig. 2.16 – Polymer flood case histories (Needham and Doe, 1987)  
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One interesting thing to note from the field cases considered in Fig. 2.15 is that, 

out of 27 field cases studied, 23 were secondary operations initiated at early 

stages of waterflooding. From the collective summary of all the field 

applications, the authors concluded that polymer flooding has much greater 

potential as a secondary process than as a tertiary process. The recovery averages 

presented in the Fig. 2.16 indicate roughly four times the potential recovery for a 

secondary process compared to a tertiary flood.   

 

2.6.2 Polymer Flooding Projects in Canada 

 

In Canada, the earliest polymer flood project was the Taber South Mannville B 

project in southern Alberta, beginning in 1967 (Lozanski and Martin, 1970; 

Shaw and Stright, 1977).  

 

Talisman conducted a polymer flooding project at Rapdan in Southwest 

Saskatchewan in 1986. By 1994, the oil-cut increased by 8% and oil production 

rate increased from 8 to 28 m
3
/day (Pitts et al. 1995).  

 

Many of the other projects include: Husky’s ASP project in the Taber area 

(Anonymous, 2006; Collison, 2007), Pengrowth’s polymer project in East Bodo 

(Wassmuth et al. 2009), CNRL’s past and present projects (Roche, 2010), and 

most recently by Cenovus at Pelican Lake (Roche, 2010).   
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A list of all polymer or ASP projects that are active or planned during 2011 is 

given in Fig. 2.17 (Singhal, 2011). 

 

 

Fig. 2.17 – Polymer / ASP projects active or planned in Alberta during 2011 

(Singhal, 2011)  

 

2.6.3 Polymer Flooding Projects Elsewhere 

 

Previous experiences of polymer flooding has been reviewed and summarized by 

Shehata et al. 2012, and is given in Fig. 2.18. 
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Fig. 2.18 – Polymer flooding field case studies outside of Canada (Shehata et 

al. 2012) 

 

Published literatures on some of the most successful and unsuccessful polymer 

flooding field cases around the world can be summarized as follows: 

 Most commonly used polymers are the polyacrylamides. They are widely 

used mainly because of their low cost compared to other EOR polymers.  

 Polyacrylamides are used in reservoirs with salinity ranging from 700 to 

25000 ppm. 

 Reservoirs with salinity content of more than 30,000 ppm are not suitable 

for polymer flooding (Shehata et al. 2012). 
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 Screening criteria suggested by many authors indicate that polymer 

flooding can be applied in reservoirs with oil viscosities between 10 cp 

and 150 cp (Seright, 2010). However, the highest oil viscosity in which 

success has been achieved until 2004 was 126 cp (Du and Guan, 2004). 

 For reservoirs having oil viscosities above 150 cp, polymer flooding 

processes have failed mainly because of injectivity problems. The 

polymer viscosity requirements to achieve a favorable mobility ratio 

would reduce the solution injectivity to prohibitively low values causing 

the oil production rate to become uneconomically low. 

 Polymer flooding undertaken in reservoirs extensively flooded by other 

processes (including water flooding) have been largely unsuccessful. 

Much success can be achieved when polymer flooding is applied to 

reservoirs at earlier stages of secondary recovery. 

 Conclusions from previous studies indicate that polymer flooding carried 

out with polymer slug sizes smaller than 7% PV have not been successful 

(Du and Guan, 2004). 
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CHAPTER 3 

POLYMER SOLUTION PREPARATION AND 

RHEOLOGICAL CHARACTERIZATION 

 

3.1 Polymer Molecular Weight and Solution Concentration 

 

Choosing the right molecular weight (Mw) of polymer for a given polymer flood 

project is very important as it significantly affects the effectiveness of the 

project. Polymer molecular weight is selected such that, it is high enough to 

provide greater viscosity for better mobility control but at the same time small 

enough so that polymer can enter and propagate effectively through the pore 

throats of the reservoir rocks and minimize injectivity problem (Zhang et al. 

2004). To avoid pore blocking by polymer molecules, lower molecular weight 

polymers are used in case of reservoirs with low permeability.  

Another way of choosing polymers is based on their molecular weight 

distribution. When polymers with wider MWD flow through porous media, 

because of the diverse hydrodynamic radii of polymer molecules, they can enter 

and propagate through different pore-throat sizes more effectively and reduce the 

volume of inaccessible pores; consequently displacing oil more efficiently 

(Wang et al. 2009).   

 

Quite similar to choosing the right molecular weight, the polymer concentration 

must be selected such that a balance between achieving higher viscosity and 

minimizing injectivity problem is maintained. It is found that, the effectiveness 

of flooding can be increased by injecting polymer solution with higher 
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concentration during the initial stages of polymer flooding. During the finals 

stages, the increase in water-cut can be minimized by again increasing the 

concentration of polymer solution (Yang et al. 2004; Wang et al. 2009).   

 

3.2 Polymer Solution Preparation 

 

3.2.1 Polymers Used 

 

HPAM grades listed in Table 3.1 were supplied by SNF S.A.S in odor-free, 

white granular powder form with molecular weights ranging from 0.5x10
6
 

Dalton to 20x10
6
 Dalton. These polymers are anionic, water-soluble with a 

degree of hydrolysis of 25-30 mole %.  

Polymer solutions were prepared in such a way that they all exhibit identical 

shear viscosity behavior but different elastic properties. By keeping the average 

molecular weight constant and varying the molecular weight distribution 

(MWD), it was possible to prepare HPAM solutions with identical shear 

viscosity but different elasticity.  

 

Table 3.1 – HPAM grades and their 

average molecular weights 

HPAM Grade 
Average Molecular 

Weight (Mw) 

3630 S 20,000,000 

3330 S 8,000,000 

3130 S 2,000,000 

AB 005V 500,000 
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3.2.2 Polymer Solution Composition 

 

By keeping the same average molecular weight but different molecular weight 

distribution (MWD), it was possible to prepare polymer solutions with constant 

shear viscosity and variable elastic characteristics. MWD depends on 

polydispersity index, I which is given by the following equation (Zang et al. 

1987), 

   
  

  
   (∑       

 

   

)(∑
  

    

 

   

) (3.1) 

 

Where, Mw is weight average molecular weight, Mn is the number average 

molecular weight and ωi is the weight fraction of polymer grade i. 

The average molecular weight of polymer blend is given by the equation, 

     ∑      

 

   

 

 

(3.2) 

Even though polydispersity index cannot be used as an absolute measure of 

MWD, it is true without an exception that, higher polydispersity index indicates 

wider MWD. Statistical explanation given by Sheu in 2001 states that, 

polydispersity index is a good measure of the width of molecular weight 

distribution of polymers. 

 

Due to the unavailability of Mn data for the polymer grades used, polydispersity 

index of polymer solutions were not calculated. Instead, the elastic nature of 

these solutions was quantified using their elastic modulus. 
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Weight fractions of polymer grades were adjusted in such a way that the average 

molecular weights of the blends were close to 2x10
6
 Dalton and 8 x10

6
 Dalton. 

Polymer solution concentration was kept constant at 0.1 wt%. Table 3.2 shows 

the composition and weight average molecular weights of all HPAM samples.  

 

Table 3.2 – Composition and weight average molecular weights of HPAM 

samples 

HPAM 

Sample 

Mass Fraction of HPAM Grades 
Avg. Molecular 

Weight (Mw,B) 3630 3330 3130 AB005 

HPAM 1 0 0 1.0 0 2.000E+06 

HPAM 2 0.11 0.15 0.41 0.33 2.008E+06 

HPAM 3 0.25 0.00 0.35 0.40 2.043E+06 

HPAM 4 0.20 0.16 0.15 0.49 2.006E+06 

HPAM 5 0 1.0 0 0 8.000E+06 

HPAM 6 0.45 0.25 0.30 0 8.000E+06 

HPAM 7 0.59 0.19 0.05 0.17 8.000E+06 

 

As shown in Table 3.2, the first four HPAM blends (HPAM-1 to HPAM-4) have 

the same average molecular weight of 2x10
6 

Dalton. Similarly, HPAM-5, 

HPAM-6 and HPAM-7 were prepared to have the same average molecular 

weight of 8x10
6
 Dalton. The samples with same average molecular weight will 

have similar shear viscosity; whereas different MWD imply different elastic 

characteristics of polymer samples. 
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3.2.3 Procedure for the Preparation of HPAM Solutions 

 

All polymer solutions were prepared by adding calculated quantities of HPAM 

grades directly to deionized water. Deionized water was produced using the Elga 

Purelab Ultra shown in Fig. 3.1.  

 

 

Fig. 3.1 – Elga Purelab Ultra 

 

In order to ensure optimum solution properties, the polymers were mixed in 

strict accordance with the procedure recommended by the polymer 

manufacturer.  

 

Separating individual resin particles from each other during the initial stages of 

stirring is the most important step in dissolving the HPAM polymers; therefore, 
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vigorous stirring was applied for the initial dispersion of the powder by use of a 

Hamilton Beach overhead mixer (Fig. 3.2).  

 

 

Fig. 3.2 - Hamilton Beach overhead mixer 

 

This helped to avoid the agglomeration of partially dissolved polymer particles 

and the formation of gels. Polymers must not be added to water too rapidly in 

order to avoid lumping of the powder. Adding polymers too slowly would 

prevent proper dissolution of the powder because of solution thickening before 

adding the rest of the powder. Also, high-speed agitation of dissolved HPAM 

solutions was avoided, since the polymers can rapidly degrade at high shear. 

 

HPAM grades were added in the decreasing order of their molecular weights. 

Powders were added in three lots with constant stirring maintained at 300 to 350 
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rpm using a magnetic stirrer. The speed of the stirrer can be adjusted to ensure a 

stable vortex has formed. A Hamilton Beach overhead mixer was used to mix 

the solution thoroughly after the addition of each lot for about 6 seconds. Finally 

when all three lots were added, the solution was stirred vigorously for about 15 

seconds. 

 

3.3 Rheological Characterization 

  

Two types of rheology tests were conducted in order to characterize HPAM 

solution; Viscometry test and Oscillation test. A C-VOR 150 Peltier Bohlin 

rheometer (Fig. 3.3) with cone and plate measuring system was used for these 

tests. Polymer samples were placed in between a stationary plate with a diameter 

of 60 mm and a rotating upper cone with a 4º angle and a diameter of 40 mm, 

separated by a gap of 150 µm. All measurements were carried out at laboratory 

room temperature. 
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Fig. 3.3 – Bohlin Rheometer 

 

3.3.1 Viscometry Test 

 

The viscometry test studies the viscosity and flow of tested samples as a function 

of shear, time or temperature. The test consists of the delay and the integration 

intervals. The shear is applied for the delay time; the average value of shear 

stress (or shear rate if stress is applied) is measured during the integration time 

and the viscosity is then calculated.  

 

In this study, flow and viscosity of the polymer solutions were measured at shear 

rates ranging from 1 to 100 s
-1

. Since the relationship of shear stress to shear rate 

is strictly related to the flow, the flow characteristics of the tested samples were 
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presented by plotting shear stress vs. shear rate. Shear viscosity was also plotted 

using the viscometry test data. 

 

3.3.2 Oscillation Test 

 

The oscillation test measures viscoelastic properties of materials, which can be 

studied as a function time, temperature or frequency. There are two types of 

oscillation tests, 1) amplitude sweep test, and 2) frequency sweep test.  

 

3.3.2.1 Amplitude Sweep 

 

The amplitude sweep test is performed to define the region of linear viscoelastic 

response (LVR) of tested samples. Materials exhibit linear viscoelastic behavior, 

when strain and rate of strain are infinitesimal and, therefore, the ratio of stress 

or strain is independent of the stress magnitude, but is a function of time (or 

frequency) only. 

 

In the amplitude sweep test, test samples are oscillated at a fixed frequency and 

slowly increasing amplitude (strain or stress). The measured viscoelasticity 

values remain constant within the LVR. When the applied stress becomes too 

great, the induced strain will start to break the elastic structure of tested samples. 

Thus, strains below that point should be used to work within LVR. 

Results of amplitude sweep tests are used for subsequent tests, i.e. the LVR 

region is determined and a stress value falling within the LVR is selected, which 

is consequently used in other rheological tests. 



 

52 

 

3.3.2.2 Frequency Sweep 

 

The frequency sweep test measures viscoelastic properties of tested materials as 

a function of frequency. During the test, a varying frequency is applied on tested 

samples with a constant value of stress. The test consists of the delay and 

sampling intervals: frequency is applied during the delay time and the phase shift 

δ between the stress and the strain as well as the complex modulus G* is 

measured during the sampling interval. Other viscoelastic functions, including 

the elastic modulus G' and the viscous modulus G'', are then calculated. 

The complex modulus is obtained from the ratio of the stress amplitude to the 

strain amplitude. It is the sum of the elastic component G' and the viscous 

component G''. 

The complex modulus is given by: 

G∗ = G′ + i ×G′′ (3.3) 

                                                                                          

The elastic modulus G' is usually referred to as the storage modulus to describe 

the elastic storage of energy, because strain is recoverable in elastic materials. 

The viscous modulus G'' is referred to as loss modulus to describe the viscous 

dissipation or loss of energy due to permanent deformation in flow. 

The parameter G' and G'' are given as (Shaw and MacKnight, 2005): 

 

G' = G*Cosδ (3.4) 

G'' = G*Sinδ (3.5) 
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Oscillation tests provide important information related to the viscoelasticity of 

polymer solutions. Through these tests, one can determine whether viscous 

nature or the elastic nature of polymer is dominating over a given range of shear 

or angular frequency.  

Fig. 3.4 shows the viscous modulus and elastic modulus of HPAM-4 and the 

cross-over point. 

 

Fig. 3.4 – G' and G'' vs Angular Frequency for HPAM-4 

 

It is found from the literature that the storage modulus, G' and the loss modulus, 

G'' increase with polymer concentration and viscoelasticity becomes more and 

more prominent. When G' and G'' are plotted against angular frequency, there 

exists a cross-over point where the corresponding frequency is called the 

specified frequency (SF). As the concentration of HPAM increases, the SF 
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moves to lower frequency. When the angular frequency is less than SF, G'' is 

more than G', i.e. viscous effect is dominating. When the angular frequency is 

more than SF, G' is greater than G'' which implies that the elastic effect is more 

dominating (Meng et al. 2008).    
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CHAPTER 4 

CORE FLOODING EXPERIMENTS 

 

4.1 Materials Used 

 

4.1.1 Polymers 

 

Seven different HPAM solutions with two different average molecular weights 

and a range of MWD were used for radial core flooding experiments. Their 

composition and weight average molecular weights given in Table 3.2. 

Preparation of HPAM solutions has been explained in the previous chapter. 

 

The first four HPAM blends (HPAM-1 to HPAM-4) have the same average 

molecular weight of 2x10
6 

Dalton. Their elastic modulus varied such that 

HPAM-1 had the lowest elasticity followed by HPAM-2 and HPAM-3 with 

HPAM-4 having the highest elasticity. Similarly, HPAM-5, HPAM-6 and 

HPAM-7 were prepared to have the same average molecular weight of 8x10
6
 

Dalton but variable elasticity (Table 3.2).   

 

4.1.2 Mineral Oil 

 

Light mineral oil used in the experiments had the physical properties as given in 

Table 4.1. It is composed mainly of paraffins and cyclic paraffins. 
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Table 4.1 – Physical properties of mineral oil (Fisher Scientific® 

Product Data Sheet) 

Property  Description  

Physical state  Liquid  

Appearance  Water-white  

Odour  None  

Vapour Pressure  < 0.1 mm Hg  

Viscosity  < 33.5 centistokes @ 40˚C  

Boiling Point  260-426˚C  

Solubility  Insoluble in water  

Specific Gravity/Density  0.83@15.6˚C  

Molecular Composition  Paraffin mixture  

API Gravity  39˚API  

 

 

4.1.3 Porous Media 

 

Potters Industries Inc. supplied SPHERIGLASS A-GLASS 3000 grade glass 

beads were used as porous media in all flooding experiments. Glass beads had a 

particle size distribution of 30-50 microns and a specific gravity of 2.5. The 

absolute permeability of the porous medium was found to be 150 mD.  

 

4.2 Experimental Setup 

 

The main components of the experimental setup include 1) a radial core holder 

designed to simulate radial flow, 2) a constant rate LC-5000 syringe pump for 
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injecting oil and polymer, 3) a pressure transducer for pressure measurements 

and a data logger for recording pressure data digitally on a computer, and 4)  

graduated measuring jars for collecting and measuring effluents. A schematic of 

the experimental set-up is shown in Fig. 4.1. 

 

 

Fig. 4.1 – Schematic of the radial core flooding setup 

 

4.2.1 Radial Core Holder 

 

Flooding experiments were conducted in a radial core holder designed to 

simulate radial flow. The core holder had an internal diameter of 98 mm and a 

height of 191 mm. It had one injection well located at the center and two 

production wells at the periphery. The lower 145 mm section of the injection 

well was perforated. Injection line had a radius of 7 mm and both production 

lines had a radius of 3.6 mm. Injector and producers were tightly wounded by a 
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screen with 10 micron opening. Actual photograph of the radial core holder is 

shown in Fig. 4.2. 

 

 

Fig. 4.2 – Radial Core Holder 

 

4.2.2 Syringe Pump 

 

A constant flow rate ISCO LC-5000 syringe pump was used for saturating the 

core holder with mineral oil and then for polymer flooding. The pump with a 

maximum pressure of 3700 psi (25.5MPa) has a 500-ml capacity and flow rate 

range of 0.1 ml/hr up to 400 ml/hr.  

 

The picture of the syringe pump used for radial core flooding experiments is 

shown in Fig. 4.3. 



 

59 

 

 

 

Fig. 4.3 – Constant Rate Syringe Pump 

 

4.2.3 Data Acquisition System 

 

The data acquisition system used was made up of two pressure transducers 

connected to the data logging system. These two pressure transducers had 

different pressure ranges of 0-100 psi and 0-500 psi and were supplied by 

Omega dyne. A National Instruments data acquisition system (NI USB-9219) 

was used which transferred the pressure readings to the computer. These 

pressure readings were then interpreted and recorded using the Labview Signal 

Express software, also supplied by National Instruments.  
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4.3 Experimental Procedure 

 

4.3.1 Procedure for Packing the Core Holder 

 

The core holder was packed with SPHERIGLASS A-GLASS 3000 grade dry 

spherical glass beads with the help of a mechanical vibrator operated by air 

pressure. The mechanical vibrator was pressed onto the cell walls while dry glass 

beads were poured into the core holder. Vibration continued until the entire 

granular material dispersed evenly and packed closely in the core holder. When 

no more glass beads could be loaded, the loading was stopped and the core 

holder was secured properly. Core holder is now ready to be saturated with 

mineral oil. 

 

4.3.2 Porosity Measurement 

 

The pore volume of the porous medium was measured using the direct method 

by subtracting the volume of glass beads in the core holder from the bulk 

volume, i.e. the total volume of the core holder. Therefore, the weight of the 

glass beads loaded into the core holder was recorded and the volume of the 

material was determined accurately for each experiment. A specific gravity of 

2.5 as specified by the glass beads manufacturer was used in the calculations.  

 

4.3.3 Permeability Measurements 

 

Permeability measurement experiments conducted by Urbissinova in 2010 are 

explained below. Water was injected at different flow rates into the core holder 

initially packed with glass beads and corresponding pressure drops were 
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measured. Stabilized pressure drop data obtained for different water flow rates 

were plotted as shown in Fig. 4.4.  

 

 

Fig. 4.4 – Pressure drop – Flow rate profile for water injection 

 

The absolute permeability of the porous medium was calculated using Darcy’s 

law for radial steady-state flow given by Eq. 4.1, 

 

   
           

     (
  
  

)
 (4.1) 

Where, 

Q is flow rate, ml/min 

k is the absolute permeability of the porous medium, Darcy 

h is height of the core, cm 
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Pe is the pressure at the external boundary, psi 

Pw is pressure at the wellbore, psi 

µ is the dynamic viscosity of water, Pa.s 

re is the radius at the external boundary, cm 

rw is the radius of the wellbore, cm 

 

Using the slope of the pressure profile shown in Fig. 4.4, the absolute 

permeability of the porous medium was calculated as follows, 

 

   
 

    
  (

  
  

)   
            ∗   

       
      

 ∗      ∗        ∗        
   

     ⁄

        (4.2) 

 

4.3.4 Shear Rate Determination 

   

Christopher and Middleman (1965) suggested a relationship (Eq. 4.2) that could 

be used to estimate shear rates applicable for the flow of power law type fluids 

through porous media; 

 

  
     

  
 

  

         
 (4.2) 

 

Where γ is shear rate, 1/s, 3n + 1/ 4n is a non-Newtonian correction factor for 

power-law fluids with n being the flow behavior index, Q is flow rate, cm
3
/s, A 

is cross sectional area of the core, cm
2
, k is permeability, cm

2
, and Φ is porosity. 
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At very low flow rates power law constant, n can be omitted without any serious 

loss of accuracy. Since the core holder has a radial geometry, the cross sectional 

area term in the Eq. 4.2 will vary and as a result the fluid will undergo variable 

shear rates as it flows from the center to the periphery. A constant flow rate of 4 

ml/min was used throughout the core flooding experiments. Using the power law 

coefficients shown in Table 5.1, correspondingly, the fluid will be exposed to a 

range of shear rates between 10 1/s and 100 1/s. This is within the range of shear 

rates typically observed in water flooding operations in the field (Jennings et al. 

1971; Gleasure and Phillips, 1990; RP 63, 1990). 

 

4.3.5 Flooding Procedure 

 

After the core holder was packed with glass beads, it was saturated with mineral 

oil. The volume of oil required to saturate the core holder, which depends on the 

pore volume, was recorded. Pore volume of the porous medium was determined 

using direct method by subtracting the volume of glass beads in the core holder 

from the bulk volume of the core holder.  

 

Flooding experiments were then started with polymer solutions prepared as per 

the procedure explained earlier. Polymer was pumped at a constant flow rate of 4 

ml/min using a syringe pump. Pressure was monitored throughout the 

experiment using a pressure transducer and pressure readings were recorded on 

to a computer using a data logger.  
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Effluents (oil + polymer) produced were collected at regular intervals and the 

volume of oil and polymer collected were measured separately. The produced 

polymer samples were also analyzed for any changes in viscosity and elastic 

properties. Flooding was continued until either the volume of oil produced was 

too low or the water cut was greater than 90%. Typically the volume of polymer 

injected was around ~1.9 PV. 
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CHAPTER 5 

CORE FLOODING EXPERIMENTS: RESULTS AND 

DISCUSSION 

 

In this chapter, the rheological test results of HPAM solutions used for core 

flooding experiments are discussed. Also, detailed analyses of core flooding 

experimental results are given.  

   

5.1 Rheological Characterization of HPAM Solutions 

    

Two types of rheology tests were conducted: viscometry tests and oscillation 

tests.  

 

5.1.1 Viscometry Tests 

 

The viscometry tests studied the shear viscosity and flow of the HPAM solutions 

as a function of shear. The viscosity behavior was measured at shear rates from 1 

to 100 1/s. Shear stress vs. shear rate profiles for HPAM-1 to HPAM-7 generated 

using the viscometry test results are shown in Fig. 5.1. 

 

As shown in Fig. 5.1, the shear stress vs. shear rate profiles of HPAM-1 to 

HPAM-4 and HPAM-5 to HPAM-7 were identical at a range of shear rates from 

1 to 100 1/s. 
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Fig. 5.1 – Shear Stress vs. Shear Rate profiles for HPAM-1 to HPAM-7 

 

Also, the shear stress vs. shear rate values of the HPAM solutions shown in the 

figure indicate that the rheological behavior of the samples can be characterized 

by the power-law model within the covered range of shear rates.  

 

Table 5.1 - Power law parameters of HPAM samples 

HPAM Samples K, Pa.s
n
 n 

HPAM 1 0.2665 0.5614 

HPAM 2 0.3594 0.5264 

HPAM 3 0.3059 0.4567 

HPAM 4 0.3222 0.4736 
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The consistency index, K, and power law index, n, for HPAM samples obtained 

from Fig. 5.1 are listed in Table 5.1. From Fig. 5.1, it can be concluded that 

HPAM samples follow power law model. K is a constant, which is equivalent to 

Newtonian viscosity as n approaches to 1. Very close values of K indicate that, 

all four HPAM solutions have similar viscosity behavior, which can be 

explained by almost identical values of average molecular weights of HPAM 

samples as shown in Table 3.2. 

 

Fig. 5.2 shows the shear viscosity behavior of all seven HPAM samples as a 

function of shear rate. Shear viscosity values of HPAM solutions having the 

same average molecular weight were found to be lying very close to each other. 

HPAM samples 1 to 4 having an average molecular weight of 2x10
6 

Dalton 

show shear viscosity values lower than the HPAM samples 5 to 7 having an 

average molecular weight of 8 x10
6 

Dalton. 

 

All these polymer samples showed an increase in shear viscosity beyond a 

particular shear rate (sometimes referred to as critical shear rate). This behavior 

is known as shear-thickening and can be interpreted as due to the elastic 

stretching of polymer molecules, which has been studied in detail by several 

authors (de Gennes, 1974; Hirasaki and Pope, 1974; Haas and Durst, 1981; 

Magueur and Moan, 1985; Odell and Keller, 1986; Ait-Kadi et al. 1987; Dupuis 

et al. 1994; Hu et al. 1994). 
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Fig. 5.2 – Shear Viscosity vs. Shear Rate profiles for HPAM-1 to HPAM-7 

 

5.1.2 Oscillation Tests 

 

Oscillations tests involve measuring viscous and elastic modulus of polymer 

solutions as a function of either shear stress (amplitude sweep test) or angular 

frequency (frequency sweep test). 

In this study, frequency tests were conducted on HPAM samples at a range of 

frequency from 0.01 Hz to 1 Hz, while the shear stress was kept constant at 

0.04755 Pa. The viscous modulus and elastic modulus were plotted against 

angular frequency and analyzed.   

 

As shown in Fig. 5.3, the viscous moduli of HPAM samples 2, 3 and 4 are very 

close to each other through the frequency range of 0.1 to 10 rad/s. Viscous 

modulus of HPAM-1 is slightly lower than the other HPAM samples in the low 
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angular frequency region. However, at angular frequency between 0.5 to 5 rad/s, 

they all have similar viscous moduli. HPAM-5 to HPAM-7 samples with an 

average molecular weight 8x10
6 

Dalton have identical viscous modulus but 

greater than that of HPAM-1 to HPAM-4 samples with an average molecular 

weight 2x10
6
 Dalton.

 
  

 

Fig. 5.3 – Viscous Modulus vs. Angular Frequency for HPAM-1 to HPAM-7 

 

Results from Fig. 5.2 and Fig. 5.3 imply that, HPAM samples with higher 

average molecular weight will have higher shear viscosity or viscous modulus. 

 

Fig. 5.4 shows the elastic modulus of all HPAM samples plotted against angular 

frequency.  
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Fig. 5.4 – Elastic Modulus vs. Angular Frequency for HPAM-1 to HPAM-7 

 

The elastic modulus vs. angular frequency graph (Fig. 5.4) indicates that among 

polymers having the average molecular weight 2x10
6 

Dalton, HPAM-4 has the 

highest elasticity followed by HPAM-3, HPAM-2 and HPAM-1. Close values of 

elasticity of HPAM-3 and HPAM-4 indicates that they have similar MWD 

widths. Among polymers having the average molecular weight 8x10
6
 Dalton, 

HPAM-7 has the highest elasticity followed by HPAM-6 and HPAM-5.  

 

5.2 Core Flooding Experimental Results 

 

Seven HPAM samples having two different average molecular weights and 

variable elasticity values were flooded into the radial core saturated with mineral 

oil to study the effect of elasticity on recovery efficiency. 
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5.2.1 Pressure Drop during Flooding Experiments 

 

Pressure readings recorded during the flooding experiments are presented in Fig. 

5.5.  

 

Fig. 5.5 – Pressure Drop during Polymer Flooding Experiments 

 

Polymer samples with higher viscosity and/or elasticity witnessed greater 

pressure drops than the ones with lower viscosity and/or elasticity values. Higher 

pressure drops indicate that there is greater resistance to flow due to higher 

elasticity of polymer samples, which supported the results from rheology 

measurements. However, these pressure plots did not provide any information on 

the breakthrough points during the flooding process. 
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5.2.2 Oil Recovery Performance and Polymer Elasticity 

 

The variation of cumulative oil recovery as a function of volume of polymer 

solution injected is shown in Fig. 5.6. Of all the polymers with an average 

molecular weight of 2x10
6 

Dalton, HPAM-4, which has the highest elasticity 

resulted in the highest oil recovery of 75.2% while, HPAM-1, which has the 

lowest elasticity, resulted in the lowest oil recovery of 64.7%. The elastic 

modulus of HPAM-4 is 16 times greater than that of HPAM-1 at an angular 

frequency of 0.1 rad/s and 3 times at an angular frequency of 1 rad/s. 

 

 
 

Fig. 5.6 – Cumulative Oil Produced vs. Pore Volume of Polymer Injected 

 

Fig 5.7 and Table 5.2 summarize the results of the influence of MWD 

(polydispersity index) and average molecular weight on breakthrough and 

cumulative oil recovery. The recovery performance of these four polymer 
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samples is in the ascending order of HPAM-1 > HPAM-2 > HPAM-3 > HPAM-

4. For all these four polymers, HPAM-1 to HPAM-4, shear viscosity and hence 

the viscous modulus values are similar within the range of shear rate application 

as shown earlier in Fig 5.2 and Fig 5.3. Hence, the reason for difference in 

higher ultimate recovery, ~10%, between HPAM-4 and HPAM-1 polymer 

solution injection could be mostly due to their elasticity difference. Elastic 

modulus trend as shown in Fig 5.4 is also in the ascending order of HPAM-1 > 

HPAM-2 > HPAM-3 >HPAM-4, and correlates well with the trend in oil 

recovery.  

 
Fig. 5.7 – Breakthrough and Overall Oil Recovery 
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Table 5.2 – Breakthrough and Overall Oil Recovery 

Polymer Sample 

% Recovery 

at Breakthrough Cumulative 

HPAM 1 11.0 64.7 

HPAM 2 14.8 68.1 

HPAM 3 15.4 74.5 

HPAM 4 15.75 75.2 

HPAM 5 21.2 74.6 

HPAM 6 23.3 78.3 

HPAM 7 26.7 86.1 

 

Results from recovery experiments using low average molecular weight (2x10
6
 

Dalton) polymer solutions support the idea that, polydispersity index – a 

measure of elasticity – can be used to screen a polymer among available same 

average molecular weight polymers for better EOR performance. In order to 

confirm this conclusion further, we performed similar experiments using HPAM 

solutions of high molecular weight (8x10
6
 Dalton). Among the three polymers 

with an average molecular weight of 8x10
6
 Dalton, HPAM-7 and HPAM-5 

resulted in highest and lowest oil recoveries respectively. The ultimate recovery 

for HPAM-5 polymer injection was 74.6% and that of HPAM-7 was 86.1%. The 

~11% higher recovery in case of HPAM-7 correlated well with the fact that 

HPAM-7 had higher elastic modulus than HPAM-5. The elastic modulus of 

HPAM-7 is 4.5 times greater than that of HPAM-5 at angular frequency of 0.1 

rad/s and 2 times higher at an angular frequency of 1 rad/s. 
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The difference in oil recovery performance of HPAM-3 and HPAM-4 is very 

minimal in terms of breakthrough recovery as well as final recovery (Fig 5.7). 

This can be attributed to lower elasticity difference as shown in Fig 5.4 which 

indicates small difference in MWD widths. Therefore, along with the previous 

observation of an increase in elastic modulus resulting in higher breakthrough 

and final recoveries (HPAM-1 to HPAM-4 and HPAM-5 to HPAM-7), one can 

say that there exists an optimal MWD (polydispersity index) beyond which the 

recovery is not significantly affected by the increase in elastic properties. 

 

The results presented in Fig 5.6 and Fig 5.7 suggests that both average molecular 

weight and molecular weight distribution of polymers could affect the recovery 

performance of polymer solutions. Now, the real question is whether the average 

molecular weight or the molecular weight distribution has more control on the 

recovery efficiency.  

 

Conventional polymer flooding field approach assumes that viscoelastic 

polymers with highest average molecular weight are expected to give better 

recovery performance. The difference in ultimate recovery between HPAM-5 

and HPAM-1 is ~10%, whereas HPAM-5 has four times higher average 

molecular weight than HPAM-1. It was interesting to see that all three HPAM 

polymer samples with average molecular weight 8x10
6
 Dalton resulted in 

significantly higher breakthrough recoveries than the ones with average 

molecular weight 2x10
6
 Dalton. The difference in ultimate recovery between 
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HPAM-7 and HPAM-1 is more than 20%, due to the difference in average 

molecular weight between two polymer samples of four times and difference in 

elastic modulus of nearly 140 times at an angular frequency of 0.1 rad/s and 13 

times at an angular frequency of 1.0 rad/s.  

 

However, if the average molecular weight is the only criteria for a polymer to 

perform better during EOR application, HPAM-5 should have performed better 

than HPAM-4. But, the final recovery of HPAM-5 polymer injection was not 

significantly different from that of HPAM-4 despite the fact that HPAM-5 

polymer solution has higher average molecular weight (8x10
6
 Dalton) than 

HPAM-4 (2x10
6
 Dalton).   

 

5.2.3 Amount of Polymer Required 

 

A critical parameter defining the economic success of a polymer flooding 

operation could be the amount of polymer injected for the amount of oil 

produced. The amount of polymer required to produce a fixed pore volume of oil 

is also correlated well with the elasticity of polymer solution. As shown in Fig 

5.6, when we compare the amount of oil produced after a given pore volume of 

polymer has been injected, the polymer with higher elasticity has produced more 

oil compared to the one with lower elasticity. Hence, it can be concluded that, 

higher the elasticity of HPAM sample, the lower the volume of HPAM solution 

needed to be injected to produce a fixed volume of oil.  
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5.3 Changes in Rheological Characteristics of Polymer Solutions before and 

After Flooding 

 

During the course of flooding, polymer may undergo a considerable amount of 

shear/mechanical degradation as well as deposition along the porous media 

which can alter the rheological characteristics of polymer solution. Significant 

reduction in viscosity may cause lower effective recovery towards the later 

stages of flooding. The study of the rheological properties of the effluent 

samples could provide useful information on the degree of polymer viscosity 

and/or elasticity reduction and its resultant effect on oil recovery efficiency.  

 

In this study, changes in polymer solution rheological characteristics as a result 

of flow through porous media were assessed by comparing solution viscosities 

(Fig 5.8), solution viscous moduli (Fig 5.9), and solution elastic moduli (Fig 

5.10) of polymer samples injected and produced polymer collected during 

flooding experiments. All these comparisons have been made between polymers 

having same average molecular weights i.e., between HPAM-1 and HPAM-4 

(average molecular weight 2x10
6
 Dalton) and HPAM-5 and HPAM-7 (average 

molecular weight 8x10
6
 Dalton). The concentration of polymer (effluent) after 

the flooding experiment was not measured, and therefore, it is not known clearly 

how much of the change in polymer solution rheological characteristics were due 

to shear/mechanical degradation or deposition along the porous media.   

HPAM solution’s viscous nature dominates at low flux where as its elastic 

nature dominates at higher fluxes (Seright, 1980). The flux was kept constant in 
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all experiments in order to distinguish the elastic and viscous properties in terms 

of average molecular weight and molecular weight distribution.  

 

From Fig 5.8, it can be concluded that HPAM-1 and HPAM-5 have undergone 

more viscosity reduction than HPAM-4 and HPAM-7 respectively. High degree 

of viscosity reduction could also be one of the reasons why HPAM-1 and 

HPAM-5 gave lower oil recoveries than HPAM-4 and HPAM-7 respectively. 

Fig 5.9 further supports the above conclusions as they compare viscous modulus 

reduction during polymer flooding. When elastic moduli were compared (Fig 

5.10), it was observed that higher elasticity HPAM samples underwent a change 

to a lesser extent than the ones with lower elasticity and thus resulting in higher 

oil recovery.  

 

Fig 5.8 – Shear Viscosity Reduction Plots 
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Fig 5.9 – Viscous Modulus Reduction Plots 

 

Fig 5.10 – Elastic Modulus Reduction Plots 
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CHAPTER 6 

VISUALIZATION EXPERIMENTS 

 

6.1 Overview 

 

Viscoelasticity of polymers is known to contribute significantly towards 

improved displacement efficiency in polymer flood operations. But the 

contribution of elasticity of viscoelastic polymers in enhanced oil recovery 

(EOR) still remains largely unexplored. Majority of literature available on 

polymer aided EOR, in general, talks about the role played by viscoelasticity of 

polymers on improved oil recovery with little or no mention of the individual 

contribution of elasticity of polymers on EOR.  

 

In this work, partially hydrolyzed polyacrylamide (HPAM) solutions, having 

identical shear viscosity but different elasticity, were flooded to investigate the 

individual effect of elasticity on improved oil recovery. A transparent, sand 

packed visual cell, initially saturated with mineral oil, was used for flooding with 

four different HPAM solutions. Because these polymer solutions differed only in 

terms of elasticity, a comparative study of the effect of elasticity on sweep 

efficiency was done. Photographs taken at regular intervals during the course of 

flooding were analyzed to study the frontal displacement patterns changing with 

the elasticity of different HPAM solutions. Mechanism of viscous fingering in 

immiscible two-phase flow in porous media at different polymer elasticity values 

was studied.  
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Laboratory and field experiments have shown that the viscoelastic characteristics 

of polymer solutions help improve polymer flood efficiency. Through core 

flooding experiments and numerical simulation, Han et al. (1995) concluded that 

displacement efficiency of a polymer flood operation would reach its maximum 

when the viscoelastic property of polymer solution is brought into full play. 

Theoretically, it has also been proved that, the residual oil in sudden expansion 

pore paths and dead ends that are not recoverable by viscous polymer flooding 

can be partly displaced when the effect of viscoelasticity is considered. 

Viscoelastic polymers can partly displace oil trapped in pore throats, in sudden 

expansion pore paths and in dead ends, thereby increasing the overall oil 

recovery (Bai et al. 2011). Experimental results backed by 1D simulation of 

polymer flooding performed by Masuda et al. (1989) concluded that, the 

viscoelastic effect of polymer solution plays an important role in the 

improvement of oil recovery. Work done by Wang et al. (2001), Xia et al. 

(2004), Jiang et al. (2008) and most recently by Zhang et al. (2010) has 

unanimously suggested that viscoelasticity of polymers improves the 

displacement efficiency of polymer flood operations. But the individual effect of 

elasticity of viscoelastic polymers on improved oil recovery remains vaguely 

understood. 

 

Wang et al. (2000) showed that all types of micro-scale residual oil can be 

reduced after flooding with viscous-elastic polymers. Due to the elastic nature of 

polymers, the velocity distribution in pores is quite different from Newtonian 
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fluids and the polymer could also exert a strong “pulling effect” on different 

types of residual oil. The study pointed out that the relationship between 

capillary number and the recovery of cores for Newtonian fluids do not apply to 

fluids with elastic properties. It was also seen that, the increase in micro-scale 

recovery was related to the increasing elastic properties of polymer fluids. 

Experiments done by Urbissinova et al. (2010) showed that, between the two 

polyethylene oxide (PEO) blends with identical viscosity behavior and different 

elastic characteristics, the one with higher elasticity would give higher oil 

recovery. It was concluded that a more pronounced “expanding piston” behavior 

induced by the elastic properties of the polymer solutions during the flow in 

porous media led to higher sweep efficiency and lower residual oil saturation. 

Another set of experiments done by the same author using two HPAM solutions, 

having identical shear viscosity but variable elasticity, showed that the polymer 

solution with higher elasticity yielded higher oil recovery (Urbissinova, 2010). 

Radial core experiments done by Veerabhadrappa et al. (2011) also reiterated the 

fact that elasticity is an important screening criterion for selecting polymer 

solutions. Therefore, when selecting a polymer solution for flooding, its elastic 

properties must be taken into account.  

 

Most chemical EOR processes involve one fluid displacing another with, more-

often-than-not, less viscous fluid displacing the more viscous one. Since less 

viscous fluid has the greater mobility, instabilities always exist. This inevitably 

causes viscous fingering to appear along the direction of flow. Majority of 
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flooding experiments done to date (Chouke et al. 1959, Homsy 1987, Jerauld et 

al. 1984, Yortsos and Huang 1986, Pavone 1992) have described the mechanism 

of viscous fingering in horizontal immiscible systems through more common 

governing factors such as, viscosity ratio, capillary number difference, relative 

permeability, flow rate, interfacial tension etc. Our discussions are limited to 

situations in which elasticity plays a major role. This has been achieved by 

isolating the individual effect of elasticity on oil displacement efficiency through 

visual observations during flooding. Four HPAM samples having constant 

viscosity but different degree of elasticity were used in flooding experiments.   

 

6.2 Materials Used 

 

6.2.1 Polymers 

 

Four different HPAM solutions (HPAM-1 to HPAM-4 shown in Table 3.2) 

having the same average molecular weight of 2x10
6
 Dalton but with different 

MWD (polydispersity index) were used in the visualization experiments. 

Polymer solution formulation and preparation steps are explained in previous 

chapters. 

 

6.2.2 Mineral Oil 

 

Light mineral oil that was used for radial core flooding experiments was also 

used for visualization experiments. Physical properties of light mineral oil are 

given in Table 4.1. An inert organic dye was used to color mineral oil in order to 

distinguish oil from polymer solution during the flooding process.  



 

84 

 

6.2.3 Porous Media 

 

Glass beads used in visualization experiments were of 50-80 mesh size with a 

particle size distribution of 177-297 microns. They were supplied by Sil 

Industrial Minerals. 

 

6.3 Experimental Setup 

 

Main components of the experimental setup consisted of; a transparent cell 

designed to allow radial flow of fluids for visual study, a Chemyx Nexus 250 ml 

syringe pump for saturating the visual cell and then to flood polymer solution 

into the cell, a high resolution digital camera mounted on a tripod for capturing 

displacement fronts during the flooding process at regular time steps, graduated 

measuring jars for collecting and measuring effluents. A schematic of the 

experimental set-up is shown in Fig. 6.1.  

 

Fig. 6.1 - Schematic representation of the experimental setup 



 

85 

 

6.3.1 Visual Cell 

 

Horizontal visual cell used for flooding experiments had the dimensions 22.5 cm 

* 7 cm * 1.4 cm. It was made from acrylic glass material and was kept 

transparent to allow visual study of displacement patterns. Perforated ports at 

either ends of the visual cell were used as injector and producer. These ports 

spanned the entire length of the model. Actual photograph of the visual cell 

saturated with oil is given in Fig. 6.2.  

 

  

Fig. 6.2 – Visual Cell 

 

6.3.2 Syringe Pump 

 

A Chemyx Nexus syringe pump was used for saturating the visual cell and then 

to flood polymer solution into the cell at constant flow rate. The syringe had a 

capacity of 250 ml. A photograph of the syringe pump is shown in Fig. 6.3. 
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Fig. 6.3 – Chemyx Nexus Syringe Pump 

 

6.4 Experimental Procedure 

 

Visual cell was tightly packed with dry spherical glass beads followed by 

saturation with mineral oil. Pore volume (PV) of the porous medium was 

measured by direct method. Volume of glass beads in the visual cell was 

subtracted from the bulk volume of the cell. A specific gravity of 2.5 was used 

for calculating the volume of glass beads.  

 

After the visual cell was packed with glass beads and saturated with mineral oil, 

the flooding experiments were started. Mineral oil was colored using an inert 

organic dye to distinguish it from colorless polymer. HPAM samples prepared 

according to the procedure explained earlier were injected at a constant flow rate 
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of 0.96 ml/min using a syringe pump. Volumes of effluent collected at regular 

intervals were recorded. As polymer pushes oil, it creates clearly distinguishable 

displacement patterns. These images were captured at different time steps using 

a high resolution digital camera mounted on a tripod. After the breakthrough had 

occurred, volume of oil and polymer produced were recorded separately. 

Flooding was continued until either the oil produced was too low or the water 

cut has risen to 90% or above. Typically flooding was continued until 1.2 to 1.5 

PV of polymer was injected. 

 

6.5 Rheological Characterization of HPAM Solutions 

 

Please refer to section 5.1 of the previous chapter for rheological measurements 

and plots for HPAM-1 to HPAM-4.  

 

6.6 Results and Discussion of Visualization Experiments 

 

Four HPAM solutions with same average molecular weight (same viscosity) but 

different MWD (different elasticity) were flooded through visual cell to 

investigate the individual effect of elasticity on oil recovery and to conduct 

visual analysis on frontal displacement of oil by elastic polymers. 

 

6.6.1 Oil Recovery Performance 

 

Fig. 6.4 shows the cumulative oil produced by four HPAM samples at different 

pore volumes of polymer injected. From the figure, it is evident that the 

cumulative oil production at a particular pore volume of polymer injected is 
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highest in case of HPAM-4 followed by HPAM-3 and HPAM-2, with HPAM-1 

yielding the lowest oil recovery. It also shows that, greater volume of polymer 

was required in case of HPAM-1 and yet the recovery was lowest compared to 

other solutions. This means that, oil was recovered much earlier at lower water 

cuts with HPAM-4 than other samples.  

 

Table 6.1 summarizes the breakthrough and total recoveries after polymer 

flooding. 

Table 6.1 - Overall and Breakthrough recoveries after HPAM 

flooding 

HPAM Samples % Breakthrough Recovery % Total Recovery 

HPAM 1 48.70 80.52 

HPAM 2 64.94 81.17 

HPAM 3 66.45 84.87 

HPAM 4 73.68 90.13 

 

Table 6.1 shows percentage oil recovery at breakthrough time and at the end of 

the flooding experiment. As seen in Table 6.1 as well as in Fig. 6.4 and Fig 6.5, 

there is a large difference in recovery values among different HPAM samples. 

HPAM-1 in particular had a very early breakthrough with oil recovery being less 

than 50% of OOIP. Breakthrough occurred at much later stages for HPAM 2, 3 

and 4. HPAM-4, being the most elastic among all samples, had the longest 

breakthrough time and highest recovery at breakthrough time and at the end of 

flooding. 
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Fig. 6.4 - Cumulative oil produced vs. pore volume of polymer injected 

 

Fig. 6.5 - Breakthrough recovery and overall oil recovery after polymer 

flooding  
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In all four cases, it was observed that the rate of oil production dropped after 

breakthrough has occurred. Since all four HPAM samples had the same average 

molecular weight (or shear viscosity), HPAM-4 polymer yielding ~10% higher 

recovery after 1.2 PV of polymer injection than HPAM-1 can be attributed to 

their difference in elasticity. As indicated in chapter 5, the elastic modulus of 

HPAM-4 is 16 times greater than that of HPAM-1 at an angular frequency of 0.1 

rad/s and 3 times greater at an angular frequency of 1 rad/s.  

 

6.6.2 Visual Analysis 

 

Displacement patterns shown in Fig. 6.6 explain the mechanism during 

propagation of polymer as it displaces the oil phase at different stages during the 

course of flooding. These photographs compare the displacement fronts created 

by four HPAM solutions at eight different pore volumes of polymer injected. 

Different flow patterns were observed depending upon the elasticity of the 

polymer solution injected.  
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Fig. 6.6 - Displacement fronts for polymer flooding at different pore 

volumes of polymer injected 

 

Magnified images of displacement fronts showed in Fig. 6.7(a) and Fig. 6.7(b) 

give a good account on how the fronts are propagating. The dark red color zone 

shows completely oil saturated region. The light red regions are partially un-

swept oil zone while the white color region is almost completely swept by 

polymer.  
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Fig. 6.7(a) - Magnified portion of displacement fronts after injecting 0.19 

PV (Left) and 0.35 PV (Right) of polymer solution 
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Fig. 6.7(b) - Magnified portion of displacement fronts after injecting 0.71 

PV of polymer solution 
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As flooding continued, two distinct zones were observed for all four polymers 

(HPAM-1 to HPAM-4) as marked in Fig. 6.7. The first one is a partially swept 

zone with variable degree of fingering depending on the polymer type and 

characterized by the front propagating forward, shown by black lines while other 

one is a more stable zone characterized by the stable front left behind, shown by 

while lines. Behind the fingering zone (propagating front) is the water, which 

flows without any instabilities. Similar observations were made by Riaz and 

Tchelepi (2008) during their numerical simulations. 

 

As the polymer flood moves through the oil saturated region of the visual cell 

towards the producer, the propagating front shows development of fingers. The 

degree of development of these fingers at any time during the flooding process 

(or at any pore volume of polymer injected) varies for each polymer samples 

studied. Fig. 6.7(a) and Fig. 6.7(b) show the comparative development of 

propagating and stable front phenomena after 0.2 PV, 0.35 PV and 0.7 PV of 

polymer injection, respectively. Less finger initialization was observed in the 

case of HPAM-3 and HPAM-4 compared to that seen for HPAM-1 and HPAM-

2. As flooding continued, the number of fingers and the length of each finger 

increased in the propagating front for HPAM-1 and HPAM-2, whereas the finger 

initiation was dampened ahead of propagating front for HPAM-3 and HPAM-4. 

 

The area between the forward moving propagating front and the stable front 

leaving behind is a good measure of overall stability and the performance. More 
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closely and parallel these two fronts move in the reservoir, higher the swept area 

by polymer (stable zone area) and higher the performance in terms of 

breakthrough recovery. This area was larger for HPAM-1 than that for HPAM-2 

due to large fingers. Therefore, the polymer propagating front breaks through 

just around 0.56 PV during HPAM-1 polymer flooding and resulted in less than 

50% of recovery, whereas the breakthrough for HPAM-2 polymer occurred after 

0.71 PV injection and the recovery at breakthrough was almost ~15% higher at 

64.94%. The difference in these two polymers was only in their elastic properties 

(Fig. 5.4). This resulted in different propagating front and stable front profile 

between HPAM-1 and HPAM-2.  

 

In case of HPAM-3 and HPAM-4, polymer elasticity has further enhanced the 

performance by minimizing the fingers in the propagating front. The 

breakthrough for HPAM-3 and HPAM-4 was observed at 0.71 PV and 0.75 PV 

respectively. As seen in Fig. 6.7, the forward moving propagating front and 

stable front moves almost parallel and close to each other for HPAM-4, having 

the highest elasticity. This can be considered as the most stable form of 

displacement among all four HPAM samples. Also, it can be noted that the area 

swept by polymer (area of the stable zone) at a given point of time is greater in 

case of HPAM-4 followed by HPAM-3, HPAM-2 and HPAM-1, in the order of 

decreasing elastic nature.   
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The overall recovery depends on the oil swept in the stable zone left behind. The 

lighter red color in the swept areas (stable zone) for HPAM-1 and HPAM-2 

indicate that the residual oil saturation is higher than other HPAM samples at 

any given time during the flood. This resulted in lower overall recovery of 

80.52% and 81.17% for lower elastic polymers HPAM-1 and HPAM-2 

respectively compared to 90.13% for highest elastic polymer HPAM-4. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

 

Three main objectives were set at the beginning of this research study: 

1. To device a screening criteria for selecting polymers for EOR 

2. To study the individual effect of elasticity of polymers on improved oil 

displacement efficiency 

3. To establish visual conformance of the role of elasticity of viscoelastic 

polymers on enhanced oil recovery  

These objectives were successfully achieved through experimental study 

conducted. Results from these experiments were summarized and following 

conclusions were drawn: 

 

 A rheological characterization study of polymer solutions in association 

with polymer flooding experiments was conducted as part of the efforts 

to develop a systematic approach for selecting best polymer for polymer 

flooding operations. 

 

 Radial core experiments were conducted with HPAM samples having 

same average molecular weight (same viscosity) but different elastic 

modulus. Polydispersity index – a measure of elasticity – can be used to 

screen a polymer among available same average molecular weight 

polymers for better EOR performance. 
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 The cumulative and breakthrough oil recovery analysis provided a good 

measure of polymer screening based on MWD and average molecular 

weights of polymers. Results from the radial core flooding experiments 

show that higher recovery can be achieved with polymers having higher 

elasticity.  

 

 The amount of polymer required to produce a fixed pore volume of oil is 

also correlated well with the elasticity of polymer solution. The higher 

the elasticity of HPAM sample, the lower the volume of HPAM solution 

needed to be injected to produce a fixed volume of oil. 

 

 Rheological characteristics of polymer solutions before and after 

flooding experiments were found to be significantly different. As a result 

of progressive change in polymer rheology, effective oil recovery goes 

down with PV of polymer injected. The degree of viscosity and elasticity 

reduction during the course of flooding depends on both average 

molecular weight and molecular weight distribution and influences the 

oil recovery efficiency. 

 

 Results have shown that average molecular weight by itself might not be 

the best criteria to select optimum polymer fluid composition for water 

flooding operations. Considering the molecular weight distribution 

(polydispersity index) together with average molecular weight seems to 
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be the better approach for formulating optimum polymer solutions with 

higher oil recovery performance at lower polymer concentrations (i.e., 

lower cost). 

 Visual study of polymer flooding experiments provided an insight into 

the frontal displacement patterns of polymer solutions with different 

elasticity. The visualization results confirmed that higher elastic 

polymers are better suited for achieving higher sweep efficiency with 

stable displacement fronts. 

 Different viscous fingering patterns were obtained depending on the 

elasticity of polymer injected. 

 As polymer pushed ahead through the porous media, two distinct zones 

were observed: the first one was a partially swept zone with variable 

degree of fingering depending on the polymer type, characterized by the 

front propagating forward, while other one was a more stable zone 

characterized by more stable fronts. 

 The degree of development of fingers at any time during the flooding 

process varies for each polymer sample depending on their elasticity 

values. Less finger initialization was observed in the case of polymers 

with higher elasticity compared to that seen for lower elastic polymers. 

 As flooding continued, the number of fingers and the length of each 

finger increased in the propagating front for polymers with low elasticity, 
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whereas the finger initiation was dampened ahead of propagating front 

for higher elasticity polymers. 

 The area between the forward moving propagating front and the stable 

front leaving behind is a good measure of overall stability and 

performance. If these two fronts propagate closely and parallel to each 

other, higher breakthrough recovery performance can be achieved. 

 Higher elastic polymers help achieve better volumetric sweep efficiency 

and displacement efficiency by reducing the residual oil saturation in the 

swept zones.  

 Mechanism of viscous fingering in two-phase horizontal immiscible flow 

system has been visually explained in terms of elasticity of polymers. 
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7.2 Recommendations 

  

Although most of the objectives set were achieved, there is still scope for further 

research and are recommended here: 

 Number average molecular weight (Mn) of polymer grades needs to be 

found out (by using GPC/SEC and other techniques) in order to calculate 

polydispersity index of polymer solutions. This will enable polymer 

solutions to be compared in a better way. 

 

 Rheological measurements of polymer effluent samples after the flooding 

experiments alone may not be sufficient enough to draw conclusions 

regarding polymer degradation, adsorption on rock surfaces. Polymer 

concentration must be measured before and after the flooding 

experiments and compared for a better understanding of the mechanism 

of degradation/adsorption of polymers. 

 

 The conclusions drawn from the flooding experiments are based on 

polymer injection as a secondary recovery method. Few experiments can 

be performed with waterflooding followed by polymer flooding to 

quantify secondary and tertiary recovery performance and analyze the 

effect of elasticity on tertiary recovery. 

  

 All the experiments were carried out at room temperature and deionized 

water was used for polymer solution preparation. Effect of salt, alkali and 
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other parameters on solution properties of polymers must be studied and 

how these factors affect the oil recovery performance together with 

elasticity must be determined experimentally. 

 

 Experiments needs be conducted with heavy oil samples from field using 

high concentration polymer solutions. AP flood, ASP floods can be tried 

on heavy oil displacement experiments to understand the effect of 

elasticity under those conditions.  
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