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ABSTRACT 

Associative polymers provide a high resistance factor due to their thickening effect. 

However, the high resistance factor may simply reflect pore plugging in the porous media. 

This offers a significant limitation for the deep propagation of the beneficial effect of 

viscous thickening arising from associative interactions of the polymer molecules. 

Consequently, sustaining this beneficial effect of associative interactions remains an active 

area of research. In this work, a novel predictive approach was developed for quantitative 

mapping of the various retention mechanisms and flow regimes connected with the transport 

of hydrophobic interactions in associative polymers. As a result, the methodology for this 

research work was developed in three stages. Firstly, a novel dimensionless variable was 

defined for quantifying hydrophobic interactions between associative polymer molecules. 

This was achieved with the knowledge of the critical aggregation concentration of the 

polymer molecules. Secondly, the structural kinetic theory was adopted in mapping static 

to dynamic retention in the porous media. This was achieved by relating the characteristic 

time scale for static and dynamic retention to the variation in polymer and reservoir 

properties, thus making it possible to correlate static retention results to large-scale dynamic 

retention with minimal fitting parameters. In this predictive model, the in-situ entrapment 

was linked to the effective pore radius and the hydrodynamic size of the polymer molecules. 

Thirdly, a similar structural kinetic theory was employed for the quantitative description of 

hydrophobic interactions under shear thinning, shear thickening, and shear degradation flow 

regimes in the porous media. Likewise, the degradation of hydrophobic interactions was 

predicted based on the individual expressions for the different flow regimes. Finally, an 

optimization approach was developed to sustain hydrophobic interactions in the porous 

media by combining the predictive models for hydrophobic interactions lost to polymer 

retention and the hydrophobic interactions gained due to elongation effects in the porous 

media. The research findings showed that the hydrophobic interactions lost to different 

retention mechanisms play a significant role in pore damage. The proportion of hydrophobic 

interactions lost to polymer retention at 25 ℃ varied from 0.04 to 0.56 for polymer 

concentrations from 50 to 1,000 ppm. This amounted to an estimated damaged pore volume 

ranging from 0.21 to 0.46 PV and a porosity reduction from 0.364 to 0.19. The 

quantitatively mapped adsorption accounted for 99.9, 98.5 and 91.5 % of the total damaged 

pore volume for 300, 500 and 750 ppm, respectively, while entrapment amounted to 0.1, 

1.5 and 8.5 % of the damaged pore volume. The optimized condition for hydrophobic 
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interactions in a porous media was obtained when the correction factor related to the net 

hydrophobic interactions lost to polymer retention and the net hydrophobic interactions 

gained from elongation effects was unity (ω! = 1). As a result, the optimized polymer 

concentrations at 25 ℃ for 1, 3 and 6 mL/min were 420, 560 and 740 ppm, respectively. 

The observed outcomes imply that the hydrophobic interactions lost to the retention and 

gained due to elongation thickening in the porous media play a significant role in the 

sustainability of these interactions in porous media. Furthermore, the optimization approach 

enabled further sustainability of hydrophobic interactions deep into the porous media by 

ensuring that the net hydrophobic interactions lost to retention were equally gained from 

the elongation thickening effect, thus ensuring pre-injection levels hydrophobic interactions 

can be maintained deep in the porous media. This research outcome gives a new insight into 

the proper planning, design, and optimisation of associative polymers for oil recovery 

operations.  

Keywords: Associative Polymers; Polyacrylamide; Hydrophobic Interactions; Porous 

Media; Predictive Modelling.
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CHAPTER ONE 
1.0. Introduction 

1.1. Research Background and Focus 

A common trend during the transport of polymers in porous media is that hydrodynamic 

forces act differently on the polymeric species1 because of their size distribution (Abidin et 

al., 2012; Kamal et al., 2015; Lohne et al., 2017; Silva et al., 2018). The outcome of this 

flow induced separation is that the injected polymer solution is split into three phases: a 

polymer-rich phase, a polymer-depleted phase, and a solvent (water or brine) phase (Lohne 

et al., 2017). The solvent phase, being propagated at a low flowrate, will occupy the 

micropores of the porous media that are completely inaccessible to the polymer molecules 

(Taylor and Nasr El-Din, 1998; Levitt and Pope, 2008; Wever et al., 2013; Al-Sabagh et al., 

2016; Raffa et al., 2016; Lohne et al., 2017). These pores occupied by the solvent do not 

necessarily translate to the overall inaccessible pore volume but rather a component of the 

overall inaccessible pore volume. The individual components of the overall inaccessible 

pore volume arise because polymer entrapment also contributes to the overall inaccessible 

pore volume in porous media. For the polymer-depleted phase, this fills the pore surface 

and represents practically the immobile phase of the polymer solution. Finally, the polymer-

rich layer is sterically excluded from the remaining two layers and flow at the centre of the 

pores. This observed phenomenon arises due to the size distribution of the polymer 

molecules in solution (Yin et al., 2006; Zhang et al., 2008; Gong and Zhang, 2009; Skauge 

et al., 2018). The sterically excluded polymer-rich phase occurs for associative polymers 

due to the large proportion of hydrophobic interactions between polymer molecules. The 

network of polymer chains that constitute this phase flow as a single entity in the porous 

media, thereby maintaining some level of viscous thickening. Furthermore, the segregation 

of polymer molecules during flow in porous media explains why the effective viscosities 

measured during core floods may differ from the corresponding bulk viscosity values. The 

segregation of polymer molecules means that the injected associative polymer solutions 

exhibit an in-situ concentration (or effective concentration). Also, the strength of the 

molecular interactions that constitute this phase is related to the molecular size and 

distribution of hydrophobic moieties on the backbone of the molecules (Taylor and Nasr 

El-Din, 1998; Levitt and Pope, 2008; Wever et al., 2013; Al-Sabagh et al., 2016; Raffa et 

 
1 Polymeric species, polymer molecules and polymer chains were used interchangeably and mean the same 
thing. 
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al., 2016; Lohne et al., 2017). Large hydrophobic blocks on the polymer chain mean 

sizeable molecular interaction and vice versa (Delamaide et al., 2013; Liao et al., 2017; 

Zhong et al., 2017; Bai et al., 2018; Li et al., 2018). However, the polymer units within the 

polymer-depleted phase remain close to the pore surface and interface with the polymer-

rich layer, where the exchange of polymer molecules and associative interactions occurs 

depending on the reservoir conditions (Lohne et al., 2017). Also, the polymer molecules 

within this depleted phase maintain a lower proportion of hydrophobic interactions than the 

polymer-rich phase. Overall, the transport of associative polymers in porous media leads to 

the separation of hydrophobic interactions, which are split between the polymer-rich phase 

and the polymer-depleted phase (Lohne et al., 2017). Previous studies show that the 

proportion of these hydrophobic interactions within the polymer-rich phase depend on local 

variation in the reservoir parameters such as temperature, salinity, permeability, porosity, 

pH and hardness (Sun et al., 2015; Akbulut and Temizel, 2017; El-Hoshoudy et al., 2017; 

Li et al., 2018). However, under these reservoir conditions, there is still limited 

understanding of the distribution, propagation and the sustainability of these hydrophobic 

interactions deep in a porous media despite numerous scientific works on associative 

polymers (Zhou et al., 2008; Gao, 2011; Kang et al., 2016). According to Seright et al. 

(2011), two reasons may contribute to the limited understanding of the distribution, 

propagation and the sustainability of these hydrophobic interactions in a porous media. 

Firstly, the existing experimental approach used in numerous scientific works reported over 

the last decade was limited to short cores with external pressure taps to evaluate 

hydrophobic interactions inside the porous media. Thus, the high resistance factor (RF) 

exhibited by such polymers may simply reflect pore plugging in the porous media and, as 

such, provides a limited understanding of the beneficial effect of associative interactions 

propagated deep in porous media (Dupuis et al., 2010; Dupuis et al., 2011; Seright et al., 

2011; Dupas et al., 2013). In other words, the high RFs reported in the literature using short 

cores may indicate that polymer retention dominates or contribute significantly to the RF 

compared to the desired effect of viscous thickening for mobility control. Different retention 

mechanisms have been reported with associative polymers, including multilayer adsorption, 

entrapment and plugging (Wei et al., 2007; Zhou et al., 2008; Delamaide et al., 2013). 

However, it is not a straightforward approach using experimental analysis in identifying if 

polymer retention or viscous thickening contributes significantly to the RF experienced in 

a porous media as determination of the RF takes a generalized approach. Secondly, the rapid 

and abrupt increase in polymer viscosity with concentration above the critical aggregation 
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concentration (CAC) leads to concerns about controlling the performance of the polymer 

during flooding operations (Taylor and Nasr El-Din, 1998; Levitt and Pope, 2008; Wever 

et al., 2013; Al-Sabagh et al., 2016; Raffa et al., 2016; Lohne et al., 2017). Adequate control 

of these hydrophobic interactions is crucial as small operational errors could result in 

polymer injectivity issues when polymer concentration exceeds a target and may provide 

insufficient mobility when the concentration is low (Dupuis et al., 2011; Seright et al., 2011; 

Patokina, 2015; Guo et al., 2018). For such operational errors, predictive control becomes 

significant and this would extend beyond the existing limitations of known experimental 

approaches in forecasting the performance of associative polymers deep in a porous media. 

However, a distinct quantitative parameter for the estimation and monitoring of these 

changes in hydrophobic interactions during flow in a porous media is required. The 

applicability of existing quantitative metrics to control the in-situ hydrophobic interactions 

between the polymer molecules may not uniquely capture the transient behaviour of these 

interactions within the distributed phases identified earlier. For example, previous 

experimental studies on associative polymers using core flooding have used parameters 

such as the RF as a measure of hydrophobic interactions between polymer molecules 

(Taylor and Nasr El-Din, 1998; Guo et al., 2012; Ye et al., 2013; Chen, 2016; Dai et al., 

2017). As mentioned previously, these experimental studies use short cores in which the 

high values of the RF may be an indication of plugging rather than viscous thickening or a 

combination of both (Seright et al., 2011). In this case, using the RF as a measure of the in-

situ hydrophobic interactions may not indicate its distribution within the polymer phases 

identified but rather a generalised outcome. The distribution of hydrophobic interactions 

within these phases is crucial in understanding its sustainability and propagation deep into 

a reservoir. As such, the use of the RF as a measure of changing hydrophobic interactions 

may not adequately capture the behaviour of these hydrophobic interactions within the 

distributed phases described for associative polymer transport in a porous media. Thus, 

limiting the overall understanding of the sustainability of these hydrophobic interactions 

deep in a reservoir. Nonetheless, the RF remain the only experimental parameter known for 

describing polymer in-situ behaviour during transport in a porous media (Taylor and Nasr 

El-Din, 1998; Levitt and Pope, 2008; Wever et al., 2013; Al-Sabagh et al., 2016; Raffa et 

al., 2016; Lohne et al., 2017). Therefore, predictive estimates and numerical quantification 

of these molecular interactions would require modification of these parameters where 

possible. However, identifying a quantifiable parameter, which can be related to viscosity 

or RF, remains paramount for achieving predictive control of hydrophobic interactions.  
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1.2. Research Statement of Problem 

The desired goal of polymer flooding for enhanced oil recovery (EOR) is to provide 

appropriate mobility control. This improved mobility can be manifested in a high resistance 

factor through viscous thickening. Also, associative polymers reported from numerous 

experimental studies to provide such high values compared to non-associative polymers 

such as hydrolysed polyacrylamide (HPAM). Also, these high RFs connected to associative 

polymers have been reported to take place under known severe degradation and retention 

conditions in reservoirs (Oruwori and Ikiensikimama, 2010; Wever et al., 2011; Lai et al., 

2013; Choi et al., 2014; Al-Sabagh et al., 2016; Raffa et al., 2016; Das et al., 2017; 

Sarsenbekuly et al., 2017; Bai et al., 2018; Silva et al., 2018). Thus, this makes associative 

polymers a potentially desirous ingredient for chemical enhanced oil recovery involving 

polymer flooding. The field trials on chemical flooding operations have seen an 

unprecedented shift towards the application of associative polymers in the last decade (Yin 

et al., 2006; Zhang et al., 2008; Gong and Zhang, 2009; Skauge et al., 2018). However, the 

high resistance factors associated with associative polymers may not necessarily be the 

desirous beneficial effect needed for enhanced oil recovery. This unbeneficial effect from 

the high RFs may indicate the loss to large polymer aggregates formed due to hydrophobic 

interactions to polymer retention mechanisms such as entrapment rather than the desirous 

viscous thickening effect for mobility reduction. Previous research works have indicated 

that these aggregates are lost to retention a few meters from the injection point, thus putting 

in doubt the ability of these associative polymers to propagate their improved rheological 

properties deep into a reservoir (Seright et al., 2011; Wever et al., 2011; Wever et al., 2013; 

Li et al., 2017; Silva et al., 2018; Sharafi et al., 2018). Unfortunately, this may have limited 

the use of associative polymers to experimental studies and field trials with no reported 

concrete field application (Yin et al., 2006; Zhang et al., 2008; Gong and Zhang, 2009; 

Seright et al., 2011). Consequently, there is a clear gap in research in understanding the in-

situ behaviour of these hydrophobic interactions between associative polymer molecules. 

Filling this knowledge gap is critical in optimising the performance of associative polymers, 

as it would give an insight into how different polymer retention mechanisms and flow 

regimes would affect the propagation of hydrophobic interactions between associative 

polymers. As a result, this identified gap in the transport of associative polymers in porous 

media formed the basis of this research work.  



5 
 

1.3. Research Aim and Objectives 

This research aimed to carry out a systematic modelling and optimization of the propagation 

of hydrophobic interactions between associative polymer molecules in a porous media. The 

specific objectives achieved by this research work include the following as itemized below: 

a) Define a dimensionless parameter based on measurable entities to quantify the 

proportion of hydrophobic interactions and extend the dimensionless parameter to 

incorporate polymer and porous media properties. 

b) Develop a model for predicting in-situ pressure drop based on the effect of in-situ 

hydrophobic interactions on the different polymer retention mechanisms and polymer 

flow regimes in porous media. 

c) Examine and validate the predictions of the developed model and the associated effects 

of the components describing the effects of hydrophobic interactions on polymer 

retention and flow regimes using existing and modified experimental procedures. 

d) Enhance and optimize the propagation of hydrophobic interactions between associative 

polymers within the limits of the developed model predictions, considering the effects 

of polymer retention and viscosity thickening. 

1.4. Research Approach and Workflow 

The approach used in achieving the overall research aim and the underlying specific 

objectives identified was a mix of modelling, statistical and experimental methods. The 

research approach was developed using the methodical workflow in Figure 1.1 below. The 

various components of the workflow are summarized into the following sections: 

a) Parameter Identification: This step was carried out to define a dimensionless 

parameter to quantify the proportion of hydrophobic interactions between associative 

polymer molecules within a given polymer concentration. The defined dimensionless 

parameter was only used to quantify the proportion of hydrophobic interactions between 

molecules and does not consider the magnitude of the strength of this type of 

intermolecular association. As such, the output of this dimensionless parameter has 

values between 0 and 1 with values closer to one, indicating that associative 

hydrophobic interactions dominate the overall molecular interactions and values closer 

to zero indicating non-associative intramolecular interactions dominating.
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Figure 1.1: Research approach and workflow: (1) Parameter identification (2) Predictive modelling (3) Proxy modelling and (4) Experimental 
validation
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b) Predictive Modelling from First Principles: The modelling approach was based on 

the application of the structural kinetic theory. This theory was applied to develop 

correlations relating the dimensionless parameter to the effects of polymer retention and 

the various flow regimes associated with the transport of polymers in porous media. The 

associated model constants were related to: 

i. Reservoir and field operating conditions: temperature, brine salinity and ion 

concentration, flow rate (or shear rate) and polymer concentration. 

ii. Polymer and reservoir properties: polymer molecular weight, porosity, and 

permeability.  

c) Proxy Modelling of Resistance Factor: This aspect involved using a statistical design  

of experiment to develop a proxy model for the resistance factor (and pressure drop) 

incorporating the dimensionless parameters for the flow regimes and polymer retention. 

The type of statistical design chosen was based on the number of experimental runs, 

cost, and availability of crucial ingredients for the experiments. The application of the 

regression analysis (proxy modelling) was made to connect the individual models 

developed from the first principles to the overall pressure drop (or resistance factor) 

across the porous media. This approach helps to identify whether polymer retention or 

viscosity thickening has the most significant contribution to the in-situ pressure drop, 

thereby optimising the propagation of associative polymers in porous media. 

d) Experimental Validation: The various procedures used to validate the developed 

model predictions were structured according to the American Petroleum Institute (API) 

Specification 63 (Recommended Practices for the Evaluation of Polymers used in 

Enhanced Oil Recovery Operations). The adopted procedures from the API 

specification 63 were structured along two lines. Firstly, characterisation of the polymer 

and porous media material. This ensured the determination of crucial polymer properties 

such as intrinsic viscosity (or molecular weight) and porous media properties such as 

porosity and permeability. Secondly, determination of polymer retention, degradation, 

and in-situ viscosity (and resistance factor). This allowed for the validation of the novel 

approach for mapping the various retention mechanisms connected with associative 

polymers, the model predictions of the pressure drop and onset of polymer degradation.  

The workflow presented here was simply a summary of the methodology employed in this 

research work. The details of the component of each workflow are comprehensively 

described in chapter three and four of this thesis. 
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1.5. Research Outcomes, Significance and Publications 

A key parameter in the design of a polymer flood system for mobility control is the cost-

effectiveness of the system. The cost-effectiveness of the system is determined by the cost 

of the polymer and the corresponding resistance factor provided by the chosen polymer 

solution at conditions in the reservoir. Consequently, associative polymers offer a much 

higher resistance factor than non-associative polymers such as HPAM. However, the high 

resistance factor may not necessarily indicate the desired mobility control but rather a 

significant loss of hydrophobically induced polymer aggregates to retention. Thus, these 

hydrophobically induced aggregates are specifically responsible for the cost-effectiveness 

of the polymer. This research work was able to quantitatively identify the contributions of 

hydrophobically induced polymer aggregates to polymer retention and effective viscosity, 

thereby optimizing the mobility control of associative polymers with minimizing loss of 

aggregates to retention. Thus, an optimum polymer concentration can be defined for the 

injected slug, which is also an underlying factor in the success of any polymer flooding 

project. The outcome of this research work was the improvement and enhancement of the 

overall cost-effectiveness of associative polymers compared to non-associative polymers. 

Besides, these findings negate the need for compositionally tuned polymer slugs which has 

been suggested in literature for improving in-situ viscosity when propagated deep in the 

reservoir. Also, the concept of compositionally tuned slugs has a couple of uncertainties 

surrounding the number of injected slugs (leading and trailing slugs), the composition of 

injected slugs, the size of the injected slugs and the number of cycles of injected slugs 

needed to sustain hydrophobic interactions. These uncertainties would limit the economic 

viability of applying the concept of compositionally tuned polymer slugs. However, the 

knowledge of the in-situ behaviour of hydrophobic interactions would mean reduced 

uncertainty on the overall economics of the polymer flooding project. The following 

research publications represent some of the significant output of this work: 

a) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2019). Hydrophobically 

Associating Polymers for Enhanced Oil Recovery – Part A: A Review on the Effects of 

Some Key Reservoir Conditions. Journal of Petroleum Science and Engineering, 180, 

681-698. 

b) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2019). Hydrophobically 

Associating Polymers for Enhanced Oil Recovery – Part B: A Review of Modelling 

Approach to Flow in Porous Media. Journal of Molecular Liquids, 293, 111495. 



9 
 

c) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2020). Determination of a 

Critical Separation Concentration for Associative Polymers in Porous Media Based on 

Quantification of Dilute and Semi-Dilute Concentration Regimes. Journal of Molecular 

Liquids, 317, 114142. 

d) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2021). A New Approach 

for Quantitative Mapping of Retention Mechanisms of Associative Polymers in Porous 

Media. Journal of Molecular Liquids, 343, 117385. 

1.6. Research Contributions to Knowledge 

This research work has given new insights into the transport of hydrophobically associating 

polymers in porous media. Furthermore, these insights are significant for optimising and 

maximising hydrophobic interactions between polymer chains during transport in porous 

media. The substantial and impactful contributions of this research work to the body of 

knowledge include the following: 

a) Identifying a unique and measurable parameter for quantifying the proportion of 

hydrophobic interactions between associative polymer molecules during flow in porous 

media. Also, the total proportion of molecular interactions in terms of associative and 

non-associative was computed as unity. Therefore, for a given estimation of associative 

hydrophobic interactions, the corresponding balance of non-associative interactions can 

also be calculated. Furthermore, this parameter does not indicate the magnitude or 

strength of the interaction between the polymer molecules.  

b) Development of a novel experimental approach to estimate fractional damaged pore 

volume based on accurate mapping of static polymer retention to dynamic polymer 

retention. The mapping of static retention to dynamic retention involves using the same 

solid to liquid ratio and retention time. The dynamic retention time was calculated using 

Pore Volume (PV) to the total static retention time for maximum retention to the flow 

conditions under dynamic conditions. 

c) Based on the unique predictive approach for estimating fractional damaged pore 

volume, a novel method was developed to map the various types of polymer retention 

mechanisms (monolayer and multilayer adsorption, polymer mechanical entrapment 

and polymer pore plugging) using the distribution of hydrophobic interactions between 

retained polymer molecules. Besides, a new equation was also developed to predict the 

onset of mechanical entrapment and the onset of pore plugging. This was achieved with 
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the knowledge of the associative interactions that exist between the retained polymer 

molecules. 

d) The development of a new model for predicting hydrophobic interactions between 

associative polymers under different flow regimes (shear thinning, shear thickening and 

degradation) during transport in a porous media with minimal fitting parameters. The 

fitting parameters incorporate primary reservoir conditions and polymer properties 

known to affect the performance of associative polymers. The knowledge of the amount 

of in-situ hydrophobic interactions allowed for the computation of the effective polymer 

concentration during transport in a porous media.  

e) A novel approach for predicting the onset of shear thickening and the onset of shear 

degradation. Predicting the onset of shear degradation depends on the proportion of 

hydrophobic interactions as defined by the identified dimensionless parameter from (a). 

However, the onset of shear thickening was based on the ratio of the characteristic times, 

which represents the fitting parameters in the developed model for flow regimes in (d). 

This showed that the onset of shear thickening was independent of the proportion of 

hydrophobic interactions.  

f) An optimisation approach for maximising the propagation of associative interactions 

based on the identified contributory effect to polymer retention and effective viscosity. 

Optimal conditions were defined based on the point at which the impact on polymer 

retention on hydrophobic interactions cancel out the corresponding effect of flow 

regimes on the hydrophobic interactions, thereby ensuring that propagation of 

associative interactions was significantly maintained at the pre-injection estimate of the 

interactions.  

1.7. Research Thesis Structure 

The research thesis is divided into nine Chapters, with the details of each Chapter outlined 

below: 

a) Chapter One - Introduction: The introductory Chapter focussed on the background to 

the research where the knowledge gap which formed the basis for the study was 

identified. Also, these gaps in knowledge were uniquely detailed in the problem 

statement, thereby laying the foundation for the research aim and the specific objectives 

achieved in this work. Furthermore, the approach taken by this research and the 

significance of the outcomes to the overall understanding and application of associative 
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polymers was discussed. These outcomes have manifested in the outlined contributions 

to the body of scientific knowledge. 

b) Chapter Two - Literature Review: The review Chapter focuses on the current state of 

the art related to the experimental investigations of associative polymers for potential 

application in chemically enhanced oil recovery. The effect of reservoir conditions such 

as temperature, divalent ion concentration and salinity were discussed with further 

highlights on polymer retention mechanisms (adsorption, entrapment and plugging) 

arising from the propagation of associative polymers in porous media. The Chapter 

concluded with reported works of the effects of reservoir heterogeneity on the 

propagation of associative polymers and a summary of the key findings from the review. 

c) Chapter Three - Parameter Identification and Predictive Modelling: The model 

development encompassed a combination of first principles and a statistical approach 

in identifying a predictive approach to understand the propagation of hydrophobic 

interactions between associative polymers in porous media. The first-principles 

approach was based on using suitable assumptions and existing correlations in relating 

established and known reservoir conditions and polymer properties to associative 

hydrophobic interactions. Also, the statistical method was applied in relating the 

developed numerical quantities using the first principles to the pressure drop across the 

porous media.  

d) Chapter Four - Research Materials and Experimental Procedures: This Chapter 

discussed the experimental procedures used in validating the developed models, and any 

modification carried out on the existing approach to suit this purpose. The various 

practical methodology adopted in this work were formulated according to the American 

Petroleum Institute (API) Specification 63 (Recommended Practices for Evaluation of 

Polymers used for Enhanced Oil Recovery Operations). Modification of existing 

methods defined in API – 63 was only carried out to incorporate the identification of 

the effects of hydrophobic interactions.  

e) Chapter Five - Material Characterization and Properties: This Chapter examined 

the outcomes of applying experimental characterization techniques on silica sand and 

associative polymer. The characterization of the polymer materials included the use of 

analytical techniques such as Fourier Transform Infrared (FTIR) spectroscopy and 

Raman spectroscopy and the determination of the molecular weight. Furthermore, the 

characterization of the porous media material involved the determination of the material 

porosity and permeability. 
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f) Chapter Six - Quantitative Characterization of Polymer Concentration Regimes: 

The identified parameter for quantifying hydrophobic interactions was discussed in 

mapping the different polymer concentration regimes. The effect of various conditions 

such as temperature, salinity and shear rates on the different concentration regimes was 

also addressed with a novel plot indicating how concentration regimes transit with a 

variation of these conditions developed. The recovery of hydrophobic interactions was 

also investigated and how this translates to the reversibility of these interactions stated 

in this Chapter. 

g) Chapter Seven - Quantitative Mapping of Retention Mechanisms in Porous Media: 

This Chapter discussed applying the predictive approach developed in Chapter 3 to map 

the various types of retention mechanisms in porous media. In addition, critical 

concentrations which marks the onset of the different types of retention mechanisms 

were also identified and discussed in detail. Furthermore, the novel experimental 

procedure described in Chapter 4 was applied in validating the predictions obtained.  

h) Chapter Eight - Hydrophobic Interactions during Flow in a Porous Media: The 

Chapter examined the application of developed models for characterising the different 

flow regimes associated with associative polymers in porous media. The models 

accurately captured the onset of the various flow regimes, and this was emphasised in 

the Chapter. Additionally, the model for the flow regimes was applied in conjunction 

with that developed for polymer retention in identifying the contribution of shear 

thickening and retention to the overall pressure drop (and Resistance Factor) in the 

porous media. The Chapter concluded with an optimization approach for maximizing 

the propagation of hydrophobic interactions between associative polymers in porous 

media.  

i) Chapter Nine – Research Conclusion and Recommendations: The concluding 

Chapter identified the key findings of this research and its beneficial effect on the entire 

field application of associative polymers for chemical enhanced oil recovery. The 

research conclusion included the key finding on the optimisation of associative polymer 

properties, which would enable the deep propagation of the unique hydrophobic 

interactions between the polymer molecules. Furthermore, recommendations for further 

works were given, and this applies to studies on different porous media materials and 

polymer transport in the presence of oil (multi-phase flow). 
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CHAPTER TWO 
2.0. Literature Review 

2.1. Associative Polymers 

Conventional polymers such as polyacrylamide (PAM), hydrolysed polyacrylamide 

(HPAM) and Xanthan Gum employed for EOR operations have several associated 

challenges. PAM/HPAM polymers are susceptible to loss of viscosity under extreme 

reservoir conditions. On the other hand, while Xanthan Gum may withstand high salinity 

conditions, its biodegradability has hampered its sustained use for EOR operations. These 

strengths and weaknesses are reflected in their field applications, as shown in Table 2.1. 

From Table 2.1, Xanthan Gum and hydroxyethyl cellulose (HEC) offer good field 

applicability under high salinity conditions compared to HPAM/PAM. Above all, the need 

to mitigate the challenges associated with the use of PAM/HPAM polymers for EOR 

purpose has necessitated increased research into chemical derivatives of polyacrylamide 

(Taylor and Nasr El-Din, 1998; Guo et al., 2012; Ye et al., 2013; Chen, 2016; Dai et al., 

2017). An integral derivative is a hydrophobically associating polyacrylamide (HAPAM). 

The underlying goal for these derivatives was to improve the thickening capability of 

polyacrylamides under harsh reservoir conditions such as high-temperature high salinity 

(HTHS) (Wever et al., 2013; Chen, 2016; Dai et al., 2017). The improved thickening 

capability of associative polymers ensures a higher mobility reduction than HPAM 

polymers. This increased mobility reduction by associative polymers translates to higher 

incremental oil recovery compared to HPAM polymers. Recently, it has been shown that 

for viscoelastic polymers, there is a transition from steady laminar flow to a strongly 

fluctuating flow consistent with elastic turbulence (Clarke et al., 2015; Cui et al., 2016). 

The onset of this elastic turbulence (or flow fluctuations) has been identified as the 

mechanism behind the additional mobilisation of trapped oil (capillary desaturation through 

destabilisation of trapped oil). At a flow rate greater than the onset for shear thickening, 

extensional viscosity cannot be taken as the reason for additional oil recovery when the 

capillary number (Ca) is less than the threshold (Ca ≤ 1). Thus, the degree of trapped oil 

mobilisation is a function of the extent of elastic turbulence generated. Therefore, the 

gradual recovery of associating polymers could be due to the additional effect of 

intermolecular association (hydrophobic interaction) on elastic turbulence for flow in 

porous media. Laboratory studies on HAPAM, as shown in Table 2.2, are numerous; 

however, comparison with Table 2.1 indicates limited field application.  
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Table 2.1: Example of field applications of different polymer types under different 
conditions (modified from Kamal et al., 2015). 

Country Field Polymer 
Type 

T 
(◦C) 

Formation 
Salinity 
(mg/L) 

Reference 

China 

Daqing HPAM 45.0 9000 (Pu and Xu, 
2009) 

Gudong HPAM 68.0 3022 (Zhijian et al., 
1998) 

Bohai Bay HPAM 65.0 6070 
(Mogollon and 
Lokhandwala, 

2013) 

Xing Long Tai HPAM 56.6 3112 (Zhang et al., 
1999) 

Bohai oil field HAPAM 65.0 32423 (Han et al., 
2006) 

Henan oil field HPAM 75.0 5060 (Chen et al., 
1998) 

Shengli HPAM 70.0 10000 (Gao, 2014) 

USA 

Cambridge 
Minnelusa PAM 55.6 Not specified (Vargo et al., 

2000) 

Tambaredjo HPAM 36.0 Not Specified 
(Mogollon and 
Lokhandwala, 

2013) 

Tanner PAM 80.0 66800 (P)a (Pitts et al., 
2006) 

West Khiel HPAM 57.0 46,480 (P)a (Meyers et al., 
1992) 

Canada 
Pelican HPAM 23.0 6800 

(Mogollon and 
Lokhandwala, 

2013) 

David pool PAM 31.0 6660 (I)b (Pitts et al., 
2004) 

Germany 
Eddesse-Nord Xanthan 

Gum 22.0 120,000 (Abbas et al., 
2013) 

Vorhop-
Knesebeck 

Xanthan 
Gum 56.0 210,000 (Abbas et al., 

2013) 

Austria Matzen HPAM 50.0 20,000 (Kornberger et 
al., 2013) 

India 
Viraj HPAM 81.0 13,250 (Pratap and 

Gauma, 2004) 

Sanand PAM 85.0 Not specified (Tiwari et al., 
2008) 

Russia Romashkino 
(Tatarstan) HEC 36.0 250,000 (Abbas et al., 

2013)  
aProduced water salinity. bInjection water salinity. 
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Table 2.2: Core flooding studies on some selected polymers (modified from Kamal et al., 
2015). 

Polymer 
Type  

Polymer 
Concentration 

(ppm) 
T (◦ C) Salinity 

(mg/L) 
Core 
Type 

Recovery 
a (%) Reference 

Xanthan 
Gum 500 50 - Sandstone 66 T (Austad et al., 

1997) 

HAPAM 1000 50 - Sandstone 53.6 T (Austad et al., 
1997) 

HAPAM 5000 60 5000 Sandstone 8.5 (Liu et al., 
2012) 

HAPAM 2000 60 5000 Sandstone 11 (Sabhapondit 
et al., 2003) 

HPAM 2000 70 10000 Sandstone 34 (Gong et al., 
2008) 

HAPAM 7000 60 5000 Sandstone 10.6 (Ye et al., 
2013) 

HPAM 1100 75 12000 Sandstone 9.8 (Chen et al., 
1998) 

HPAM 2500 45 508 - 
6778 Sandstone 16.7 

(Yang et al., 
2006; Liu et 

al., 2007) 

HPAM 4500 38 30700 Carbonate 45 (Panthi et al., 
2013) 

HAPAM 2000 60 - Not 
specifiedb 12 (Liu et al., 

2013) 

HAPAM 2000 60 - Not 
specifiedb 18 (Liu et al., 

2013) 
HAPAM 2000 65 5000 Sandstone 5.7 (Lai et al., 

2013) 
aRecovery reported with T as total recovery while remaining value are additional recovery 
due to PF. bNot indicated in the corresponding article. 
 
More importantly, this comparison indicates that with the level of scientific research on 

HAPAM, it would eventually replace HPAM for polymer flooding operations. These 

associative polymers are synthesised or produced with the incorporation of hydrophobic 

comonomers along the polymer backbone. Accordingly, these hydrophobic monomers 

contribute to the overall molecular weight of the polymers. In addition, HAPAM polymers 

are characterised by a CAC (see Figure 2.1). The enhanced rheological properties of 

HAPAM are apparent above the CAC, which can be traced to the intermolecular association 

between polymer chains (Zhu et al., 2014; Cui et al., 2016; Wever et al., 2011). However, 

these interactions between polymer chains above the CAC is dependent on the distribution 

of the hydrophobic comonomers along the polymer chain. These distributions can be 

random or block-like, and it is determined by the conditions of the synthesis procedure 
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(Wever et al., 2011). As mentioned earlier, the method of synthesising HAPAM polymers 

significantly influences the hydrophobe distribution on the polymer chain.  

 

Figure 2.1: Viscosity behavior of hydrophobically associating polymers (HAPAM) before 
and after the critical aggregation concentration 

The chemical synthesis of polyacrylamide is via a free radical polymerisation (Giz et al., 

2001; Qavi et al. 2014; Rintoul, 2017; Yamamoto et al., 2017; Shatat and Niazi, 2018). 

Notwithstanding, the insoluble nature of the hydrophobic comonomer has led to the 

chemical modification of the synthesis route for HAPAM polymers (Zhang et al., 2017). 

Hence, the different methods available for synthesising HAPAM polymers include 

homogeneous, heterogeneous and micellar copolymerisation (Taylor and Nasr El-Din, 

1998; Wever et al., 2011). Each method ensures the solubility of the hydrophobe with either 

a surfactant or co-solvent, as in the case of micellar and homogenous copolymerisation 

respectively. However, the heterogeneous copolymerisation method does not use any 

additive in ensuring the dispersion of the hydrophobic comonomer. The most widely used 

polymerisation technique for HAPAM is the micellar copolymerisation method compared 

with the other techniques (Candau et al., 1994; Candau and Selb, 1999; Taylor and Nasr El-

Din, 1998; Wever et al., 2011; Chen, 2016). Significantly, the key advantage of this method 

is that the produced polymer ends up with a block-like distribution of the hydrophobic 
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comonomer on the polymer chain.  However, this is particularly dependent on the molar 

ratio of the surfactant employed to the hydrophobic comonomer (Candau et al., 1994; 

Taylor and Nasr El-Din, 1998; Candau and Selb, 1999; Wever et al., 2011; Kamal et al., 

2015). A molar ratio involving a single hydrophobic unit contained in a single micelle 

would increase the randomness of the distribution of hydrophobe on the polymer chain. On 

the other hand, where the number of hydrophobe units in a particular micelle is greater than 

one, a block-like distribution of the hydrophobe would be obtained. Alternatively, while 

micellar copolymerisation uses a surfactant in solubilising the hydrophobe, another 

modification to the process involves using a polymerisable surfactant (Wever et al., 2011). 

The use of a polymerisable surfactant ensures that the purification process of the final 

polymer product for the removal of surfactants may not be required. Nevertheless, this 

approach's challenge lies in identifying the desired polymerisable surfactant (Wever et al., 

2011). Other parameters that affect the synthesis of HAPAM polymers via micellar 

copolymerisation include the type of initiator, temperature, type and content of surfactant 

and the molar ratio of monomers (Candau et al., 1994; Taylor and Nasr El-Din, 1998; Wever 

et al., 2011; Kamal et al., 2015). Another synthesis approach to HAPAM polymers involves 

the technique of template copolymerisation (Yan and Row, 2006; Hood et al., 2014; Feng 

et al., 2017; Szymański et al., 2018). A template predefines the molecular configuration of 

the associating polymer, which ensures that the block-like distribution of the hydrophobe 

constituents is well ordered. The consequence of this is that the block of hydrophobe content 

on the polymer chain can be extensive. The thickening capability of water-soluble polymers 

relates to its hydrodynamic volume in an aqueous solution (Deen 2012; Chen, 2016; Feng 

et al., 2017). PAM/HPAM polymers depend on electrostatic repulsion between charged 

carboxylate groups along the chain (Abidin et al., 2012; Choi et al., 2015; Gong et al., 2017). 

In the case of HAPAM, this can be achieved using zwitterion monomers, which have 

negative and positive charges. The thickening ability is controlled by external parameters 

on the polymers, such as ionic strength and pH (Nesrinne and Djamel, 2017). However, 

polymers for EOR applications would require that the thickening ability of the polymers is 

independent of/or can tolerate these conditions. Therefore, having HAPAM polymers with 

charge distribution along the polymer chain would ensure control over the rheology in an 

aqueous solution (Wever et al., 2011). In addition, the associative behaviour of HAPAM 

polymers can be increased by the amount of hydrophobe (hydrophobicity) present in the 

polymer chain. Whereas, when the hydrophobe length on the polymer chain becomes too 

long, the polymer's solubility is affected, which may result in polymer dissolution 
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challenges for field application. Consequently, there is a need for an optimum hydrophobe 

content when synthesising HAPAM polymers. The determination of this optimum 

concentration of hydrophobic comonomer required has not been a subject of extensive 

research. However, the synthesis of associating polymers for EOR application would 

require the knowledge of the predefined conditions of oil reservoirs. This is important as an 

excess amount of hydrophobe content may have far-reaching implications when the 

solubility of HAPAM polymers is considered. In like manner, the thickening properties of 

HAPAM polymers can be influenced by the introduction of water-soluble chemical spacers 

in the molecular configuration (Li-Bin et al., 2010; Wever et al., 2011). The chemical 

spacers are there to link the hydrophilic backbone of the polymer to the hydrophobic group. 

Li-Bin et al. (2010) investigated the effect of ethylene oxide spacer length on the solution 

properties of water-soluble hydrophobically associating poly (acrylic acid-co-Rf-PEG 

Macromonomer) containing fluorocarbon. The authors discovered that the hydrophobic 

association increased with ethylene-oxide spacer length from the rheological study carried 

out. This, in turn, influences the thickening performance of the polymer with a similar result 

on the effect of spacer length reported by Noda et al. (2001). Characterisation of the 

hydrophobic interactions has been investigated extensively using pyrene, a probe employed 

for fluorescence spectroscopy (Prazeres et al., 2001; Tang et al., 2003; Pandey et al. 2003; 

Bains et al., 2011; Mei et al., 2016). The low solubility of pyrene in water and its unique 

emission spectrum makes it the preferred choice to study hydrophobic interactions in 

molecules (Siu and Duhamel, 2008; Jordan and Gibb, 2015). The fluorescence spectroscopy 

studies on hydrophobically associating polymers using pyrene have shown that three 

distinct flow regimes characterise such polymers (Gong and Zhang, 2009; Duhamel, 2012). 

At polymer concentration below the CAC, the associative interactions are more 

intramolecular. It has been discovered that the onset of hydrophobic association between 

polymer chains occurs at concentration values closer to the CAC (Taylor and Nasr El-Din, 

1998). This is manifested in a shift in the emission spectrum associated with the 

solubilisation of pyrene by hydrophobic clusters using fluorescence spectroscopy. Between 

this onset concentration value and the CAC, there exists some form of hydrophobic 

interactive influence, but its dominant effect is minimal. Although CAC is regarded as the 

threshold for associative characteristics in associative polymers, the proper characterisation 

of the onset concentration value mentioned earlier may change this knowledge. 

Furthermore, the minimal hydrophobic clusters may not solubilise pyrene enough to detect 

a unique emission spectrum. This onset concentration value differs from the CAC based on 
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the extent of hydrophobic association and may be classified as a transition period. At 

polymer concentrations above the CAC, there tends to be an extensive network of 

intermolecular association between polymer chains, which leads to an increase in the 

polymer viscosity. This is captured in fluorescence spectroscopy by a characteristic 

emission spectrum, not the case at the onset concentration value. Table 2.3 presents some 

of the comonomers usually employed in modifying the rheology of both acrylamide-based 

polymers and other types of polymers made from the different monomeric units.  

Table 2.3: Examples of monomers employed in polymer modification. 

Monomer Reference 

N, N-dimethyl Acrylamide (Algi and Okay, 2014; Fang et al., 2016) 

2-vinylnaphtahlene (Zeng et al., 2002) 

Methacrylic Acid (Fernyhough et al., 2009; Bang et al., 2017) 

N-vinylpyrrolidinone 
(Taghizadeh and Foroutan, 2004; Willersinn and 

Schmidt, 2017) 

4-vinylbenzenesulfonate (Kang et al., 2015) 

2-Acrylamido-2-methyl-1-

propanesulfonic acid 
(Çavuş, 2010; Kundakci et al., 2011) 

Methyl methacrylate (Cilurzo et al., 2014; Khromiak et al., 2018) 

Poly(propylene glycol) 

methacrylate 
(Shemper et al., 2002) 

Sodium vinylsulfonate (Mori et al., 2010; Mori et al., 2012) 

Carboxymethyl cellulose (Han et al., 2010; Han et al., 2013) 

N-phenylacrylamide (Zhou and Lai, 2004) 

N-tert-Octylacrylamide (Zhu et al., 2012) 

N-dodecylacrylamide (Wan et al., 2014) 

N-methyl-N-vinyl acetamide (Pavlov et al., 2018) 

N-(n-octadecyl)acrylamide (Principi et al., 2000) 

Additionally, these comonomers ensure that the modified polymer is resistant to conditions, 

initiating chemical and mechanical degradation. Moreover, these comonomers ensure that 

the modified polymer maintains a substantial part of its hydrodynamic volume, hence its 

viscosity, under the conditions obtainable in an oil reservoir (Kamal et al., 2015; Das et al., 
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2017; Sarsenbekuly et al., 2017; Bai et al., 2018; Silva et al., 2018). Characterisation of the 

molecular architecture of HAPAM polymers has been conducted using infrared (IR) 

spectroscopy and nuclear magnetic resonance (NMR) spectra (Lai et al., 2013). This allows 

the determination of the chemical bonding arising from the presence of specific functional 

groups. FTIR alone cannot give a complete description of the molecular structure of a 

polymer; hence, it is used along with NMR for a complete characterisation of the molecular 

configuration. This was the case when Quan et al. (2019) characterised hydrophobically 

associating polymers which were abbreviated as HPAAT. The polymer was synthesised 

from acrylamide (AM), allyl polyethylene-1000 (APEG), octadecyl dimethyl allyl 

ammonium chloride (DMDAAC-18) and sodium styrene sulfonate (SSS) using FTIR and 
1H-NMR spectroscopy. Figure 2.2 shows the FTIR spectrum of the synthesised polymer 

with the absorption bands at 1715 cm-1 and 3448 cm-1 corresponding to C=O and N-H 

stretching vibrations of the amide groups.  

 
Figure 2.2: FTIR spectrum of a hydrophobically associating polymer (HPAAT) (Quan et 
al., 2019) 

The peaks at 778 cm-1 and 1414 cm-1 corresponds to a benzene ring and S=O, which 

confirms the presence of SSS. Furthermore, the peak at 1128 cm-1 shows C-O-C stretching 

vibrations which confirms the existence of APEG in the associative polymer HPAAT. The 

peaks at 2920 cm-1 and 2855 cm-1 indicate hydrocarbon groups –CH3 and –CH2- in the 
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polymer. The result of the characterization study using FTIR was consistent with the 

molecular design structure of the polymer, as shown in Figure 2.3.  

 
Figure 2.3: 1H-NMR spectrum of a hydrophobically associating polymer HPAAT by (Quan 
et al., 2019).  

Equally important is the 1H-NMR analysis of the HPAAT polymer carried out by the 

authors. Their analysis indicates a shift of the hydrogen spectrum of the associative polymer 

in the following manner: 1.09(m, –CH3), 1.25–1.36 (c, –(CH2)15–), 1.62 (r, l, g, –CH2–

CH–C–O–NH2, –CH2–CH–CH2–, –CH2–CH–C), 1.71 (q, –N–CH2–CH2–), 2.14 (n, b, –

CH–CH2–O–, –CH–CH2–N), 2.26 (s, –CH–C–O–NH2), 3.22 (z, x, –n–CH2–, CH2–N–), 

3.30 (j, –N–CH3), 3.63 (k, –CH2–O–, –CH2–CH2–O–), 7.21 (t, –NH2), 7.67 (h, –CH–CH–

C). Similarly, El-Hoshoudy et al. (2015) used FTIR,  13C-NMR, 1H-NMR, scanning electron 

microscopy (SEM), thermogravimetric analysis (TGA) and high-resolution transmission 

electron microscope (HRTEM) to characterize a HAPAM polymer (acrylamide-4-dodecyl-

benzenesulfonate-1-vinylimidazol-3-ium-divinyl sulfone). Using a similar approach to 

Quan et al. (2019), the authors used the FTIR and 1H-NMR spectra to propose a chemical 

structure for the associative polymer. Similarly, the studied HAPAM polymer SEM image 

indicated a 3-dimensional structure arising from intra and intermolecular association 

between polymer chains. The authors concluded that the mesoporous structure of the 
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polymer surface from the SEM analysis could be attributed to the crystallinity of the 

polymer due to the polar amide group, which ensures an attractive secondary force arises 

from hydrogen bonding. This was also the case for studies on other types of polyacrylamide 

based hydrophobically associating polymers (El-Hoshoudy et al., 2017). However, Sheng 

(2011) reported that the 3-dimensional structural network formed by hydrophobically 

associative polymers occurs due to a combination of strong electrostatic force, hydrogen 

bonding and van der Waals forces. Other forms of associating polymers based on 

ethoxylated urethane (EUR), hydroxyethyl cellulose (HEC) derivatives and alkali swellable 

emulsion (ASE) have been described in the literature (Tam et al., 1998; Xu et al., 1996; 

Kastner et al., 1996; Ihara et al., 2004; Kawakami et al., 2006; Zhao and Chen, 2007; 

Kjoniksen et al., 2008; Wever et al., 2011). Some of these polymers were produced because 

of the demand for eco-friendly materials. Associating polymers based on EUR are classified 

as telechelic associative polymers with enhanced rheological features even at low 

concentration and molecular weight. Moreover, these unique characteristics have made 

hydrophobically modified EUR polymers the focus of research for various commercial 

applications (Wever et al., 2011; Wang et al., 2016). Hydrophobically modified EUR 

polymers synthesis results in a hydrophilic polyethylene glycol (PEG) main chain with 

hydrophobic groups attached to the polymer chain through the urethane functional group 

(Barmar et al. 2010; Wang et al. 2016). Additionally, the associative behaviour in these 

polymers occurs at low concentration values of CAC. Above the CAC, the molecular 

arrangement of these polymers in aqueous solution ranges from flower-like micelles with 

micellar cores of hydrophobes to flower-loops of the hydrophilic main chain. Moreover, 

there is a critical percolation concentration aside from the CAC where polymer viscosity 

increases (Wang et al. 2016). However, hydrophobically modified EUR polymers for 

polymer flooding are not known despite their enhanced rheological attributes. Similarly, 

hydrophobically modified ASE polymers made up of three components, mainly methacrylic 

acid, ethyl acrylate, and a hydrophobic group, is insoluble under low pH conditions. 

Therefore, its solubility under high pH conditions would benefit polymer flooding in high 

salinity oil reservoirs. Overall, the use of hydrophobically associating EUR, HEC, and ASE 

for enhanced oil recovery is not well known. Currently, the domain of polymer research is 

focused on the application of HAPAM polymers for EOR operations. As a result, the 

remainder of this review would be focused on hydrophobically associating polyacrylamide. 



23 
 

2.2. Effect of Reservoir Conditions on Associative Polymers 

As mentioned before, the rheological behaviour of hydrophobically associating 

polyacrylamide is governed by the CAC. The hydrophobic blocks on the polymer chain 

confer on it its unique solution properties. Accordingly, at low polymer concentrations, 

which represents the dilute region, the viscosity of the polymer is low (as well as its 

hydrodynamic volume). Here, intramolecular association dominates the rheological 

behaviour. In contrast, high polymer concentration above the CAC (semi-dilute region) 

would bring about a sharp increase in polymer hydrodynamic volume due to the 

intermolecular association between polymer chains. Consequently, the viscosity of 

HAPAM is increased, and application of these polymers would require that their solution 

properties arising from hydrophobic interactions withstand the conditions inherent in an oil 

reservoir. 

2.2.1. Effect of Salinity and Hardness  

Ordinarily, increasing the concentration of salts and divalent ions causes a reduction in the 

viscosity of HPAM due to the screening effect of the cations present in the solution. 

However, the rheological behaviour of HAPAM polymers under increasing salinity and 

divalent ion concentration often exhibits different trends depending on some factors such 

as the type of hydrophobe, the molecular structure of the HAPAM polymer and polymer 

concentration (Jincheng et al. 2018). Deng et al. (2014) conducted the synthesis of 

acrylamide based associating polymer using sodium 2-acrylamido-2-

methylpropanesulfonic sulfonate as the hydrophobic comonomer. The viscosity of a 1 wt.% 

solution of the prepared HAPAM polymer decreased with increasing NaCl concentration 

(up to 0.2 wt.% NaCl) under various shear rates. Between 0.2 and 0.4 wt.% NaCl, the 

viscosity of the associating polyacrylamide solution increased. Likewise, Quan et al. (2016), 

El-Hoshoudy et al. (2017) and Sarsenbekuly et al. (2017) reported similar trends with 

HAPAM polymers in solutions containing monovalent and divalent ions. According to El-

Hoshoudy et al. (2017), acrylamide-based poly (4-dodecyl-benzenesulfonate-3-[5-(butane-

2-sulfonyl)-3-carbamoyl-1-methyl-heptyl] imidazol-3-ium) showed an initial decrease in 

polymer viscosity with NaCl concentration, after which the viscosity increased with 

increasing NaCl concentration. The same effect was also reported for HAPAM polymers 

written by Sarsenbekuly et al. (2017) and Quan et al. (2016). This phenomenon associated 

with HAPAM polymers was attributed to: 
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a) Screening/Shielding Effect: Cations in salts reduce the electric double layer and 

hydration layer, reducing the electrostatic repulsion between charged groups on the 

polymer chain (Quan et al. 2016; El-Hoshoudy et al. 2017; Sarsenbekuly et al. 2017). 

In effect, chain contraction is experienced, and a reduction in the hydrodynamic volume 

of the polymer in solution. This initial effect was responsible for the reduction of the 

polymer viscosity. 

b) Hydrophobic Associative Effect: A further increase in the concentration of salt and 

divalent ions would ensure contact of the hydrophobic groups on the polymer chain. 

The effect of this was the formation of aggregates of polymer chains (El-Hoshoudy et 

al., 2017). The impact of this aggregation of polymer chains was that it nullifies the 

initial screening effect, which brought about the reduction in the hydrodynamic volume 

of the polymer through a contraction. As a result, the polymer is stretched, and its 

hydrodynamic volume was increased.  

The various polymer solutions containing salts described above can simply be prepared by 

dissolving the polymer in an appropriate amount of salt/divalent ion solution. Other 

approaches include adding a sufficient quantity of salt to an already prepared polymer 

solution or adding salt water to the polymer solution. Nevertheless, the method used in 

preparing HAPAM polymers both in aqueous and brine solutions has been demonstrated to 

affect the rheological behaviour of the HAPAM polymers (Maia et al. 2005; Wever et al. 

2011). Maia et al. (2005) synthesized an acrylamide-N, N-dihexylacrylamide copolymer 

and evaluated its rheological behaviour under monovalent (Na!) ion concentration. The 

authors applied the three procedures mentioned earlier in assessing how the mode of contact 

of HAPAM polymers with Na! ions affect its rheology. The copolymer exhibited different 

tolerances to Na! ions. Firstly, with the copolymer dissolved in a salt solution, the viscosity 

of the polymer solution decreased with increasing NaCl concentration. This was ascribed 

to the screening effect of the cations on the charged moieties present on the polymer chain. 

Secondly, when the salt powder was added to the copolymer solution, the viscosity 

increased up to a maximum, after which there was a reduction. The authors explained why 

the viscosity passed through a maximum and identified the presence of surfactant in the 

solution. Thirdly, when salt water or brine solution was added to the polymer solution, the 

viscosity of the polymer increased with increasing salinity. The authors attributed this third 

phenomenon to "Easiness of Interaction" when salt and polymer exist already in solutions, 

which leads to the formation of a network of polymer chains.  Al-Sabagh et al. (2016) 

evaluated the effect of divalent ions (Ca!) at 30 0C and shear rate of 6 s"# on HAPAM 
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polymers with different type and quantities of hydrophobic monomers. A general 

observation was that the associative effects of the polymers (or cation resistance) could only 

be maintained at low concentrations of divalent ions compared to monovalent ions. This 

was the case irrespective of the type of hydrophobic content of the polymer. This can be 

explained in terms of the strong shielding effect of divalent ions compared to monovalent 

ions. Aside from the authors' findings, there is limited understanding of this phenomenon 

associated with HAPAM polymers. In addition to the preparation method, the concentration 

regime (dilute or semi-dilute) of hydrophobically associating polymers plays a role in its 

salt tolerance (Kamal et al., 2015). In general, the salt-thickening ability of associating 

polymers in brine solutions can be maintained up to a particular concentration of 

monovalent or divalent ion depending on the type of hydrophobic comonomer employed 

(Wyatt et al., 2011; Chen et al., 2012; Zhong et al., 2014; Kamal et al., 2015). However, 

beyond this salt concentration value, the polymer viscosity thins out with increasing salinity 

in the presence of monovalent and divalent ions. The ensuing effect is sometimes the 

precipitation of HAPAM polymers out of solutions (salting-out effect), which can impact 

the polymer concentration required. With polymer concentration often limited in high 

permeable reservoirs, improving the salt-thickening capability of hydrophobically 

associating polyacrylamide had resorted to cross-linking of the polymer chains (Zhong et 

al., 2014). The essence of cross-linking of HAPAM polymer chains is to: 

a) Offset the effect of having an extended hydrophobic group on the polymer backbone, 

which might minimize its solubility in solution. 

b) Decrease the volume available per molecule without necessarily increasing the polymer 

concentration.  

c) Ensure that the salt-thickening capability of HAPAM polymers is enhanced (over a wide 

range of salinity) within a predetermined polymer concentration value in porous 

formations. 

The molecular conformation of the cross-linked polymer enables it to have an expanded 

configuration compared to linear associative polymers without side chains. This ensures the 

average diameter of the polymer aggregates is higher under monovalent or divalent 

conditions. Therefore, the salt-thickening capability of the associative polymer is increased 

when cross-linked. However, the resulting molecular weight of cross-linked polymers may 

be too high as control over the degree of cross-linking can be challenging to maintain. This 

may subsequently cause formation damage in sections of oil reservoirs with low 

permeability. With applied polymer concentration in most permeable formations 
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constrained to ensure salt tolerance, a proper understanding of CAC under aqueous and high 

salinity conditions is required (Zhong et al., 2014). The salinity effect on the CAC of some 

polymers from the work of Rashidi et al. (2010) are presented in Table 2.4.  

Table 2.4: Critical Aggregation Concentration (ppm) data as a function of salinity for the 
studied sulfonated polymers (AN105 – AN132) at 20 0C (Rashidi et al., 2010). 

Polymers 
Solvents 

CAC (at 0.1 wt.% NaCl) CAC (at 10 wt.% NaCl) 

AN105 264 625 

AN113 250 556 

AN125 244 527 

AN132 200 434 

 

As seen from the table, the CAC of the polymers were observed to increase with the degree 

of salinity. The increment in CAC can be ascribed to an increase in charge density on the 

polymer chain, which decreases polymer hydrodynamic volume. As such, a higher 

threshold value of CAC would be required for a meaningful hydrophobic associative effect 

to take place. To express this, a mathematical relationship by Hayahara and Takao (1968) 

can be used as shown in Equation (2.1): 

V$ = %!
&"#'"

         (2.1) 

Where V$ is the volume available per polymer chain, M( is the molecular weight of the 

polymer, C)* is the CAC of the polymer and N) is Avogadro’s number. An increase in the 

CAC (denoted by C)*) would decrease the volume available per polymer chain, V$ and vice 

versa. When V$ is reduced polymer chains come together, and the hydrophobic associative 

effect is enhanced. This cumulative effect of salinity on CAC was also validated by the 

work of Saeed et al. (2017). However, the implication of this on EOR operations would 

mean:  

a) High polymer concentration would be needed, if not above the limit for EOR operations, 

which could be detrimental to the economics of the flooding process. 
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b) Polymer injectivity would be affected, and this is often constrained by formation 

fracture pressure.  

Ultimately, a salt-tolerant HAPAM polymer is one whose thickening properties are 

enhanced under increasing salinity. However, the choice of a particular HAPAM for high 

salinity condition depends on several factors inherent in both the polymer architecture (and 

hence its synthesis method) and reservoir. As such, the applicability of associating polymers 

for EOR operations would essentially be specific to the reservoir conditions. 

2.2.2. Effect of Temperature  

Thermal effects on the rheological properties of HAPAM polymers have been reported 

widely in the literature (Taylor and Nasr El-Din, 1998; Hourdet et al., 2005; Al-Sabagh et 

al., 2016; Dai et al., 2017; Bai et al., 2018). Various HAPAM polymers with different 

hydrophobic moieties on the polymer backbone have been reported with diverse response 

under varied temperature conditions. However, the temperature dependence of HAPAM 

polymers is affected by the concentration regime (dilute and semi-dilute regime). When 

polymer concentration is less than the CAC of the HAPAM polymer, there is a decrease in 

polymer viscosity with increasing temperature. Yang et al. (2015) demonstrated this using 

synthesised hydrophobically associating cationic perfluorinated polyacrylamide (HACFP). 

The polymer viscosity at a concentration of 0.2 wt.% (< CAC value of 0.24 wt.%) decreased 

with temperature over the range of 20 – 85 0C. The authors attributed this phenomenon to a 

weak intermolecular associative effect between hydrophobic groups in the dilute 

concentration regime (C+ < CAC, where C+ is polymer concentration). Besides the 

explanation offered by the authors, this could also be attributed to the intramolecular 

associative effect being an endothermic process under this concentration regime. Polymer 

chains would coil up under these conditions, thereby reducing the hydrodynamic volume 

and the polymer solution's viscosity. With further increase in temperature, the thermal-

induced motion of water molecules and the polymer chains would further strengthen the 

hydrodynamic volume reduction by clustering coiled polymer chains, further reducing the 

polymer viscosity. A similar phenomenon was reported for HAPAM modified with 2-

phenoxylethylacrylate by Dai et al. (2008) at a polymer concentration less than the CAC. A 

consensus in the literature on the thermal behaviour of HAPAM polymers is that the 

viscosity of the polymers increases with temperature up to a maximum, after which there is 

a decrease in viscosity with a further increase in temperature. Such a trend is obtainable 

when the polymer concentration exceeds the CAC, i.e., semi-dilute concentration regime. 
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El-Hoshoudy et al. (2017) revealed this fact with synthesised acrylamide-based poly(4-

dodecyl-benzenesulfonate-3-[5-(butane-2-sulfonyl)-3-carbamoyl-1-methyl-heptyl] 

imidazol-3-ium) through evaluation of its thermal resistance between 25 and 100 0C at a 

concentration of 2 g/L and a shear rate of 7.34 /s. The viscosity of the HAPAM polymer 

increased up to a maximum of 50 0C after which there was a decrease in viscosity up to 100 
0C. This can be explained by the endothermic driven process of hydrophobic intermolecular 

association between polymer chains in solution. This leads to a network/micro-domain of 

polymer chains with an increase in hydrodynamic volume regarding polymer viscosity. 

When the temperature exceeds the 50 0C mark, the thermal-induced motion of the water 

molecules will weaken the super-aggregate structure formed by the hydrophobic 

interactions between the polymer chains, thereby weakening the intermolecular association 

between the chains. The outcome of this is a reduction in polymer viscosity with increasing 

temperature. Equally, Lai et al. (2013), Zou et al. (2013) and Sun et al. (2015) reported a 

similar trend for synthesised HAPAM polymers poly (AM-NaAA-DNDA), cyclodextrin 

functionalised associating acrylamide, and poly (AM-AMC12S-DPP) respectively. The 

maximum viscosity for the HAPAM polymers was obtained at 40 0C [for poly (AM-NaAA-

DNDA)], 80 0C [for cyclodextrin functionalized associating acrylamide polymer] and 35 
0C [for poly (AM-AMC12S-DPP)]. Additionally, Gou et al. (2015) reported maximum 

viscosity at temperatures of 35 and 42 0C respectively for poly (AM-AA-NDS-NIMA) and 

poly (AM-AA-NIMA). Therefore, the type, amount and molecular composition of the 

hydrophobic comonomers employed in the synthesis of HAPAM polymers play a role in its 

temperature tolerance. Table 2.5 shows the maximum temperature tolerance of some 

HAPAM polymers in the semi-dilute concentration regime. The copolymerisation of 

acrylamide with these hydrophobic comonomers is partly aimed at improving its 

temperature tolerance. However, some of the HAPAM arising from the copolymerisation 

process may not achieve high polymerisation activity and, thus, experience low intrinsic 

viscosity and molecular weight (Zhong et al., 2014; Li et al., 2017). The implication of this 

is that the maximum temperature tolerance of some of these polymers may vary, as 

indicated in Table 2.5.  
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Table 2.5: Maximum temperature tolerance of some selected HAPAM polymers. Polymers 
were evaluated under a shear rate of 170 /s and temperature range of 20 – 140 0C. 

Polymer* 
Maximum 

Temperature (℃) 
CAC (, -⁄ ) 

Concentration 

Regime 
Reference 

AM-AA-

NIMA 1 
42 0.80 Semi-dilute 

(Gou et al. 

2015) 

AM-AA-NDS-

NIMA 2 
35 1.00 Semi-dilute 

(Gou et al. 

2015) 

AM-AMC12S-

DPP 3 
35 0.20 Semi-dilute 

(Sun et al. 

2015) 

AM-DOAC-

SSS 4 

80 

1.65 

Semi-dilute 

(0.3 wt.%) 

(Quan et al. 

2016) 
100 

Semi-dilute 

(0.4 wt.%) 

120 
Semi-dilute 

(0.5 wt.%) 

*The abbreviations denoting the polymers are: 
1. AM-AA-NIMA – HAPAM containing 3-(2-(2-heptadec-8-enyl-4,5-dihydro-

imidazol-1-yl)ethylcarbamoyl)acrylic acid (NIMA) and acrylic acid (AA) 
2. AM-AA-NDS-NIMA – HAPAM containing 3-(2-(2-heptadec-8-enyl-4,5-dihydro-

imidazol-1-yl)ethylcarbamoyl)acrylic acid (NIMA), 3-(diallyl-amino)-2- 
hydroxypropyl sulfonate (NDS) and acrylic acid (AA) 

3. AM-AMC12S-DPP – HAPAM containing 1-(4-dodecyloxy-phenyl)-propenone 
(DPP) and 2-(acrylamido)-dodecanesulfonic acid (AMC12S) 

4. AM-DOAC-SSS – HAPAM containing ionic hydrophobic monomer N,N-
dimethyloctadeyl allyl ammonium chloride (DOAC) and the anionic monomer 
sodium 4-styrenesulfonate (SSS) 

As such, thermo-thinning defects tend to set in beyond temperature values for maximum 

viscosity. Furthermore, the molar ratio of hydrophobic comonomers employed in the 

copolymerization process is in the range of 10 – 30 % (Li et al., 2017). While an increment 

would improve the performance of the polymer, it may create additional cost for production. 

The temperature effect on the CAC of HAPAM is limited and not widely reported. 

Nevertheless, this may have a significant impact, in the same manner, as earlier reported for 

salinity effects. El-Hoshoudy et al. (2017) reported the temperature tolerance of synthesized 

acrylamide-based poly (4-dodecyl-benzenesulfonate-3-[5-(butane-2-sulfonyl)-3-

carbamoyl-1-methyl-heptyl] imidazol-3-ium) at the critical aggregation concentration. 
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However, there was no reported indication of its effect on the CAC of the polymer. A 

general understanding of this effect could be linked to the description given by Hourdet et 

al. (2005). The dynamics of the associative network formed by HAPAM polymers are tied 

to the hydrophobic interactions' strength (as measured as the binding energy/energy barrier) 

between polymer chains. Accordingly, Andrade's Equation (Equation 2.2) can be applied to 

hydrophobically associating polymers, where the activation energy can be closely compared 

to the energy barrier.  

µ = B,e
- $"%&'

.         (2.2) 

Where µ is the polymer viscosity, E) is the activation energy (kJ/mol), B, and k, are 

constants, T is the temperature in kelvin. The relationship between the CAC of associating 

polymers and the intrinsic viscosity is represented in Equation (2.3): 

C)* =
#
[0]

          (2.3) 

Where the CAC is C)*  and the intrinsic viscosity of the polymer solution  [µ] is represented 

in Equation (2.4) where	µ2 is the viscosity of the solvent:  

[µ] = lim
&(→4

;0"0)
0)
<        (2.4) 

From the expressions in Equations (2.2) to (2.4), the dynamics of the hydrophobic 

association between polymer chains is dependent on temperature and the degree of 

hydrophobicity (which is described by the activation energy). The outcome can be described 

in two ways: 

a) For a given degree of hydrophobicity, an increase in temperature would bring about a 

reduction in polymer viscosity, µ, likewise the intrinsic viscosity, [µ]. This would imply 

an increase in the critical aggregation concentration, C)*. This simply means that a 

higher polymer concentration would be required to sustain the associative effect of the 

hydrophobic groups present in the polymer backbone. 

b) The degree of hydrophobicity increases, and the energy barrier/activation energy 

intensifies, likewise the intrinsic viscosity. As such, the critical aggregation 

concentration would decrease. However, polymers with a high degree of hydrophobicity 

would experience a larger drop in viscosity with temperature. 

While these are plausible theoretical explanations of thermal effects on the CAC of 

associating polymers, further research into this trend would be beneficial where polymer 

injectivity is paramount. As previously stated, EOR involving polymers requires 

concentration values set to a particular limit based on the economics of the project. In 
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improving the thermal resistance of hydrophobically associating polymers, grafting of the 

copolymers with a temperature-responsive side chain have been reported (Barker et al., 

2003; Hourdet et al., 2005; Brassinne et al., 2014; Lee et al., 2015; Victor et al., 2016; Li et 

al., 2017). Such "smart polymers" are characterized by a critical association temperature 

(CAT) above which polymers self-assemble into hydrophobic micro-domains (Hourdet et 

al., 2005; Li et al., 2017). In other words, there is a change in character from hydrophilicity 

to hydrophobicity (Li et al., 2017). This CAT is determined by the critical solution 

temperature of the graft monomer employed. N-isopropylacrylamide (NIPA) is a commonly 

employed monomer in preparing thermos-responsive polymers, and it is characterized by a 

low critical solution temperature (LCST) (Oh et al., 2013; Zhang and Hoogenboom, 2015; 

Victor et al., 2016; Badi, 2017; Santis et al., 2017). The LCST represents the temperature 

value below which components of a mixture are miscible. In addition, some monomers are 

characterized by an upper critical solution temperature (UCST) above which components 

in the mixture are miscible in all proportions (Badi, 2017; Niskanen and Tenhu, 2017). The 

smart tuning of the viscosity of these polymers ensures that they are applicable in high-

temperature oil reservoirs. However, the critical solution temperature values of the grafted 

polymers are dependent on the degree of polymerization, branching and polydispersity. As 

such, some HAPAM molecules grafted with thermos-responsive comonomer may still 

exhibit low molecular weight with high polymer concentration needed for thermo-

thickening. Further to this, Li et al. (2017) pointed out that an expensive coupling agent is 

necessary for the polymerization process of thermo-responsive polymers and reactions are 

conducted at low polymer loadings. Increasing the hydrophobic length would strengthen 

the intermolecular associative effect for high-temperature applications; however, there is a 

limit to ensure polymer solubility is maintained. In addition, some grafted polymers may 

exhibit an LCST lower than the UCST. This simply means such polymers can only exhibit 

thermo-thickening over a particular temperature interval while thermo-thinning will set in 

at lower and higher temperatures. For polymers exhibiting both LCST and UCST, a 

favourable disposition is for LCST to be higher than the UCST. This would ensure the 

temperature tolerance of the polymer at high temperatures. Some thermo-responsive 

associating polymers may require some stimulating effect for thermal response between 

grafts on the polymers (Li et al., 2017). This may limit the acceptance of thermo-responsive 

hydrophobically associating polymers in the oil and gas industry as this would contribute 

to cost. The long-term stability of HAPAM polymers in porous media depends on the 

sustainability of its associative characteristics under different conditions of temperature, 
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salinity, pH and divalent ion concentration. In addition, the CAC, which is a critical 

parameter of associative polymers, have been reported in the literature to be susceptible to 

reservoir conditions (El-Hoshoudy et al., 2017; Saeed et al., 2017). However, an explanation 

for the susceptibility of the CAC to different reservoir conditions could mean that 

intramolecular interactions could transit to intermolecular interactions and vice versa. 

Recently, Guo et al. (2016) showed this possibility by conducting core flooding through 

three serially mounted cores with very similar rock properties (permeability and porosity). 

It was observed that for associative polymers, HNT-3.28 and HNT-4.32 (containing 3.28 

and 4.32 mol % hydrophobic monomer respectively), the resistance factors (RF) of the 

polymers were much greater in the second and third cores compared to the first core. A 

plausible explanation given by the authors was the conversion of intramolecular interactions 

to intermolecular interactions due to elongational or extensional flow in the porous media. 

However, this transition between the two interactions depends on the hydrophobic monomer 

content. It was observed that a similar trend of transition was not observed with associative 

polymers HNT-1.1 and HNT-2.2 (containing 1.1 and 2.2 mol % hydrophobic monomer) 

respectively. The authors put forward that this may be due to low intramolecular interactions 

such that any transition to intermolecular interaction has been counteracted by polymer-

rock interaction such as adsorption. Similarly, this trend of intramolecular to intermolecular 

transition and vice versa may explain why the CAC of associative polymers change under 

different reservoir conditions. However, an understanding of this phenomenon could 

eventually explain the stability of associative polymers under different reservoir conditions.  

2.2.3. Effect of pH  

The charged nature of polyelectrolytes makes them easily affected by the degree of 

ionization of solution (Wever et al., 2011). Polyelectrolytes with more than one negative 

group (polyanion) experience high viscosity at high pH and low viscosity at low pH (Wever 

et al., 2011). In contrast, polycations experience low viscosity at high pH and high viscosity 

at low pH (Wever et al., 2011).  However, typical polyelectrolytes are polyanionic with pH 

response as earlier described for polyanions. Zhou et al. (2001) showed this with polyacrylic 

acid, with the polymer viscosity increasing with pH up to a maximum at pH values between 

8 and 9. The decrease in the viscosity value beyond the pH value was attributed to the salting 

out effect, similar to what is obtained from NaCl. The response of hydrophobically 

associating polymers to pH is rather complex (Zhou et al., 2001). A balance between 

electrostatic repulsion between charged moieties on the chain and hydrophobic interactions 
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characterizes the pH responsiveness of HAPAM (Branham et al., 1996; Smith and 

McCormick, 2001; Zhou et al., 2001; Zhuang et al., 2001; Huaiping et al., 2008; Wever et 

al., 2011). In other words, the viscosity of hydrophobically associating polymers with an 

increase in pH is dependent on the transition between intramolecular and intermolecular 

interaction. In demonstrating this effect, Zhou et al. (2001) synthesized a copolymer of 

acrylic acid and 2-(N-ethylperfluorooctanesulfoamido) ethyl acrylate or 2-(N-

ethylperfluorooctanesulfoamido) ethyl methacrylate. It was observed that two increments 

in polymer viscosity were achieved. Beyond a pH value of 4, polymer viscosity increased 

to a maximum in the range of 5 – 6. Further increment leads to a decrease in polymer 

viscosity followed by another increase beyond pH of 11. This behaviour of the polymer is 

captured in Figure 2.4.  

 

Figure 2.4: Effect of pH on the solution viscosity of poly (acrylic acid) (PAA) and their 
modified polymers (FMA) at temperature 25 0C and a shear rate of 0.4 /s (Zhou et al., 
2001). 

An explanation for this trend can be grouped into three categories according to the authors: 

a) Between pH 5 – 7, the ionic character of the polyacrylic acid copolymers is not fully 

developed and as such, hydrophobic interactions occur in solution. 

b) Between pH 7 – 11, the polyelectrolyte character of the copolymers is developed with 

chain expansion. However, a lack of mobility prevents the hydrophobic interaction. 
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c) Beyond pH 11, the screening effect similar to what is experienced under increasing 

salinity allows for the exposure of hydrophobic groups for associative interaction.  

Although, the authors did not discuss the pH range of 1 – 4, however under this condition, 

the intramolecular associative effect is dominant; hence the viscosity of the HAPAM is low 

without any noticeable increase. Similarly, Zhuang et al. (2001) demonstrated the above 

trends highlighted from (a) to (c) using poly (acrylate-co-alkyl acrylate) as shown in Figure 

2.5.  

 

Figure 2.5: Effect of pH on polymer viscosity of PAA and PAA modified with n-dodecyl 
acrylate/2-ethylhexyl acrylate (PAA-C) (Zhuang et al. 2001). 

For the poly acrylic acid (PAA) polymer, under low pH conditions (acidic conditions), there 

is a low charge density due to the undissociated state of the carboxylic groups on the 

polymer chain. This minimizes electrostatic repulsion hence chain retraction resulting in a 

decrease in polymer viscosity. As the pH increases, there is a gradual increase in charge 

density due to the gradual dissociation of the carboxylic groups on the polymer chain. At 

maximum viscosity, there is complete dissociation of the carboxylic groups, and a further 

increase in pH would result in a salting out effect on the polymer. This is similar to the 

effect reported by Zhou et al. (2001) on PAA polymers in Figure 2.4. However, the modified 

PAA copolymers, i.e. poly (acrylate-co- alkyl acrylate) by Zhuang et al. (2001), showed the 

same trend described by Zhou et al. (2001). The behaviour of the associating polymer is 
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essentially a balance between electrostatic repulsion between charged moieties on the chain 

and hydrophobic interactions.  

2.3. Inaccessible Pore Volume of Associative Polymers 

The IPV can be described as the fraction of the rock pore volume, which remain inaccessible 

to the polymer due to the polymer size (Pancharoen et al., 2010; Sheng, 2011; Al-Hajri et 

al., 2018; Torrealba and Hoteit, 2019). According to Sheng (2011), polymer molecules 

cannot flow through those pores when polymer molecular sizes are larger than some pores 

in a porous medium. Consequently, the volume of those pores that polymer molecules 

cannot access is called the IPV (Sheng, 2011). Aside from the polymer size, this 

phenomenon depends on salinity, divalent ion concentration, rock surface effect, 

temperature, polymer charge and concentration and the pore-size distribution of the rock 

(including dead-end pores) (Al-Hajri et al., 2018; Torrealba and Hoteit, 2019). Pancharoen 

et al. (2010) studied the effect of different associating polymers on the IPV of a sand-packed 

column with an absolute permeability of 21.6 D. The molecular weight of associating 

polymers was identified as a critical factor that influences the IPV of associating polymers. 

High molecular weight associating polymers are characterised by sizeable molecular 

volume and more hydrophobic regions on the polymer chain. As such, associating polymers 

with large molecular weight would result in polymer chains with large molecular clew 

dimension compared to pore throat sizes. According to the experimental work of 

Pancharoen et al. (2010), low molecular weight associating polymers displayed 12 and 20 

% of IPV using superposition and simulation methods respectively. However, the high 

molecular weight associating polymers showed IPV between 33 – 49 % depending on the 

approach used. An explanation for this could still be explained in terms of the hydrophobic 

interactions, which increases with polymer molecular weight. In like manner, the 

concentration regime of associating polymers, either dilute or semi-dilute, can influence the 

IPV. At concentrations representative of dilute regime, hydrophobic interactions are absent, 

polymer resistance factor is reduced, and injectivity increases, thereby reducing IPV. 

However, when polymer concentration represents the semi-dilute regime, hydrophobic 

interactions dominate, and polymer resistance factor is increased and as such injectivity 

decreased thereby increasing IPV. The IPV represents one of many mechanisms of polymer 

transport in porous media, and where this is dominant, it may lead to polymer acceleration. 

This would occur when polymer solution is injected at salinity lower than the reservoir 
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salinity. However, where polymer adsorption is dominant, the process of polymer transport 

is different, as discussed below.  

2.4. Retention Properties of Associative Polymers 

The size of associating polymer cluster depends on polymer concentration and the level of 

hydrophobe content that can lead to polymer adsorption and retention in porous media 

(Taylor and Nasr El-Din, 1998). This is mainly the case when the hydrophobe distribution 

along the polymer chain is blocky rather than random. In the case of block distribution of 

hydrophobe content, the concept of multilayer adsorption has been proposed as an 

explanation (Page et al., 1993; Volpert et al., 1998; Dupuis et al., 2011; Kamal et al., 2015; 

Zhao et al., 2017). The adsorbed layer of the associating polymer has a segment of the 

hydrophobic group interacting with the rock surface. In contrast, another portion of the 

hydrophobic group interacts with other polymer chains, forming another adsorption layer. 

As a result, an increase in the polymer concentration of associating polymer would 

continuously increase polymer adsorption on the rock surface. Most of the experimental 

studies on HAPAM have focused on using sand-pack columns. As such, the mechanism of 

polymer-rock interaction for hydrophobically modified polymers may differ for calcite, 

sandstone, and dolomite reservoirs. El-Hoshoudy et al. (2015) reported the interaction of 

associative polymers with sandstone rocks. The polymers exhibited -50.3 and -21.8 mV 

from Zeta potential measurements with an average value of – 46.3 mV. Thus, such 

associative polymers are capable of causing a wettability alteration on positively charged 

sandstone reservoirs during polymer flooding processes. However, at a pH value greater 

than 2, it was reported that sandstone rock could exhibit a negatively charged surface in 

which the positively charged nitrogen bases can adsorb on the rock surface and alter 

wettability (El-Hoshoudy et al., 2015). In addition, Chiappa et al. (1999) reported the effect 

of polymer charge (anionic, weakly anionic and cationic) from a 2 % KCl solution on its 

adsorption on a quartzite rock surface, which was negatively charged at pH greater than 2. 

It was evident from their findings that polymer adsorption increases from anionic to weakly 

anionic to cationic polymers. However, when these polymers were exposed to reservoir 

sand (49 wt.% Quartz and 21 wt.% Calcite), the anionic polymer exhibited negligible 

adsorption phenomenon while adsorption increased from the weakly ionic to the cationic 

polymer. It should be noted that calcite has a positively charged surface at pH values less 

than 9.5. Therefore, polymer interaction with the rock surface may reflect a much more 

complex behaviour at the calcite surface. The presence of divalent ions can enhance the 



37 
 

adsorption of anionic polymers onto a quartzite surface which can be achieved in two ways 

(Chiappa et al., 1999). Firstly, the divalent ion creates a link (or act as a bridge) between 

the anionic polymer and the negatively charged quartz surface. Secondly, the divalent ions 

can neutralize part of the negative sites on the anionic polymer, thereby reducing 

electrostatic repulsion.  Similarly, the adsorption of crude oil tends to reduce the tendency 

of polymer-rock interaction (Chiappa et al., 1999; Taheri-Shakib et al., 2019(a); Taheri-

Shakib et al., 2019(b)). Quan et al. (2019) reported the use of HAPAM polymers in the 

acidification process of carbonate rocks. The adsorption of the associative polymer was 

such that it forms a protective film on the carbonate rock. The authors reported that the 

adsorption and desorption of associative polymers on the carbonate surface influence the 

reaction rate between the acid and the carbonate. However, after the desorption process at 

the end of the reaction, small amounts of the associative polymers remain on the rock 

surface, thereby creating cracks and voids (Figure 2.6).  

 
Figure 2. 6: SEM images of the associative polymer (HPAAT) at various dissolution times: 
(a) the untreated carbonate sample, (b) 5000 mg L-1 HPAAT-40 min (c) 8000 mg L-1 
HPAAT-50 min, (d) 5000 mg L-1 HPAAT-55 min, and (e) 8000 mg L-1 HPAAT-65 min. 
(Quan et al., 2019). 
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The adsorption isotherm of HAPAM polymers does not follow the classical approach, often 

characterized by a plateau region. This is often attributed to the continuous interaction 

between the hydrophobic regions of the polymer chains in solution. Concerning this, 

Volpert et al. (1998) reported on the interaction between HAPAM polymers and an alumina 

silicate surface. The adsorption isotherm of the HAPAM was characterized by a continuous 

increase in the adsorbed polymer and the absence of a plateau region. This phenomenon 

was explained in terms of classical multilayer adsorption due to the hydrophobic interaction 

between polymer chains. However, recent studies on the rock adsorption (in sand-pack 

column) phenomenon associated with hydrophobically modified polymers has been 

attributed to some “minor polymeric species” (Dupuis et al., 2011; Seright et al., 2011). 

This implies that for hydrophobically associating polymers, adsorption does not mean the 

deposition of a substantial quantity of polymer molecules from solution to the rock surface. 

Accordingly, Dupuis et al. (2010) experimentally showed that the classical theory of 

multilayer adsorption does not apply to hydrophobically associating polymers. Instead, 

adsorption of hydrophobically associating polymers is controlled by the presence of “minor 

polymeric species”. The authors injected an associating polymer with sulfonated 

polyacrylamide backbones and alkyl hydrophobic side chains into a cylindrical chamber 

with granular packs. As expected, a high resistance factor was obtained with the associating 

polymers. However, core plugging did not occur as evident from the stabilization trend 

obtained from the resistance factor curves and no loss in viscosity of the polymer effluent. 

The polymer effluent was re-injected into a new core, and resistance factor values were 

stable with no increase. According to Dupuis et al. (2011) and Seright et al. (2011), removal 

of these “minor polymeric species” with an appropriate filtration method without degrading 

the thickening capability of the polymer will ensure more negligible adsorption. However, 

the selection of a proper filtration method, which will ensure that the associating polymers 

do not lose their viscous properties, may be challenging. Moreover, investigating the origin 

of these “minor polymeric species” would help understand how to properly design the 

synthesis and treatment process of hydrophobically associating polymers. Core flooding 

experiments carried out show an irreversible reduction in permeability without filtration of 

the precursor polymer solution. The resistance to adsorption of associating polymers can 

also be improved by using hydrophobes, which contain sulfonate groups (Taylor and Nasr 

El-Din, 1998; Seright et al., 2011; Wever et al., 2011). The use of 2-acrylamido-2-methyl 

propane sulfonate (AMPS) as a comonomer in modifying polyacrylamide has been reported 

to produce more negligible adsorption than HPAM polymers. However, this phenomenon 
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appears to be peculiar with associating polymers made of 2-acrylamido-2-methyl propane 

sulfonate.  Other factors such as salinity may influence the adsorption of associating 

polymers in porous media (Rashidi et al., 2009; Li et al., 2016; Akbari et al., 2017; Amirian 

et al., 2018). This may manifest in the form of ion competition with polymer molecules for 

adsorption sites and may result in less adsorption (Torrealba and Hoteit, 2019). It has been 

reported that where polymer adsorption is the prevailing transport mechanism in porous 

media, an injection of polymer solution at salinities lower than that of the reservoir would 

lead to polymer retardation where the salinity front accelerates faster than the polymer front.  

2.5. Polymer Injectivity and Permeability Reduction 

Polymer injectivity can be predicted and monitored from values obtained for resistance 

factor (RF) and a residual resistance factor (RRF) (Al-Shakry et al., 2019). The injectivity 

of associating polymers is low compared to conventional HPAM polymers and is 

characterised by large RFs (Seright et al., 2011; Azad and Trivedi, 2017). Furthermore, this 

low injectivity can be attributed to the nature of the polymer hydrophobic interaction, which 

is concentration-dependent (Dupuis et al., 2011; Xie et al., 2016; Azad and Trivedi, 2017). 

Azad and Trivedi (2017) carried out an injectivity study on associative polymers compared 

to HPAM polymers. It was observed that at a concentration of 2000 ppm, the associative 

polymers exhibited higher RFs than HPAM polymers at the concentration for all shear rates 

studied. Furthermore, the concentration value of 2000 ppm represents the CAC of the 

associative polymer, and the polymer showed decreased resistance for values at high shear 

rates.  The reduced values of the RFs can be explained in terms of a transition of the 

associative effect from intermolecular to intramolecular interaction at high shear rates 

(Seright et al., 2011; Reichenbach-Klinke et al., 2016; Azad and Trivedi, 2017). However, 

at a concentration of 1000 ppm for the associative polymers and HPAM, the RFs exhibited 

by both polymers were similar. For the associative polymer, this could be explained by 

intramolecular interaction dominating the rheology of the polymer.  On the other hand, the 

amount and type of hydrophobe content in the polymer could also play an essential role in 

the injectivity of associative polymers. Reichenbach-Klinke et al. (2016) investigated the 

performance of different associative polymers in terms of molecular weights and 

hydrophobic contents. The RF and viscosity were observed to increase with hydrophobic 

content, and the reverse was the case with polymer injectivity (Seright et al., 2011; 

Reichenbach-Klinke et al., 2016; Azad and Trivedi, 2017). However, in oil saturated cores, 

it has been reported that the presence of oil weakens the intermolecular interactions, with 
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the degree of weakening dependent on the hydrophobic content (Reichenbach-Klinke et al., 

2016). Also, surfactants tend to reduce the high RF of associative polymers by competing 

with the hydrophobic interactions, thereby creating a surfactant-polymer interaction. 

Equally significant from the work of Reichenbach-Klinke et al. (2016) is the impact of 

associative polymer on permeability reduction. Using polymer concentrations of 1000 and 

2000 ppm for the associative polymer and HPAM respectively showed that associative 

polymers have higher values for the RRF compared to HPAM. This was explained in terms 

of the mechanism of multilayer adsorption, which is further enhanced by hydrophobic 

interactions. However, this phenomenon of multilayer adsorption remained debatable, as 

shown by the works of Dupuis et al. (2011) and Seright et al. (2011), who attributed the 

permeability reduction to the presence of some “minor polymeric species”. Therefore, 

permeability reduction by associative polymers depends on the hydrophobic comonomer 

that makes up the polymer chain. In like manner, at a concentration of 1000 ppm, the HPAM 

showed higher values for the RRF compared to the associative polymer. This implies that 

the dilute concentration regime where intramolecular interaction dominates ensures that the 

RRF is low. Under these circumstances discussed, it is evident that the properties of 

associative polymers can be tuned and adjusted to achieve the desired injectivity, 

propagation, RF and RRF. Further to this, the mechanism of polymer-rock interaction (IPV 

and adsorption), as discussed earlier, can be employed in improving the injectivity and 

propagation of associative polymers as proposed by Torrealba and Hoteit (2019). The 

authors proposed a compositionally tuned polymer injection process, which considers 

polymer transport under salinity, adsorption and IPV. This takes explicitly into account 

polymer retardation and acceleration effects arising from adsorption and IPV respectively. 

The proposed injection scheme appears viable under simulation. However, an experimental 

study is still required in validating the outcome. The application of this study to associative 

polymers would require optimising in terms of slug composition, injection cycle size and 

number of cycles. 

2.6. Emulsion Properties of Associative Polymers 

A challenge associated with polymer flooding is the separation of water from crude oil. This 

difficulty is traced to the interfacial tension (IFT) characteristics of polymers to enhance the 

stability of oil emulsions (Deng et al., 2002; Meiqin et al., 2008; Pancharoen, 2009; 

Pancharoen et al., 2010; Al-Sabagh et al., 2016). The interfacial tension characteristics of 

associating polymers are attributed to the distribution of hydrophilic and hydrophobic 
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blocks along the polymer backbone (Pancharoen, 2009; Pancharoen et al., 2010). According 

to Pancharoen et al. (2010), the hydrophobic groups on the polymer backbone align 

themselves in the oil phase, which contains active interfacial components such as 

asphaltenes and resins, while the hydrophilic part remains in the aqueous phase. This 

behaviour of associating polymers reduces the contact area between oil and water, thereby 

reducing the interfacial tension and enhancing crude oil emulsion stability. Comparison 

with low molecular weight surfactants shows that the abilities of these polymers in reducing 

IFT was less. Therefore, the authors pointed out the magnitude of this IFT reduction does 

not appear to be significant enough to contribute to added oil recovery. However, the 

strength of the emulsion stability effect of associative polymers depends on several factors, 

such as the type of associative polymer and polymer concentration. Meiqin et al. (2008) 

investigated the effect of polymer concentration on the interfacial tension characteristics of 

associative polymers. The measured interfacial shear viscosity of the water-oil film was 

used to characterise the stability of the water-oil emulsion. It was observed that the 

interfacial shear viscosity of the oil-water film increased with associative polymer 

concentration hence its emulsion stability. Consequently, the rate of demulsification and the 

rate of oil-water separation would decrease with increased polymer concentration. Thus, the 

strength of the emulsion stability caused by increased polymer concentration can be 

explained by the increased number of hydrophobic groups available to the oil phase. As 

such, IFT reduction does not contribute to the mechanism by which associating polymers 

improves oil recovery (Pancharoen et al., 2010). However, Reichenbach-Klinke et al. 

(2016) reported that additional oil recovery using associative polymers could occur with a 

combination of IFT reduction and mobility reduction. While this remains debatable, the 

increased oil-water emulsion stability arising from associating polymers remains a 

challenge towards its application. A foam can be described as having a gas phase dispersed 

in a liquid phase and often used in improving the mobility of gas (such as CO2) during EOR 

operations (Zhang et al., 2015; Xu et al., 2016; Ahmed et al., 2017). However, the foam 

must remain stable in oil as its longevity is what determines its efficiency. Ahmed et al. 

(2017) compared the use of conventional HPAM polymer with an associative polymer in 

the preparation of polymer enhanced foams (PEFs) with polymer concentration kept at 2000 

ppm and operating temperature and pressure at 80 0C and 14.5 psi respectively. Figures 2.7 

and 2.8 show the comparison between HPAM and HAPAM polymers regarding foam 

stability and foam volume respectively. The stability of the PEF was observed to be more 

pronounced using an associative polymer compared to a HPAM polymer.  
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Figure 2.7: Foam stability comparison of PEFs containing no polymer, conventional 
polymer (FP3330s) and associative polymer (Superpusher B192) CO2 foams. The polymer 
concentration was 2000 ppm at 3 wt% NaCl, 80 0C and 14.5 psi (modified from Ahmed et 
al. (2017)). 

 
Figure 2.8: Foam volume comparison of PEFs containing no polymer, conventional 
polymer (FP3330s) and associative polymer (Superpusher B192) CO2 foams. The polymer 
concentration was 2000 ppm at 3 wt% NaCl, 80 0C and 14.5 psi (modified from Ahmed et 
al. (2017)). 
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This can be explained by the enhanced thickening ability (arising from hydrophobic 

interactions) of the associative polymer compared to HPAM. This enhanced thickening 

effect of the associative polymer tends to limit gas diffusion, thereby enhancing foam 

stability through a gradual reduction in foam volume. However, the thickening capability 

of associative polymers differs for different hydrophobic content and under varying 

reservoir conditions. Hence, enhancing the performance of PEFs would require optimizing 

for different hydrophobe content and reservoir conditions.  

2.7. Heterogeneity of Reservoirs on Associative Polymers 

The influence of polymer concentration and reservoir heterogeneities on polymer flooding 

performance are among paramount factors that determine the success of the oil recovery 

process (Han et al., 2006; Wei et al., 2007; Wassmuth et al., 2012; Patokina, 2015; Xie et 

al., 2016).  Reservoir heterogeneities arise from the oil formation's depositional history, 

which creates a difference in physical properties between the high permeability layer and 

low permeability layer (Xie et al., 2016). For a homogenous reservoir with uniform rock 

properties, the propagation of hydrophobically associating polymers depends on polymer 

concentration (Wassmuth et al., 2012). Furthermore, the molecular interaction/aggregation 

of associating polymers for mobility control can be regulated by changing the polymer 

concentration. Xie et al. (2016) evaluated the applicability of hydrophobically associating 

polymers in a heterogeneous reservoir system. It was confirmed by the authors that there 

exists compatibility between polymer molecular aggregation/association and pore-throat 

size. In other words, there exists a matching relationship between the size of an associated 

polymer cluster and the size of the pore-throat of the reservoir. Where the size of the 

associative polymer cluster matches well with the pore-throat size, the pressure drop was 

observed to be stable as pore volume increased. Alternatively, at a given polymer 

concentration, there could be a mismatch between the size of the cluster and the pore-throat; 

therefore, the pressure drop due to polymer injection increases with pore volume. Thus, a 

heterogeneous reservoir provides a scenario where rock properties play an essential role 

with polymer concentration (Wassmuth et al., 2012; Xie et al., 2016). A change in polymer 

concentration will control the mobility of polymer solution in the different permeable layers 

of the reservoir. Accordingly, Xie et al. (2016) considered the following as crucial for 

associating polymer in a heterogeneous reservoir: 

a) The size of the associating polymer cluster is regulated from polymer concentration, 

thereby ensuring passage through low pore-throat zones.  
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b) Reservoir fluid diversion arising from polymer jam/retention in high permeability zone. 

This is a result of the size of the associating polymer cluster.  

Thus, the different molecular association between polymer molecules and the size of the 

associating polymer cluster arises from varied polymer concentrations. The size of the 

associating polymer cluster at a given concentration needs to be optimally matched with the 

average heterogeneities and permeability of the different layers in the reservoir. The essence 

of optimally matching the size of the aggregates arising from the associating polymer 

clusters and the reservoir heterogeneities can be tied to the following:  

a) High polymer concentration would be needed, if not above the limit for EOR operations, 

which could be detrimental to the economics of the flooding process. 

b) For a heterogeneous reservoir, finding an optimum concentration for associating 

polymers would help prevent the occurrence of a profile reversal where polymer 

mobility is enhanced in the permeable layer with little residual oil. 

c) In addition, polymer injectivity would be affected, and this is often constrained by 

formation fracture pressure. Furthermore, high polymer injection pressure can make 

associating polymers lose their space-network structure resulting in a reduced 

hydrodynamic size for the polymer molecules.  

2.8. Performance of Associative Polymers under Alkali/Surfactant Flooding 

The use of HAPAM polymers for Alkaline Surfactant Polymer (ASP) flooding is not 

common compared to the use of HPAM polymers, and its usage has been limited to 

laboratory studies and field trials (Feng et al., 2013; Guo et al., 2017). Feng et al. (2013) 

compared the use of HAPAM to HPAM polymers in an ASP flooding trial project in a 

Daqing class II reservoir (100 – 300 x10"5µm6) containing heavy alkyl benzene sulfonate. 

The authors evaluated the HAPAM polymer under laboratory and field conditions. Figures 

2.9(a) and (b) show the effect of the ASP system containing HAPAM and HPAM on the 

interfacial tension under laboratory conditions respectively. The associative polymer in 

Figure 2.9(a) offers good compatibility with heavy alkyl benzene sulfonate, which can 

ensure very low interfacial tension over a wide range of alkali/surfactant concentration. 

When aged for 120 days, the viscosity of the associative polymer is improved; however, the 

interfacial tension remained the same. A flooding experiment was conducted using a 1000 

mg/L HAPAM-ASP system containing 1.0 % NaOH and 0.3 % alkyl benzene sulfonate. 

Figure 2.10 show that using 0.3 PV of ASP fluid improved the recovery of oil by 26 %.  
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Figure 2.9: Interfacial tension of a 1000 mg/L ASP flooding system containing (a) HAPAM 
and (b) HPAM (Feng et al. 2013).  

 
Figure 2.10: Core flooding results for the ASP system containing associative polymer as 
studied by Feng et al. (2013). 
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The mechanism by which ASP systems containing associative polymers improve oil 

recovery is summarized in Figures 2.11 and 2.12.  

 
Figure 2.11: The effect of alkali on the viscosity of the associating polymer solution (Feng 
et al., 2013) 

 
Figure 2.12: The effect of alkali mixed surfactant on the status of the associating polymer 
solution (Feng et al., 2013) 
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In the presence of the base and the surfactant, the viscosity of the ASP fluid is increased 

due to the higher hydration degree of the carboxylic groups under basic conditions. This 

ensures that the carboxylic groups on the hydrophilic main chain on the associative polymer 

are entirely dissociated, thereby enabling polymer chain extension. Therefore, the 

surfactants present in the ASP system interact with the associative polymer's hydrophobic 

components, thereby resulting in more intermolecular association, which significantly 

increases the fluid's viscosity, as shown in Figure 2.12. However, it should be noted the 

rheological improvement of the ASP system containing associative polymers depend on the 

type and composition of the surfactant (Feng et al., 2013). In addition, the composition and 

kind of hydrophobic monomer in the associative polymer is also essential when considering 

the performance of the HAPAM-ASP system. 

2.9. Solution Properties of Associating Polymers from Produced Fluids 

The associated goal of a polymer flooding design is the reduction in the amount and cost of 

chemicals employed. In other words, the cost-effectiveness of a polymer flooding project 

design is crucial to its successful deployment and application. In addition, another identified 

challenge with polymer flooding design is the disposal of produced fluid containing the 

residual polymer. The associative characteristics of hydrophobically associating polymers 

have been shown to maintain the viscous properties of such polymers above the critical 

aggregation concentration. However, Lu et al. (2010) postulated that the successful 

characterization and reuse of hydrophobically associating polymers in produced fluids 

mean that:  

a) The phenomenon of hydrophobic association exists in porous media. Nevertheless, the 

authors did not mention this depends on how it is propagated in a porous media. The 

propagation of associating polymers deep into a reservoir may affect the hydrophobic 

interactions between polymer chains (in-situ) and when produced (ex-situ). 

b) The possibility of a change in the critical aggregation concentration of the produced 

associating polymer and what this change means on the solution properties of the 

polymer. These changes, if they occur, may be attributed to changes in the hydrophobe 

content when the polymer flows through the porous media. 

Studies by Lu et al. (2010) have shown that hydrophobically associating polymers obtained 

from produced fluids have lower hydrophobic content than pre-flooding conditions. This 

indicates that the compositional homogeneity of the polymers is affected, which further 

explains the reduced associative effect of the polymers. However, the CAC of the 
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associating polymer from the produced fluid was similar to its pre-flooding value. Although 

the reported results show that hydrophobically associating polymers can be reused; 

however, the study did not indicate if such property can be maintained in deep reservoirs. 

In addition, the well spacing in most oil fields would require deep propagation of polymers 

before the breakthrough of solutions from the producer well. Where the hydrophobic 

associative features are lost after flowing a short distance, its mobility control cannot be 

sustained far from the wellbore where most of the oil is displaced (Seright et al., 2011). 

2.10. Modelling the Flow of Associating Polymers in Porous Media 

2.10.1.  In-Situ Rheology of Associative Polymers 

To properly account for polymer rheology, the concept of in-situ viscosity has been coined 

to describe flow behaviour in porous media in comparison to bulk viscosity. The in-situ 

viscosity can be defined as the average viscosity inside a porous media and is also described 

as the apparent viscosity. This differs from the effective viscosity, which can be related to 

the viscosity of the polymer in a pore throat.  Figure 2.13 shows a typical flow curve for a 

polymer solution in porous media displaying viscoelastic behaviour at a steady-state.  

 
Figure 2.13: A typical plot of viscosity versus shear rate for a polymer solution that exhibits 
shear thickening. >7 is the first critical shear rate which marks the onset of shear thinning. 
The increase in viscosity begins at the critical shear rate >7, after a minimum viscosity, ?89: 
and shear thinning resumes after shear rate, >8 at maximum viscosity, ?8,;. ?< represents 
polymer viscosity at low shear rate. 
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Similar trends in porous media have been reported (Edwards et al., 2002; Jiang et al., 2003; 

Khamees and Flori, 2018). The identifiable flow regimes in porous media can be classified 

as Newtonian, Shear Thinning, Shear Thickening and Mechanical Degradation 

(Hatzignatiou et al., 2013). The Newtonian regime is apparent at low shear rates. Still, 

beyond the initial critical rate γ=, shear-thinning is apparent until polymer viscosity reaches 

a local minimum at a critical shear rate value of γ>. This critical shear rate, which is one out 

of three, represents the threshold for the onset of shear thickening. A local maximum for 

the polymer viscosity is obtained at a third critical rate γ$. Beyond γ$, there is another 

decrease in polymer viscosity; this shear rate is characterized as the onset of mechanical 

degradation (Dupas et al., 2012; Brakstad and Rosenkilde, 2016; Lohne et al., 2017; Skauge 

et al., 2018). Many factors, including shear-thickening, influence polymer injectivity in 

porous media. Injection rates above the critical rate for the onset of shear thickening may 

reduce polymer injectivity for field application (Skauge et al., 2018). At this point, polymers 

undergo an irreversible thickening effect which culminates into degradation after a given 

period. The critical shear rate for the onset of dilatant behaviour in porous media depends 

on polymer, solvent and rock properties. However, in the case of associative polymers, 

some of the concerns, according to Seright et al. (2011), are related to: 

a) Maintaining the enhanced viscous properties (long-term stability) and ensuring its 

propagation in porous media under varied reservoir conditions. 

b) The effect of polymer concentration regime on polymer injectivity. An understanding 

of its effect on the onset of shear thickening in porous media.  

As mentioned in (b), the effect of the concentration regime of associative polymer flow on 

the onset of shear thickening is limitedly understood. However, this can be complicated 

given that specific oil field parameters such as temperature and salinity have been reported 

to alter the CAC of associating polymers (Zou et al., 2013; Gou et al., 2015; Sun et al., 

2015; Quan et al., 2016). 

2.10.2.  Existing Models for In-Situ Polymer Rheology 

Due to the time-consuming nature of in-situ measurement techniques, in-situ polymer 

rheology has often been evaluated analytically and numerically (Skauge et al., 2018). The 

difficulty with modelling polymer rheology lies in the fact that they are non-Newtonian 

fluids and the porous media in which they flow is a non-uniform pore geometry (Lohne et 

al., 2017; Skauge et al., 2018). The analytical study of polymer flow in porous media 

involves using time-independent models with the addition of some viscoelastic attributes 
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(Delshad et al., 2008; Sochi, 2010; Hatzignatiou et al., 2013; Yang et al., 2015). This can 

be represented as shown in equation (2.5): 

µ)++ = µ2? + µ@A        (2.5) 

Where µ2? represents the shear-thinning component. Modelling the shear-thinning features 

of polymer flow has been captured using the Power law or Carreau model (Skauge et al., 

2018). µ@A represents the elongational or extensional viscosity attributed to shear-

thickening. In another approach, the flow of polymer in porous media is represented as the 

product of the shear and elastic components as shown in equation (2.6) (Lohne et al., 2017): 

	µ)++ = µ2?(µ@A)        (2.6) 

However, regardless of the approach employed (either equation (2.5) or (2.6)), a general 

classification of viscosity models for polymer flow in porous media was grouped into two 

by Yang et al. (2015). This classification was based on the number of parameters contained 

in the model: two-parameter and multi-parameter models. The only known two-parameter 

model describing polymer flow in porous media takes the form of the power-law model in 

describing shear-thinning and shear-thickening as shown below in equation (2.7): 

µ)++(γ) = D
K#(γ)B*"#, γ < γ>, 	n# < 1
K6(γ)B+"#, γ > γ>, 	n6 > 1

     (2.7) 

Where K#, K6, n#, and n6 are the consistency and flow index parameters representing the 

model. These parameters are similar to what is obtainable in the power-law viscosity model. 

The model is simplistic in form, and its application is limited due to a lack of clarity in 

differentiating between the shear thinning and shear thickening stage (Yang et al., 2015). In 

other words, accurate prediction of the onset of shear thickening is not captured by the 

model. The multi-parameter models take into account variations of polymer viscosity at 

relatively large shear rates. Table 2.6 presents known models that make up the shear 

thinning, and shear thickening components of various multi-parameter models used in 

describing polymer flow in porous media. The multi-parameter models generally give a full 

description of polymer flow from shear-thinning to shear thickening and even polymer 

degradation. However, many model parameters can be challenging, and it may be difficult 

to estimate them. In like manner, Lohne et al. (2017) described a similar challenge with 

such models when applied for polymer flow in porous media.  
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Table 2.6: Proposed models for polymer flow in porous media. Modified from Skauge et 
al., (2018) 

 
In their analogy, the manual tuning of each parameter for accurate flow description can be 

challenging and time-consuming for simulation purposes. However, the existence of a large 

number of parameters tends to quantify better the uncertainties surrounding polymer flow 

in porous media. For associating polymers, the contributions of the hydrophobic 

interactions to the apparent polymer rheology must be described with sufficient parameters 

in the model. In addition, variation in oil field parameters (porosity, permeability, 

temperature, salinity and ion concentration) alter polymer rheology and need to be captured 

in analytical models. For example, temperature conditions within a reservoir are usually 

much higher than the injected polymer solution; likewise, the ion concentration of the 

injected solution is much lower than what is obtainable in the reservoir. These variations, 

as earlier mentioned, would alter the solution properties (especially the CAC) of 

hydrophobically associating polymers and must be captured in the models. Furthermore, 

the elastic contributions of hydrophobically associating polymers to flow resistance are 
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more significant than hydrolysed polyacrylamide. Therefore, it becomes imperative to have 

a suitable model for predicting the onset of mechanical degradation since polymer 

mechanical degradation occurs after shear thickening; however, the time scale for the start 

of mechanical degradation depends on the elastic contribution of the polymer. Apparently, 

polymer mechanical degradation is significant in relation to injection facilities where 

polymer solutions are exposed to high flow rates and possibly to turbulent conditions. 

Moreover, the extent of degradation is a function of the polymer architecture and reservoir 

properties around the well region.  In minimising the number of parameters associated with 

a model, Lohne et al. (2017) suggested that the time constants defining the transition 

between flow regimes be expressed as a function of polymer and reservoir properties. As 

such, the time constants of an appropriate model should capture the effect of the 

concentration regime of associating polymers (dilute and semi-dilute) and the impact of 

varying molecular weight (hydrophobic character) in addition to the rock properties. The 

advantage of this approach is that the number of parameters associated with a rheological 

model would be significantly reduced while allowing for a more straightforward regression 

of experimental results. 

2.10.3.  Predicting Critical Aggregation Concentration of Associating Polymers  

The Huggins equation is employed to dilute polymer concentrations in the estimation of the 

intrinsic viscosity [µ], which is related to the polymer concentration C+in Equation (2.8) 

µ4 = µ2 + µ2Jk4[µ]C+ + k#[µ]6C+
6K      (2.8) 

Where k4 is equal to one, µ2 is the solvent viscosity and k# is the Huggins constant. 

Estimating a value for the CAC of associating polymers involves fitting the Huggins 

equation to rheological data for dilute polymer concentration. However, a predictive 

approach for estimating the CAC of associating polymers remains absent. The terms 

k4[µ]C+ and k#[µ]6C+6 characterises the dispersity of polymer chains with varying length 

in solution. Predicting the onset of associative interaction between polymer chains can be 

considered the concentration at which a single polymer chain interacts with another. This 

can be predicted by equating the terms k4[µ]C+ and k#[µ]6C+6 respectively as shown below 

in (2.9) 

k4[µ]C+ = k#[µ]6C+
6        (2.9) 

The critical aggregation concentration, C)* can be simplified from (2.9) as shown in (2.10) 

and (2.11) respectively 
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C)* =
C,

C*[0]
         (2.10) 

C)* =
#

C*[0]
         (2.11) 

The critical aggregation concentration can be said to be inversely proportional to the 

intrinsic viscosity of the polymer. The impact of oil field parameters (such as temperature, 

salinity, pH and ion concentration) on the CAC of hydrophobically associating polymers 

has been comprehensively reported (Wyatt et al., 2011; Chen et al., 2012; Zhong et al., 

2014; Kamal et al., 2015; Gou et al., 2015; Quan et al., 2016). However, the susceptibility 

of CAC to changing oil field parameters would have implications on the polymer injectivity 

and overall economics of the EOR operations. Also, the extent to which the CAC of 

associating polymers become vulnerable to oil field parameters is a function of the type and 

quantity of hydrophobic comonomer employed in the polymer synthesis. More importantly, 

there exists no independent model which correlates the CAC to the various oil field 

parameters. Using existing viscosity models (such as Power Law, Carreau, Ellis and Cross) 

would only relate the model parameters to the CAC or oil field parameters. Therefore, using 

a specific generic rheological model in its present form would allow for a parameterisation 

of the effect of oilfield parameters on the CAC of associating polymers. However, the aim 

would be to directly relate the CAC to the influence of the oil field parameters. Therefore, 

further research is necessary to accurately correlate the CAC of associating polymers to oil 

field parameters. To achieve this, a prediction methodology can be developed using 

multivariate regression analysis as shown in equation (2.12). A vital advantage of this 

approach is that the CAC is directly related to the oilfield parameters. The model constants 

arising from it are a function of the type and quantity of polymer used. The significance of 

this outcome is that the impact of oilfield parameters on the CAC can be directly inferred. 

y(x#, x6, … xB) = f(x#, x6, … xB)      (2.12) 

Where y is the CAC of the polymer, x#, x6, … xB represents the various field parameters 

associated with an oil reservoir. For example, considering the field parameters Temperature, 

T, and Salinity and Hardness, C2, the CAC values can be made relative to a particular CAC 

measured for aqueous polymer solution at a given temperature, T=, in Equation (2.13): 

CACD,&) = k$CACD-        (2.13) 

Where CACD,&) is the CAC at varied temperature, T and salinity conditions, C2. k$ is the 

model coefficient which can be described as the ratio of CACD,&) to CACD-. Based on the 

obtained experimental data, the dependency of the dimensionless coefficient, k$, on 
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temperature and salinity can be estimated. Therefore, equation (2.13) can be expressed as 

(2.14): 

CACD,&) = k$CACD- = f(∆T, ∆C2)CACD-     (2.14) 

Where k$ = f(∆T, ∆C2), ∆T is the temperature difference and ∆C2 is the difference in the 

salinity concentration. Equation (2.14) represents a simple function for calculating the CAC 

at any temperature and salinity conditions. A proper form of f(∆T, ∆C2) is vital for the 

prediction of CAC of associating polymers under varied temperature and salinity 

conditions. Therefore, the temperature and salinity influence on CAC would have to be 

analysed separately based on the experimental results, and a concrete form for f(∆T, ∆C2) 

can be established. The model parameters that would arise from accurately determining the 

form for f(∆T, ∆C2) would be dependent on the type of associating polymer and its response 

to temperature and salinity conditions.  

2.10.4.  Predicting the Onset of Shear Thickening using Rheological Models 

Predicting the onset of various flow regimes associated with polymer flow in porous media 

is vital for designing chemical flooding operations. This is particularly significant for 

hydrophobically associating polymers where there are constrictions on polymer 

concentration and injectivity. Besides this, the literature has established that the onset of 

shear thickening marks the onset of associative hydrophobic interactions. The various flow 

regimes can be summarised by Equations (2.15) – (2.17) below: 

lim
F≈4

µ)++ = µ4         (2.15)  

lim
F≈F.

µ)++ = µ$HB        (2.16)  

lim
F≈I

µ)++ = µ$)J        (2.17)  

Equation (2.15) simply refers to the Newtonian flow regime and the onset of shear thinning. 

In Equation (2.16), this marks the onset of shear thickening (where µ$HB is the minimum 

viscosity) is provided, whilst Equation (2.17) refers to the maximum value for viscosity 

(µ$)J) after which shear degradation sets in. Therefore, an apparent viscosity model 

describing the full spectrum of polymer flow in porous media should capture the highlighted 

regimes from equations (2.15) – (2.17). Studies on polymer flow in porous media have 

considered the onset of shear thickening and shear degradation as important to polymer 

flooding. For this review, a predictive approach to the onset of shear thickening is 

considered. Most predictive models employed in the study of polymer flow have considered 

using the Deborah Number (NK) in predicting the onset of shear thickening. The Deborah 
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Number is defined as the ratio of the polymer relaxation time (τ+) to the characteristic time 

of flow (τ>L) as shown in Equation (2.18) 

NK =
M(
M./

         (2.18) 

Associating polymers with varying amounts of hydrophobic monomer will have a wide 

range of molecular weight leading to various relaxation times. In estimating the onset of 

shear thickening, some researchers have recommended using the longest relaxation time in 

estimating NK (Skauge et al., 2018). However, the use of the longest relaxation time may 

lead to an overestimation of NK at the onset of shear thickening. In addition to this, a wide 

range of NK has been reported at the onset of shear thickening behaviour. The work of 

Heemskerk et al. (1984) captured this and reported that the use of different polymers in the 

same porous media yielded the same NK and the reverse was the case when the same 

polymer was employed in different rocks leading to NK values between 1 and 2. It was 

concluded that the concept of the NK can only be used to estimate the critical flow rate 

because of the inadequacy of calculating the stretching rate. Similarly, Zamani et al. (2015) 

reported that estimation of the stretch rate is crucial towards calculating the NK at the onset 

of shear thickening. The authors proposed a linear function to relate the stretch rate to the 

Darcy velocity, thereby obtaining the distribution of the stretch rate in the porous media. In 

summary, relaxation time alone in calculating the onset of shear thickening is not sufficient 

if the stretch rate cannot be estimated. Accordingly, Lohne et al. (2017) reported that the 

use of  NK in describing the onset of shear-thickening is limited as it only captures the 

insufficient relaxation time required to recover from its deformation arising from the 

previous pore throat entry. The reason for the adoption of NK for predicting shear-

thickening is that the events of insufficient relaxation time for recovery and the 

characteristic time for flow in a pore entrance are assumed to be close (Lohne et al., 2017). 

In other words, 

NK =
M(
M./
	≈ 1         (2.19)  

The model described by Delshad et al. (2008) is widely seen as a "unified model" applied 

to the full spectrum of the flow of polymers in porous media. However, the model's 

constitutive equations (shear and elongational viscosity models) were independently 

constructed for shear thinning and shear thickening. As a result, while the full spectrum of 

the polymer behaviour may be captured, its predictive capability for the various flow 

regimes depicted by equations (2.15) to (2.17) may not be entirely captured. Table 2.7 
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shows the predictability of models developed by authors from Table 2.6 based on equations 

(2.15) to (2.17).  

Table 2.7: Predictive capability of various proposed models for in-situ rheology of 
polymers in porous media 

Model Form TUV
N≈O

WPQQ TUV
N≈N0

WPQQ TUV
N≈I

WPQQ 

∗ WPQQ = YWI + (WO − WI)([

+ [\R]]S)
(U1"R) S⁄ ^ _

[
[ − `Q]

a 

(Hirasaki and Pope, 1974) 

µ4 - ∞ 

∗ WPQQ = YWI + (WO − WI)([

+ [\R]]S)
(U1"R) S⁄ ^YcJ`Q]K

X0^ 

(Masuda et al., 1992) 

0 - ∞ 

**WPQQ = YWI + (WO − WI)([ +

[\R]]S)
(U1"R) S⁄ ^ + dWXPY([ − e

Z"〈\2]3N〉452617_f 

(Delshad et al., 2008) 

µ4 - µ$)J 

**WPQQ = YWI + (WO − WI)([ +

[\R]]S)
(U1"R) S⁄ ^ + [(\S])X] 

(Stavland et al., 2010) 

µ4 - ∞ 

*Carreau model for shear thinning added to the elongational (or extensional) models by 
Hirasaki and Pope (1974) and Masuda et al. (1992). The Deborah number, g` = ha> for 
the extensional models 
**Models by Delshad et al. (2008) and Stavland et al. (2010). For Stavland et al. (2010), 
>7 = 1

i6j  

The predictability of the proposed models by the various authors does not capture the three 

conditions completely. The proposed model by Hirasaki & Pope (1974) predicts at γ ≈ ∞, 

an infinite value for the viscosity. In other words, the model cannot capture the onset of 

shear degradation. The same applies to the model proposed by Masuda et al. (1992) except 

at γ ≈ 0. The model by Delshad et al. (2008) predicts µ4 and µ$)J for at γ ≈ 0 and γ ≈ ∞ 

respectively. This implies that it can describe the shear-thinning region and predicts the 

onset of shear degradation. The model by Stavland et al. (2010) predicts a value of µ4 and 

∞ at γ ≈ 0 and γ ≈ ∞ respectively. However, a critical issue that seems not captured is the 
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prediction of the onset of shear thickening. A model for in-situ rheology should capture the 

prediction of the start of shear thickening according to Equation (2.16) when 

µ2? = µ@A         (2.20) 

The model proposed by Stavland et al. (2010) estimates the critical shear rate for the onset 

of shear thickening as  

γ> =
#
b+
= NK ;

#"∅
∅
< ;d∝√M

b*
<       (2.21) 

Where γ> is related to rock properties such as porosity, ∅, ∝ is a tuning parameter and 

tortuosity, τ. λ# and λ6 are parameter constants. A similar expression was proposed by 

Lohne et al. (2017) for estimating the critical shear rate, as shown in Equation (2.22) 

λ6 =
#
F.
= #

'8
. n

5
gh#
o ; ∅

#"i
< ;j)

[j]%!
D

<      (2.22) 

However, there may not be a synergistic relationship between what can be obtained by 

Equation (2.20) and that estimated by equations (2.21) and (2.22). Nonetheless, equations 

(2.21) and (2.22) depend on the Deborah number's proper estimation related to the stretch 

rate, as earlier mentioned. In addition, equating the elastic components and the shear 

components to obtain an expression for the critical shear rate may not yield an explicit 

expression. From the model of Delshad et al. (2008), this can only reduce to Equation (2.23) 

Y−〈λ6τ+γ〉
(B+"#)^ = ln _1 −

09!(0,"09)k#![b*F]+l
(;*6*) +⁄

0>"?
a   (2.23) 

An explicit expression for the critical shear rate cannot be obtained and can only be achieved 

through a numerical solution and may not necessarily tally with values obtained from 

equations (2.21) or (2.22). Apart from relating the parameter constants of the model to the 

rock and polymer properties, there is a need for the model to satisfy Equation (2.20) to 

describe the full spectrum of polymer flow in porous media and predict the minimum 

viscosity before shear-thickening sets in. Furthermore, the rheological models depicted in 

Table 2.7 do not have a parameter associated with the stretch rate of the polymer during in-

situ flow in porous media. There is a need to simplify rheological models to account for the 

effect of polymer stretching on hydrophobic interactions.  

2.10.5.  Degradation of Associating Polymers in Porous Media 

The degradation of polymers has been reported under thermal, chemical, and mechanical 

conditions (Brakstad and Rosenkilde, 2016; Lohne et al., 2017; Ferreira and Moreno, 2017). 

These conditions can take place in the form of high temperature (thermal conditions), high 

salinity and oxidative conditions (chemical conditions), fluid stresses in pumps, valves, 
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injection wellbore, sand face (mechanical conditions) or any combination of the above 

(Brakstad and Rosenkilde, 2016). A parameter that is used in describing the degradation of 

polymer molecules is their molecular weight. Specifically, polymer chains rarely have the 

same degree of polymerization and hence molecular weight. Therefore, there would always 

be a molecular weight distribution around an average value due to some polymer chains 

being longer than the others. The molecular weight distribution describes the relationship 

between the number of moles of each polymer species and the molecular weight of that 

species using a discretized log-normal distribution (Brakstad and Rosenkilde, 2016). Hence, 

the degradation of polymers can be described as the scission of long-chain polymers when 

exposed to the degradation conditions mentioned earlier (Vanapalli et al., 2006; Zaitoun et 

al., 2012). According to Lohne et al. (2017), a simple model based on Figure 2.14 for the 

degradation study of polymers can be described using Equation (2.24) 
m%!
mL

= −rnoaM(        (2.24) 

Where M( is the polymer molecular weight and rnoa is the polymer rupturing or 

degradation rate. Determination of the molecular weight of polymers requires using the 

Huggins equation in (2.8) to estimate the intrinsic viscosity [µ], and this is related to the 

molecular weight using the Mark-Houwink Equation. However, Equation (2.8) is truncated 

after the second term depending on the value of the coil overlap parameter ([µ]C+). The coil 

overlap concentration refers to the polymer concentration where polymer coils begin to 

touch each other.  

 
Figure 2.14: Flow of a polymer with its Molecular Weight Distribution (MWD) at the 
inflow, in a porous media and outflow. The thick square box represents the porous media 
with the changing MWD of the polymer subject to changing flow conditions.  
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According to Brakstad and Rosenkilde (2016), when the value of [µ]C+ is less than 5, 

Equation (2.8) remains the expression for the Huggins equation. However, for associating 

polymers, modification of Equation (2.8) is necessary to account for semi-dilute or 

concentrated conditions. Consequently, Brakstad and Rosenkilde (2016) indicated that 

higher-order terms could be added to Equation (2.8) when 4 < [µ]C+< 15 as shown in (2.25) 

µ4 = µ2 + µ2Jk4[µ]C+ + k#[µ]6C+
6 + sS[W]pcQ

p.r +⋯K   (2.25) 

The implication of this is that polymer intermolecular interaction on viscosity is considered 

with the higher-order terms. For [µ]C+ > 15, the Martin equation is used as shown in (2.26) 

to describe a semi-dilute or concentrated regime. Here, the exponential term is used to 

capture the contribution of intermolecular association.  

µ4 = µ2 + µ2Jk4[µ]C+KJe
stu1[v]&(wK      (2.26) 

As shown in Figure 2.14, the MWD of polymers differs under static and dynamic 

conditions. Therefore, Equation (2.8) discretisation would allow for computation of 

changing coil overlap parameter of the polymer molecules during flow. Equation (2.27) 

shows a discretised form of Equation (2.25).  

µ4 = µ2 + µ2(k4 ∑ 〈[µ]HcH〉
B
Hx4 + k# ∑ 〈[µ]HcH〉6

B
Hx4 + sS ∑ 〈[W]ywy〉p.r

U
yxO +⋯) (2.27) 

Overall, this higher-order form of the coil overlap parameter, 〈[W]ywy〉U, can be used to 

indicate the degree of hydrophobic interaction between associating polymers and 

incorporated into the molecular weight distribution profile. This suggests that the 

intermolecular association has a multiplicative effect on polymer rheology. In addition, 

there is a need to integrate this degradation procedure in a suitable rheological model as the 

degree of hydrophobic interaction under static and dynamic conditions can be adequately 

studied. As mentioned earlier, an essential aspect of associative polymer research is how 

these hydrophobic interactions are sustained and propagated under dynamic conditions. 

Hence, a numerical approach remains a practical method in studying the dynamic nature of 

hydrophobic interactions during the flow of associating polymers in porous media. 

However, there is still a need for a qualitative approach for real-time study of this 

phenomenon in porous media. An existing approach that could be adapted for this is to 

measure the rheological properties of produced polymers and compare them with properties 

before injection. Nevertheless, this may not represent the real-time trend of hydrophobic 

interactions during flow in porous media. Therefore, a numerical approach remains a viable 

option and should follow the schematic modified from Brakstad and Rosenkilde (2016) in 

Figure 2.15. 
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Figure 2.15: A flow chart showing a proposed numerical approach to study of hydrophobic 
interaction between associating polymers during flow in a porous media. 

2.11. Porous Media Properties and its Impact on Polymer Flow 

The nature of the porous media has an important influence on the flow of polymer solutions 

(Lai et al., 2013; Lohne et al., 2017; Skauge et al., 2018). The variation in the cross-sectional 

area of flow paths in the porous media ensures that polymer molecules undergo 

simultaneous acceleration and deceleration, leading to extensional or elongational flow 

(Seright et al., 2011; Lohne et al., 2017; Skauge et al., 2018; Al-Shakry et al., 2019). 

Consequently, a porous media can be considered a composition of simplified contraction-

expansion channels of varied dimensions (Skauge et al., 2018; Afolabi et al., 2019). This 

explains the acceleration and deceleration of polymer molecules mentioned earlier. 

Furthermore, polymer molecules are compressed and stretched in the contraction channel 

with sufficient time to return to their original state if the flow velocity is below a critical 

value (Skauge et al., 2018; Afolabi et al., 2019). According to Skauge et al. (2018), polymer 

flow between contractions with enough time to return to its original state would mean that 

no stress is stored and no additional resistance to flow is observed. However, where polymer 

molecules cannot return to their original state, stress would be held, resulting in an 

increment in associated pressure drop and resistance to flow (Dupas et al., 2013; Azad & 

Trivedi, 2017; Skauge et al., 2018). This phenomenon explains how porous media 

properties contribute to polymer solutions' extensional and elongational flow. The 
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additional effect of the inherent nature of porous media is that polymer molecules are 

sheared near the wall of the pores and elongated or extended at the centre of the pores (Silva 

et al., 2018; Skauge et al., 2018. Consequently, molecular momentum is transferred through 

tangential and normal stress components in the porous media (Skauge et al., 2018). 

 
2.12. Summary 

The last two decades of research on hydrophobically associating polymers have witnessed 

polymers' development tolerant to a wide range of conditions reminiscent of an oil reservoir. 

The conditions of the reservoir would adequately define the required properties of these 

associating polymers. This, in turn, would determine the synthesis method/procedure, 

molecular structure and type of hydrophobic comonomer to be employed.  In this regard, 

the rheological behaviour of hydrophobically associating polymers cannot be entirely 

linked to the molecular structure in an aqueous solution alone. Instead, the behaviour is a 

combination of the influence of oilfield parameters (such as temperature, salinity, ion 

concentration, pH and reservoir heterogeneity) and the polymer's molecular structure 

(arising from the synthesis method/procedure and the hydrophobic comonomer used). 

Therefore, finding an optimal scenario between the oilfield parameters and the molecular 

architecture of the polymer could define an appropriate use for associating polymers. This 

is imperative because a predominantly weak associative effect would not necessarily 

guarantee the needed rheological impact on recovery efficiency even if polymer injectivity 

is not affected. Also, an excessively strong associative effect may affect polymer injectivity 

and propagation even if the needed polymer mobility and oil recovery are obtained. 

Consequently, the following recommendations have been made based on the issues 

identified in this review: 

a) The sensitivity of the critical aggregation concentration of associating polymers to 

oilfield conditions such as temperature, salinity/hardness, and pH. The impact of this on 

the performance of the polymers would be a key area of investigation.  

b) Sustaining and maintaining the associative effect of these polymers (long-term stability) 

during propagation in porous media while considering the sensitivity of the critical 

aggregation concentration as highlighted in (a). 

c) The associative effect on polymer injectivity as measured by polymer concentration 

above the critical aggregation concentration. An understanding of its effect on the onset 
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of shear thickening in porous media is essential. It has the potential to be a key focus of 

research activities in this field. 

d) The possibility of a change in the critical aggregation concentration of the produced 

associating polymer and what this change means on the solution properties of the 

polymer.  

e) Investigation of the effect of injection rate on the compatibility of the size of associating 

polymer cluster and reservoir pore-throat. Previous studies have focused on using a 

single injection rate to optimise solution properties of associating polymers and 

reservoir heterogeneity.  

f) Investigation of the use of brackish water in the preparation of associating polymer 

solution. This study can help in investigating the influence of wastewater mineralisation 

and hardness on the properties of hydrophobically associating polymers.  

g) Investigation of the origin of the "minor polymeric species" connected to 

hydrophobically associating polymers. These species are often tagged as "pre-gel 

aggregates"; however, understanding how to properly design the synthesis and 

treatment process of these hydrophobically associating polymers would reduce the 

likely occurrence of permeability impairment. 

h) Develop a mathematical correlation of critical aggregation concentration to oil field 

parameters (such as temperature, salinity/hardness, and pH) and evaluate its suitability 

for predictive modelling.  

i) Develop a qualitative approach to study the hydrophobic interactions between 

associative polymers under real-time flow conditions in porous media. The results of 

this approach should be compared to the quantitative approach described in this article.  

j) Examine the impact of hydrophobic interactions on polymer injectivity as measured by 

polymer concentrations above the critical aggregation concentration. An understanding 

of its effect on the onset of shear thickening in porous media is essential. It has the 

potential to be a key focus of research activities in this field. 

k) Investigate the possibility of a change in the critical aggregation concentration of the 

produced associating polymer and what this change means on the solution properties of 

the polymer. While previous works have indicated no noticeable change in CAC, the 

work was limited to a particular associating polymer.  
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CHAPTER THREE 
3.0. Parameter Identification and Predictive Modelling 
This Chapter focussed on the identification of a novel parameter for describing the 

proportion of hydrophobic interactions and the development of models which describes 

hydrophobic interactions during polymer retention and under different flow regimes.  

3.1. Numerical Quantification of the Proportion of Molecular Interactions 

This section focused on the basis and assumptions for identifying a parameter for 

quantifying hydrophobic interactions between associative polymers. The relevance, 

uniqueness and novelty of this parameter is a subject of validation in the subsequent Chapter 

on experimental results and discussion.  

3.1.1. Polymer Concentration Regimes  

Identifying a parameter that uniquely describes the hydrophobic interactions between 

associative polymers is crucial in understanding the sustainability and control of 

hydrophobic interactions when propagated deep into a reservoir. Achieving this requires an 

understanding of the various concentration regimes associated with polymers and the 

threshold of each regime. There are three known concentration regimes associated with 

polymers: dilute, semi-dilute, and concentrated (Afolabi et al., 2019). Although, some 

authors often categorize the semi-dilute and concentrated regime as similar, in this work, it 

was defined as a distinct concentration regime from the semi-dilute regime. The CAC 

remains the only intrinsic property by which hydrophobic interactions is distinguished from 

intramolecular interactions (Taylor and Nasr El-Din, 1998; Yabin et al., 2001; Feng et al., 

2005; Lu et al., 2010; Afolabi, 2015). At polymer concentration above the CAC, the 

associative characteristics of the polymer come into effect. Likewise, at polymer 

concentration below the CAC, intramolecular association within polymer chains become 

dominant. It has been established from previous studies that the CAC of associative 

polymers responds to changes in temperature, salinity, and hardness. Consequently, the 

difference in the CAC of associative polymers can be applied towards the measure of 

changing hydrophobic interactions between polymer chains. Fundamentally, the variation 

in the CAC indicates a transition of polymer molecules to/from either concentration 

regimes. Computational modelling of these variations in hydrophobic interactions with time 

will be less challenging when such a parameter as CAC is applied. However, there exists 
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no known correlation between the CAC of associative polymers and parameters describing 

reservoir conditions. In defining a dimensionless parameter that quantifies the hydrophobic 

interactions between associative polymers, the following assumptions were made: 

a) The proportion of intramolecular interactions in the dilute regime increases with 

polymer concentration, xa and reaches a maximum at the critical aggregation 

concentration, x,z. 

b) The summation of the proportion of molecular interactions (hydrophobic and 

intramolecular) arising from polymer chain interaction that constitutes the semi-dilute 

concentration regime is assumed to be unity.   

c) Intramolecular interaction occurs both in the dilute regime (xa less than the critical 

aggregation concentration, x,z) and the semi-dilute regime (C+ greater than the critical 

aggregation concentration, x,z).  

d) The hydrophobic interaction network between associative polymer chains occurs in 

semi-dilute and concentrated regimes, i.e., polymer concentration, xa must be higher 

than the critical aggregation concentration, x,z. 

e) The value of the critical aggregation concentration, x,z, is susceptible to local variation 

in reservoir conditions such as the concentration of salts, applied flow/shear rate, and 

temperature present in a reservoir. 

f) The increase in the polymer concentration, xa above the x,z would lead to a rise in the 

proportion of hydrophobic interactions; however, the critical aggregation concentration, 

x,z remain unaffected. 

g) The onset of the concentrated regime is assumed to occur at the point where 

hydrophobic interactions start to dominate over the intramolecular interactions, i.e. this 

occurs at the point where hydrophobic and intramolecular interactions are equal. 

Figure 3.1 shows the mapping of the various concentration regimes based on the stated 

assumptions.  

3.1.1.1. Hydrophobic Interactions in the Semi-Dilute/Concentrated Regime  

Based on the assumptions highlighted above, the dimensionless parameter y9 was used to 

quantify the hydrophobic interactions between associative polymer chains at a given 

condition as shown in equation (3.1).  
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Figure 3.1: Graphical description of the various polymer concentration regimes developed 
based on the assumptions. 

HH =
&("&"#
&(

	D
C+ > C)*
C)* ≠ 0        (3.1) 

Equation (3.1) applies to the semi-dilute and concentrated regimes (xa > x,z) where 

hydrophobic interactions are dominant. Equation (3.1) can be rewritten as follows in (3.2) 

HH = 1 − n
&"#
&(
o        (3.2) 

Equation (3.2) represents a unique parameter for quantifying hydrophobic interactions in 

the semi-dilute regime. The identification of this parameter simply achieves the first 

objective of this research work. However, since the parameter was determined using 

suitable assumptions, validation of the outcomes using this parameter were discussed in 

Chapter 5.  
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3.1.1.2. Intramolecular Interaction: Dilute/Semi-Dilute/Concentrated Regime 

A term can be defined to quantify the proportion of intramolecular interactions arising from 

polymer chains in the dilute regime. Thus, the numerical value of |9 can be estimated from 

equation (3.3): 

IH = ~
&"#
&(
� D
C+ > C)*
C)* ≠ 0         (3.3) 

Equation (3.3) applies in the semi-dilute regime where the polymer concentration, xa is 

greater than the critical aggregation concentration, x,z. However, when polymer 

concentration, xa is less than the critical aggregation concentration, x,z, equation (3.4) 

applies 

IH = ~
&(
&"#
� D
C+ < C)*
C)* ≠ 0         (3.4) 

Equation (3.4) applies strictly in describing intramolecular interactions in the dilute 

concentration regime. 

3.1.1.3. Predicting the Onset of the Concentrated Regime 

Based on the assumption made in (g) above, the balance in the proportion of molecular 

interactions in the semi–dilute regime is considered as the point where equations (3.2) and 

(3.3) are equal, as shown in (3.5) 

d
&"#
&.
f D
C+ > C)*
C)* ≠ 0 = 1 − ;

&"#
&.
<	D
C+ > C)*
C)* ≠ 0      (3.5)  

This point of balance was employed in the determination of a critical concentrated 

concentration, x7. The x7 marks the onset of the polymer concentrated regime and 

distinguishes it from the semi-dilute regime. Simplifying equation (3.5) for x7 yields (3.6) 

C> = 2C)*         (3.6) 

Equation (3.6) indicates the onset of the concentrated regime occurs at the polymer 

concentration value equivalent to twice the critical aggregation concentration, and this 

should happen when the proportion of hydrophobic and intramolecular interactions are 0.5 

respectively. In addition, it is expected that the conditions that affect x,z as described in 

Chapter 2 would also affect the x7. 
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3.1.2. Description of Polymer Distributed Phases in Porous Media 

Predicting hydrophobic interactions in a porous media requires relating it to the defined 

parameter in (3.1), a measurable entity in terms of polymer concentration. From Figure 3.2, 

this can be related to another defined another dimensionless parameter which is a 

measurable entity in terms of polymer viscosity, as shown in equation (3.7) 

0"("0"#
0,"0)

= ω) n
&("&"#
&(

o       (3.7) 

 
Figure 3.2: Typical rheological profile for hydrophobically associating polymers 

Where ?4 is the polymer viscosity at zero shear rate, ?,a is the apparent viscosity of the 

polymer under flow, ?,z is the viscosity at the critical aggregation concentration and Ç, is 

a correction factor used to correlate the hydrophobic interactions in terms of polymer 

concentration, y{@ to hydrophobic interactions in terms of polymer viscosity, y| as shown 

in equation (3.8). 

H0 = ω) ;H&(<        (3.8) 
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In terms of bulk viscosity measurements, the correction factor should be unity indicating 

that y| = y{@. Equation (3.8) was applied in the experimental validation of the predictive 

mapping of polymer concentration regimes as shown in Chapter Six. However, describing 

flow in porous media would mean that the correction factor would vary according to the 

distributed polymer phases (polymer-rich and depleted phases). This would indicate which 

in-situ phenomena affect the network of hydrophobic interactions in the injected polymer 

solution. For the polymer-rich phase, ∆y| was used to describe the differential change in 

the proportion of hydrophobic interactions under different flow regimes, as shown in 

equation (3.9).  

∆H0 = ∆;
0"("0"#
0,"0)

<        (3.9) 

In the case of the polymer depleted phase, ∆y{@ was applied to describe the differential 

change in the proportion of hydrophobic interactions lost to different polymer retention 

mechanisms according to equation (3.10).  

∆H&( = ∆n
&("&"#
&(

o        (3.10) 

However, Ç, would vary, indicating how hydrophobic interactions changes between the 

polymer-rich phase and the depleted phase, as shown in Table 3.1. 

Table 3.1: Interpretation of the correction factor in equation (3.8) and its implication for 
polymer retention and viscous thickening in porous media. 

Correction Factor, 
ÉP 

Dimensionless 
Parameters Meaning 

ÉP < [ ∆H0 < ∆H&( 
Indicates that more hydrophobic 

interactions are lost to polymer retention 
than it contributes to the thickening effect 

ÉP = [ ∆H0 = ∆H&( 
Indicates the ideal pre-injection situation 

and the optimized condition during 
injection in a porous media. 

ÉP > [ ∆H0 > ∆H&( 
Indicates that more hydrophobic 

interactions contribute to the thickening 
effect than what is lost to polymer retention 
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3.2. Modelling of Hydrophobic Interactions in Different Flow Regimes 

The apparent network of hydrophobic interactions in a polymer solution, y,a in a porous 

media was modelled to consist of two parts as shown in equation (3.11): 

H)+ = H2? + H@A        (3.11) 

y}~ represents the hydrophobic interactions during shear thinning and y@A represents the 

hydrophobic interactions during shear thickening. The suitability of a model for predicting 

apparent network of hydrophobic interactions during flow in a porous media would require 

that it satisfy the following conditions: 

lim
F≈4

H)+ =	H4         (3.12)  

lim
F≈F.

H)+ = H$HB        (3.13)  

lim
F≈I

H)+ =	H$)J        (3.14)  

Equation (3.12) simply refers to the Newtonian flow regime and the onset of shear thinning. 

The onset of shear-thinning is characterized as the reciprocal of the polymer relaxation time. 

In equation (3.13), this marks the onset of shear thickening (where y89: is the minimum 

value for the hydrophobic interactions, and equation (3.14) refers to the maximum value for 

the hydrophobic interactions (y8,;) after which shear degradation sets in. Therefore, an 

apparent model describing the full spectrum of hydrophobic interactions during polymer 

flow in porous media should capture the highlighted regimes from equations (3.12) – (3.14). 

3.2.1. Structural Kinetics during Shear Thinning 

The structural kinetic theory proposed by Toorman (1997) was applied in this section. The 

theory was modified to account for hydrophobic interactions and applied for the shear 

thickening and degradation in sections (3.2.2) and (3.2.4) respectively. The non-

dimensional parameter, y9, is related to the change in the proportion of hydrophobic 

interactions between polymer molecules according to y|. This parameter, y9 describes the 

structural state of the polymer molecules during shear thinning and shear thickening flow. 

The structural state during flow is dependent on the state of hydrophobic interactions 

between polymer molecules under the flow conditions. The rate of structural breakdown, 

which characterizes the molecular coil disentanglement, is dependent on the shear rate of 

deformation, > and fraction of polymer molecules interacting at that point in time, y9. The 

rate of breakdown according to Toorman (1997) is expressed as shown in (3.15) 
m�A
mL
= −bγHH

:         (3.15) 
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where Ö is the breakdown constant, and Ü is the breakdown exponent. The rate of recovery 

that characterizes the hydrophobic interaction is related to the fraction of polymer molecules 

available.  Hence, the rate of recovery according to Toorman (1997) is expressed as shown 

in (3.16) 
m�A
mL
= a(H= − HH)$        (3.16) 

where á is the recovery parameter, and à is the recovery exponent. The net rate expression 

is the difference between the rate of breakdown and that of recovery (3.17). 
m�A
mL
= a(H= − HH)$ − bγHH

B       (3.17) 

Assuming first-order rate kinetics for the breakdown and recovery expressions, à = Ü =

1, equation (3.17) becomes (3.18) 
m�A
mL
= a(H= − HH) − bγHHH       (3.18) 

At equilibrium, the rate of breakdown equals the rate of recovery. Therefore, ÄÅB
ÄÇ
= 0 and 

(3.18) becomes (3.19) 

a(H= − H2?) = bγ2?H2?       (3.19) 

The equilibrium structural parameter, y}~ is therefore expressed as (3.20) 

H2? =
�-

#!É*F)C
         (3.20) 

Where >}~ is the shear rate under shear thinning, â# =	
Ñ
,
 and it is related to the polymer 

relaxation time. According to Lohne et al. (2017), the polymer rotational relaxation time 

expression can be related to a characteristic time scale of rotational diffusion, än<Ç as shown 

in (3.21) 

β# =	
#

6KD-/
         (3.21) 

This diffussion coefficient can be computed using the Einstein–Smoluchowski relation as 

shown in (3.22) below 

DÖ=L =
CED

Üá0)hC
F          (3.22) 

Where çà is the Boltzmann constant and é~ is the hydrodynamic radius of a rigid sphere of 

a flexible polymer in solution. Substituting (3.22) into (3.21), 

β# =	
âá0)hC

F

CED
         (3.23) 

The value of é~ is estimated using the expression given by Lohne et al. (2017) in equation 

(3.24) 
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R? = ; 5
#4á'G

<
#/5

([µ]M()#/5       (3.24) 

Where gã is the Avogadro’s number. Combining (3.23) and (3.24), a new expression for 

â# is obtained beow  

β# =	;
d

gCE'G
< ;0)

[0]%!
D

<       (3.25) 

Thus the final expression for equation (3.25) becomes (3.26) 

β# =	β) ;
0)[0]%!

D
<        (3.26) 

The constant ;â, =
d

gåHçI
< in equation (3.26) is applied as a prefactor with a theoretical 

value of 0.144 Kmol"#J"#. This parameter is used as a tuning factor to account for the 

uncertainties in the molecular weights and eventual effects of solvent quality on polymer 

dispersion. 

3.2.1.1. Effects of Salinity and Temperature 

The effect of solution salinity is included in the model by making the solvent viscosity in 

equation (3.26) salinity dependent. For this purpose, µ2 is expressed as a power law of the 

total ion concentration according to Lohne et al. (2017), as shown below in (3.27) 

µ2 = µ(C2é         (3.27) 

The parameter ?è refers to the viscosity of deionized water, x} is an effective salinity 

parameter and í is a fitting parameter. The effective salinity x} is the weighted sum of the 

ionic concentrations in solution as shown in (3.28).  

C2 = ∑ CHθHH          (3.28) 

Where x9 is the molar concentration of the salts and î9 is a parameter that depends on the 

oxidation state of the ions present in the solution. Combining (3.25) and (3.27) yields (3.29) 

β# =	;
d&)J

gCE'G
< ;0!

[0]%!
D

<       (3.29) 

This shows that the prefactor, â, can be modified to account for the effect of salinity on 

interaction forces between polymer chains dispersed in solution. In the current model 

developed for â#, the time constant is an inverse function of temperature since it was related 

to diffusion.  

3.2.1.2. Disentanglement of Polymer Chains in Hydrophobic Network 

The disentanglement of polymer molecules in hydrophobic interactions was model 

according to the structural kinetic theory by considering the fraction of polymer molecules 

dissociated from the network of hydrophobic interactions in solution. The disentanglement 
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procedure is modelled according to the differential equation in (3.15) as shown in equation 

(3.30) below: 
m�A
mL
= −bγHH

:         (3.30) 

Applying equation (3.30) for predicting the disentanglement of polymer molecules from the 

interaction network was based on the following rationale used by Lohne et al. (2017): 

a) Short polymer chains with a small distribution of hydrophobic blocks have a more 

significant probability of dissociating from the hydrophobic network. This is captured 

by the term y9: 

b) The breakdown or dissociation exponent Ü represents the dependency of the 

hydrophobic interaction network on disentanglement with values between 0 < Ü < 1. 

A value close to 1 indicates a strong dependence and vice-versa. For this work, Ü is 

taken to have a value of 1, indicating a substantial dependency. 

c) The dissociation of polymer molecules from the hydrophobic network occurs above a 

critical shear rate corresponding to > = 	1 â#j . 

Simplifying the differential equation in (3.30) yields equation (3.31) 

HH = H4e"êFL         (3.31) 

With y4 representing the initial proportion of hydrophobic interactions before 

disentanglement and ï indicating the shearing or propagation time in a porous media. 

3.2.2. Structural Kinetics during Shear Thickening 

A porous media can be considered as geometry with numerous converging-diverging 

channels. In the converging section, there is a sharp acceleration at the entry point due to an 

abrupt change in diameter, which leads to an extension or stretching of polymer molecules. 

However, in the diverging section, there is a sharp deceleration at the entry of the diverging 

point due to an abrupt increase in diameter, ensuring that the polymer molecules contract. 

The rate of elongation of polymer molecules was modelled according to the structural 

kinetic theory of Toorman (1997) and modified to depend on the shear rate of elongation, 

>ëí and can be related to the fraction of polymer molecules remaining after an increase in 

the proportion of hydrophobic interactions due to polymer extension (y8,; − y9).  Hence, 

the rate of extension is expressed as shown in (3.32) 
m�A
mL
= gγ@A(H$)J − HH)$#       (3.32) 

where ó is the extension parameter and àz is the extension exponent. The rate of structural 

contraction of polymer molecules after removal of shear elongation forces is also dependent 
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on the proportion of hydrophobic interactions at any point in time, y9. Therefore, the rate 

of structural contraction is expressed as shown in (3.33) 
m�A
mL
= −hHH

BC         (3.33) 

where ℎ is the contraction constant and Ü~ is the contraction exponent. The net extension is 

the difference between the rate of contraction and that of extension, as shown in (3.34). 
m�A
mL
= gγ@A(H$)J − HH)$# − hHH

BC      (3.34) 

Assuming first-order rate kinetics for the contraction and extension expressions, àz =

Ü~ = 1, equation (3.34) becomes (3.35) 
m�A
mL
= gγ@A(H$)J − HH) − hHH      (3.35) 

At equilibrium, the rate of contraction equals the rate of extension. Therefore, ÄÅB
ÄÇ
= 0 and 

(3.35) becomes (3.36) 

gγ@A(H$)J − H@A) = hH@A       (3.36) 

The equilibrium structural parameter, yëí is therefore expressed as (3.37) with y8,; = 1 

H@A =
�>"?FKL		
É+!FKL

         (3.37) 

where â6 = ℎ ó⁄  can be described as a rate constant, and it is a measure of the stretching of 

polymer molecules during elongational flow. A small value for â6 would indicate a low 

stretching capacity of polymer molecules during elongational flow, meaning the 

hydrophobic interactions between polymer molecules would approach their maximum 

value at a low elongation rate. The reverse is the case for high values of â6, meaning high 

stretching capacity of polymer molecules, indicating the interactions between polymer 

molecules would approach their maximum value at a high elongation rate. 

3.2.2.1. Predicting the Onset of Shear Thickening/Hydrophobic Interactions  

Setting y< = y8,; = 1 and equating equations (3.20) and (3.37) ensured that the shear rate 

which marks the onset of hydrophobic interactions in a porous media could be derived. 

Likewise, the onset of shear thickening, >7 as shown in (3.38).  
#

#!É*F.
= F.

É+!F.
         (3.38) 

Simplifying,  

γ> = ö
É+
É*

         (3.39) 

The critical shear rate can be related to the polymer and rock properties. According to Lohne 

et al. (2017), computation of the pore residence time can be made based on the assumption 
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that the pore length, õa is equal to the characteristic rock grain size, äz	(or	éz). The 

relationship between the effective pore radius, éa and rock grain size, äz is given in (3.40) 
6∅
h(
= 6

(#"∅)
K#

= 6
(#"∅)
î(

        (3.40) 

Therefore, the pore residence time is computed using the expression in (3.41) 

τÖ =
î(
ï(
= 12 ;#"∅

∅F
<        (3.41) 

Where ûa is the average pore velocity and > = 4ûa éa⁄  relates the shear rate at the wall to 

the average pore velocity. The elongational relaxation time, hëí is computed as the 

characteristic time scale of diffusion and simplified as equation (3.42) 

τ@A =
5d
g
n0)

[0]%!
h#D

o        (3.42) 

The onset of hydrophobic interactions can be correlated with the dimensionless Deborah 

number. This Deborah number according to Lohne et al. (2017) is defined in (3.43) 

NK@ =
MKL
MD

         (3.43) 

Therefore,  

12 ;#"∅
∅F.
<NK@ =

5d
g
n0)

[0]%!
h#D

o       (3.44) 

Simplifying (3.44), the critical shear rate for the onset of hydrophobic interactions, >7 is 

given in (3.45) 

γ> =
g
5
NK@ ;

#"∅
∅
< ;

h#D
0)[0]%!

<       (3.45) 

In this case, the Deborah number, g`ë was applied as a fitting parameter determined from 

experimental results. Equations (3.39) and (3.45) can be applied in predicting the onset of 

shear thickening. However, applying (3.39) would require determining the parameter â6. 

3.2.2.2. Derivation of the Rate Constant Parameter !! 

Comparing (3.39) and (3.45), an expression for the rate constant, â6 can be obtained as 

shown in (3.46) 

β6 =
6g
ñ
; É"
'8K

< d
(#"∅)
∅
f
6
; D
0![0]%!,

<      (3.46) 

Thus the final expression for equation (3.46) becomes (3.47) 

β6 = βê d
(#"∅)
∅
f
6
; D
0![0]%!,

<       (3.47) 

Where âÑ =
6g
ñ
; ó&
çMN

<. âÑ was used as a tuning factor to account for the uncertainties in the 

pore structure. This was captured by applying the Deborah number as a fitting parameter. 
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This simply means that the rate coefficient, â6 is dependent on both the polymer and rock 

properties. 

3.2.3. Flow Regimes for Shear Thinning and Thickening in Porous Media 

A new model was developed for predicting the changing hydrophobic interactions in the 

shear thinning and shear thickening flow regime using the findings based on the structural 

state of the polymers earlier discussed. The dimensionless shear-thinning parameter, y}~ 

can be defined as Equation (3.48) 

H2? =
�-

#!É*F)C
         (3.48) 

For the dimensionless elongational parameter, yëí, this is represented as shown in (3.49) 

H@A =
FKL		

É+!FKL
         (3.49) 

Therefore, a new and simplified model for hydrophobically associating polymers during 

flow in porous media can be expressed as (3.50) 

H)+ =
�-

#!É*F)C
+ �>"?FKL		

É+!FKL
       (3.50) 

Applying conditions (3.12) to (3.14) to Equation (3.50) 

lim
F≈4

H)+ = H4         (3.51) 

lim
F≈F.

H)+ = H$HB =
#

#!òÉ*É+
(H4 + H$)J)     (3.52)  

lim
F≈I

H)+ = H$)J        (3.53) 

It was observed that the novel model developed contained fewer parameters. Although a 

higher number of parameters would reduce the uncertainties surrounding the model 

prediction, the tuning of each parameter for accurate flow description can be challenging 

and time-consuming. The novel feature of this model was that the definition of polymer 

characteristics and reservoir conditions was reduced to the model's time constants. As such, 

the time constant was related to the variation in reservoir conditions (such as porosity, 

temperature, salinity, and hardness) and polymer properties (concentration, intrinsic 

viscosity, and molecular weight) without introducing new fitting parameters. 

3.2.4. Degradation of Hydrophobic Interactions in Porous Media 

Equation (3.50) captured the changing hydrophobic interactions under the shear thinning 

and shear thickening/elongation flow regimes. Description of the degradation flow regime 

was done in two parts: predicting the onset of degradation of polymer molecules in the 

hydrophobic interaction network and a model for describing the degradation flow regime. 
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3.2.4.1. Predicting the Onset of Degradation of Hydrophobic Interactions  

Degradation occurs when elongation forces are dominant over shear forces. Therefore, 

equation (3.50) reduced to (3.54) when >}~ = 0: 

H)+ = H= +
FKL		

É+!FKL
        (3.54) 

The onset of degradation was predicted to occur when the proportion of hydrophobic 

interaction reached a maximum value of y,a = 1 due to elongation of polymer molecules 

which exposes hydrophobic blocks to pronounced interactions. Therefore, equation (3.54) 

becomes (3.55) 

1 = H= +
FOK#		

É+!FOK#
        (3.55) 

Where >Äëz		is the critical rate for degradation. Simplifying (3.55) yields (3.56) 

γ>_m@* =
(#"�-)É+

�-
        (3.56) 

Equation (3.53) indicates that the degradation of polymer molecules that constitute the 

hydrophobic interaction network is dependent on the proportion of interactions before 

injection (y<) and polymer/porous media properties (â6).  

3.2.4.2. Degradation Flow Regime for Hydrophobic Interactions 

According to the structural kinetic theory, the rate of structural breakdown, which 

characterizes the degradation flow regime, is dependent on the shear rate of degradation, > 

and fraction of polymer molecules interacting at that point in time, y9. The rate of 

breakdown follows similar expression obtained from Toorman (1997) as shown in (3.57) 
m�A
mL
= −bγHH

:         (3.57) 

where Ö is the breakdown constant, and Ü is the breakdown exponent. The rate of recovery 

that characterizes the hydrophobic interaction is related to the fraction of polymer molecules 

available.  Hence, the rate of recovery is expressed as shown in (3.58) 
m�A
mL
= a(1 − HH)$        (3.58) 

where á is the recovery parameter, and à is the recovery exponent. The net rate expression 

is the difference between the rate of breakdown and that of recovery (3.59). 
m�A
mL
= a(1 − HH)$ − bγHH

B       (3.59) 

Assuming first-order rate kinetics for the breakdown and recovery expressions, à = Ü =

1, equation (3.59) becomes (3.60) 
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m�A
mL
= a(1 − HH) − bγHHH       (3.60) 

At equilibrium, the rate of breakdown equals the rate of recovery. Therefore, ÄÅB
ÄÇ
= 0 and 

(3.60) becomes (3.61) 

a(1 − Hm@*) = bγm@*Hm@*       (3.61) 

The equilibrium structural parameter, yÄëz is therefore expressed as (3.62) 

Hm@* =
#

#!ÉFFOK#
        (3.62) 

Where >Äëz is the shear rate under degradation and â5 is related to the critical shear rate for 

the onset of polymer degradation and â6 as shown in (3.63) 

β5 =
#

F._OK#
= �-

(#"�-)É+
        (3.63) 

3.2.5. A New Model for Associative Polymers in Porous Media 

Incorporating the effect of the shear degradation flow regime modifies equation (3.11) into 

(3.64) below. 

H)+ = (H2? + H@A)Hm@*       (3.64) 

Substituting for H2?, H@A and Hm@* in (3.64) results in (3.65) 

†PQ = ; öQ
R!õ1NRS

+ NTU		
õ2!NTU

< n R
R!õVNWTX

o      (3.65) 

Applying conditions like (3.12) to (3.14) to equation (3.65) results in the following 

expressions below 

lim
FKL,FOK#≈4

H)+ =
�-

#!É*F)C
       (3.66) 

lim
F)C,FOK#≈4

H)+ =
FKL		

É+!FKL
       (3.67)  

lim
F)C,FKL≈4

H)+ =
�-

#!ÉFFOK#
       (3.68) 

The developed model in (3.65) covers the entire flow regimes associated with polymer flow 

in a porous media. The advantage of this model is its simplicity with model parameters 

limited to the time constants (â#, â6 and â5). 

3.2.6. Effective Concentration of Polymer Propagation Front, cQú 

A concentration term, “effective polymer concentration”, is defined to quantify the 

concentration (and the hydrophobic interactions between molecules) of the polymer 

propagation front in the porous media. Therefore, the effective polymer concentration, xaë 

at a given reservoir condition can be estimated as shown in equation (3.69) below: 
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C+@ =
&"#

(#"�"()
          (3.69) 

Where x,z is the critical aggregation concentration at a reference condition and y,a is the 

apparent hydrophobic interaction at reservoir conditions. The equation was modified from 

the expression for hydrophobic interactions from (3.65). Substituting equation (3.65) into 

(3.69) gives (3.70) 

C+@ =
&"#

ù#"û Y-
*Z[*\)C

!
Y>"?\KL		
[+Z\KL

ü *
*Z[F\OK#

†
      (3.70) 

Since the propagation front flows at the centre of the pores, the excluded volume effects, 

E°¢ arising from IPV is incorporated into equation (3.70) using (3.71) below.  

E°¢ = 1 − I°¢         (3.71) 

Therefore, Equation (3.70) becomes (3.72) 

cQú = ¢
£^X

ùR"û _Q
1Z`1aRS

!
_b^caTU		
`2ZaTU

ü 1
1Z`VaWTX

†
£ §§•     (3.72) 

Equation (3.72) gives the effective concentration of polymer chains with hydrophobic 

interactions sufficient to propagate in porous media. This expression was applied in tracking 

the concentration of the polymer front as it propagates in the porous media. 

3.3. Modelling of Hydrophobic Interactions in Polymer Retention 

3.3.1. Mapping Static to Dynamic Retention 

A constant denominator for static and dynamic retention is the “Contact Time” for surface 

interaction. This is further shown in Table 3.2 when comparing the various adsorption 

kinetic models.  

Table 3.2: Some of the known kinetic models used in the study of polymer adsorption 
(Kajjumba et al., 2018). 

Name Equation Parameters Remarks 

Pseudo First 

Order Model 

dΓL
dt

= k(Γ@ − ΓL) 

ΓL is the adsorbate 
on adsorbent in 
time, t, Γ@ is the 

equilibrium 
adsorption capacity 

and k is the rate 
constant. 

The common 
denominator to 
all the models is 
the time factor 
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Pseudo 

Second Order 

Model 

dΓL
dt

= k(Γ@ − ΓL)6 

ΓL is the adsorbate 
on adsorbent in 
time, t, Γ@ is the 

equilibrium 
adsorption capacity 

and k is the rate 
constant. 

Elovich 

Model 

dΓL
dt

= αJexp"É¶/K 

ΓL is the adsorbate 
on adsorbent in 
time, t, α is the 

initial adsorption 
rate and β is the 

desorption constant. 

Webb and 

Morris Model 
ΓL = K+√t + C 

K+ is the rate 
constant and C is 

the boundary layer 
thickness which 
determines the 
boundary layer 

effect. 
 

Thus, the following general expression in equation (3.73) between the amount of polymer 

retained at a given time, á and the contact time for the static retention process, ï7. 

Γ+ ∝ t>          (3.73) 

Equation (3.73) can be simplified into (3.74) by introducing a constant, 7̈ as shown below: 

Γ+ = K>t>         (3.74) 

The rotational diffussion, DÖ=L of the polymer molecules can be related to ï7 according to 

Lohne et al. (2017) as shown in (3.75) 

t> =	
#

6KD-/
         (3.75) 

This diffussion coefficient was computed using the Einstein–Smoluchowski relation in 

(3.76) 

DÖ=L =
CED

Üá0)hC
F          (3.76) 

Where çà is the Boltzmann constant and é~ is the hydrodynamic radius of a rigid sphere of 

a flexible polymer in solution. Substituting (3.76) into (3.75) yeilds (3.77) 

t> =	
âá0)hC

F

CED
         (3.77) 
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The value of é~ is estimated using the expression given by Lohne et al. (2017) in equation 

(3.78) 

R? = ; 5
#4á'G

<
#/5

([µ]M()#/5       (3.78) 

Where gã is Avogadro’s number. Combining (3.77) and (3.78), a new expression for ï7 is 

shown in (3.79)  

t> =	;
d

gCE'G
< ;0)

[0]%!
D

<       (3.79) 

Therefore, a modified relationship between the static retention, á"}Ç and the contact time, 

ï7 becomes Equation (3.80): 

Γ+"2L = K> d;
d

gCE'G
< ;0)

[0]%!
D

<f      (3.80) 

According to Lohne et al. (2017), computation of the pore residence time for dynamic 

retention can be made based on the assumption that the pore length, õa is equal to the grain 

size, äz. As such, the pore radius, éa is given in (3.81) 

R+ =
iK#
(#"i)

         (3.81) 

The grain size, äz or õa can be calculated as the representative grain size for a packed bed 

of mono-sized spherical particles using the Blake-Kozeny Equation (Brakstad and 

Rosenkilde, 2016). Therefore, the pore residence time can be computed as shown in (3.82) 
FMD
#6
= ;#"i

i
<         (3.82) 

Where ûa is the average pore velocity and > = 4ûa éa⁄  relates the shear rate at the wall to 

the average pore velocity. Therefore, the contact time under dynamic conditions becomes 

(3.83): 

τ> = 12 ;#"i
iF
<         (3.83) 

Thus, a modified relationship between the dynamic retention, á"Äß and the contact time, 

ï7 becomes equation (3.84): 

Γ+"m® = K> d12 ;
#"i
iF
<f       (3.84) 

Therefore, the correlation between static and dynamic retention was obtained as shown in 

(3.85): 

¶(6Od
¶(6)/

=
©.Z#6-

*6e
e\ ._

©.û™
f

g%EhG
´-i)[i]l!' .ü

       (3.85) 
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The ratio of the contact times on the right-hand side (RHS) of equation (3.85) can be related 

to the Deborah number, g`ë which is defined as the ratio of the polymer relaxation time to 

the pore residence time as shown in (3.86). 

NK@ =
û™ f
g%EhG

´-i)[i]l!' .ü

Z#6-*6ee\ ._
       (3.86) 

Therefore, equation (3.75) becomes (3.87) 

Γ+"m® = ; #
'8K

< Γ+"2L        (3.87) 

Thus, static retention can be mapped into dynamic retention using equation (3.87). 

3.3.2. Quantification of Polymer Retention Mechanisms in Porous Media 

3.3.2.1. Damaged Pore Volume and Interactions within Retained Polymer  

Based on the assumptions highlighted above, the dimensionless parameter, y{@ was used to 

quantify the hydrophobic interactions between retained associative polymer molecules as 

shown in (3.88): 

H&( 	=
&("&"#
&(

	D
C+ > C)*
C)* ≠ 0        (3.88)  

For accurate mapping of static to dynamic interactions, the fractional damaged pore volume 

(DPV or ΓK) was related to (3.85) as shown in (3.89): 

ΓK =
¶(6Od
¶(6)/

=
©.Z#6-

*6e
e\ ._

©.û™
f

g%EhG
´-i)[i]l!' .ü

      (3.89) 

The first order approximation of Huggins equation results in equation (3.90) for intrinsic 

viscosity 

lim
&(→4

0)(
&(
= [µ]         (3.90) 

Modifying equation (3.89) was based on (3.88) and (3.90) results in (3.91): 

[ − †£3 =
¨≠XÆ(R"Ø)∞m£^X
pvRvR3ØN±n

       (3.91) 

Equation (3.91) predicts the proportion of hydrophobic interactions between retained 

molecules. In other words, it gives the proportion of hydrophobic interactions lost to 

polymer retention in porous media. 

3.3.2.2. Predicting Retention Mechanisms in Porous Media  

Table 3.3 gives the various conditions for mapping the various mechanisms associated with 

polymer retention. The cumulative size distribution of the retained polymer molecules was 
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estimated based on the assumption that the cumulative amount of retained polymer 

molecules increases with injection concentration, as shown in (3.92) 

Retk&(Al ≅ Ret∑ &(A6*
;
Ao*

       (3.92) 

Table 3.3: Conditions for distinguishing between the different retention mechanism in a 
porous media. é~ is the hydrodynamic size of the polymer; é~9 is the size of the retained 
polymer molecule and éa is the pore size of the porous media. 

Conditions Meaning 

R?9 < R+ Adsorption 

R? < R?9 < R+ Multilayer Adsorption 

R?9 ≈ R+ Entrapment 

R?9 > R+ Pore Plugging 

 

Where éÆïk{@Bl is the retained polymer at concentration xa9 and éÆï∑ {@B6*
p
Bo*

 is the 

cumulative retained polymer from concentrations value xa< up to xa9. The size distribution 

of the retained polymer molecules, é~9 was estimated using a modified form of the 

expression by Lohne et al. (2017), as shown in (3.93)  

Ø≥¥ = Ø≥ ~
£3
£^X
�
µqr

        (3.93) 

Where é~ is the hydrodynamic radius of the molecules, which is given in equation (3.94) 

and y{@ is the proportion of hydrophobic interactions among the retained molecules in 

(3.91). 

R? = ; 5
#4á'G

<
#/5

([µ]M()#/5       (3.94)  

Figure 3.3 shows the plot of the cumulative pore size distribution, rJéaK and the cumulative 

size distribution of the retained polymer molecules, r(é~). The pore fraction of entrapped 

molecules, ë́:Ç up to é6 can be predicted using equation (3.95) 

Γ@BL = ∫ fJR+K
h(+
h(*

∫ f(R?)
hC+
h-

j       (3.95) 

The inaccessible pore volume, |∂∑ is computed using Equation (3.96) 

I°¢ = ∫ fJR+K
h(+
h(*

∫ fJR+K
h(F
h(*

j        (3.96) 

However, the |∂∑ in this work is defined as the sum of the pore fraction completely 

accessible to brine, |∂∑< and that lost to entrapped molecules, ë́:Ç as shown in (3.97) 
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I°¢ = I°¢= + Γ@BL        (3.97) 

From (3.97), I°¢= can be estimated. Considering Figure 3.3, the onset of polymer 

entrapment with reference to é6 would commence at é# and the concentration value at this 

point is given in equation (3.98) 

C+"@BL = C)* d
h*
hC
f
#/�s*

       (3.98) 

The point at which adsorption reaches its maximum and polymer entrapment becomes the 

dominant retention mechanism occurs at é6 and the equivalent concentration value at this 

point is given in equation (3.99) 

C+"@BL = C)* d
h+
hC
f
#/�s+

       (3.99) 

 
Figure 3.3: Plot of pore size distribution and the cumulative size distribution of the retained 
polymer molecules in the porous media. The point é6 was used as an illustration in 
predicting polymer entrapment. 

Similarly, pore plugging would occur at é5 with an onset concentration shown in equation 

(3.100) 

C+"+A∏* = C)* d
hF
hC
f
#/�sF

       (3.100) 

3.4. Predicting the Pressure Drop due to Retention and Thickening 

An empirical model was developed for the pressure drop, ∆± in porous media using a 

statistical approach incorporating equations (3.65) and (3.91) for the shear viscosity and 
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retention respectively. This allowed an empirical identification of the contribution of 

polymer retention and shear thickening to the overall pressure drop.  

3.4.1. Proxy Modelling of the Pressure Drop in the Porous Media 

The Box-Behnken Design (BBD), which is a specific type of the response surface design 

(RSD), was employed to determine the significance of the dependency of ∆± on the 

specified parameters (y|, y{@, xa and ≤). The BBD was considered based on the following:  

a) The BBD is a cheaper alternative rather than employing a full factorial design since it 

represents a fraction of a 3k full factorial design and equipped with centre points for 

design balance.  

b) It would be expensive and impractical to develop a large-scale design of experiment 

based on a 3k full factorial design for k number of factors and the involvement of many 

experiments.  

A non-linear regression analysis was performed using MINITAB to fit an empirical model 

to the data set according to a second-order polynomial equation in (3.101): 

 ∆P = β= +∑ βHXH
5
Hx# +∑ βHHXH

65
Hx# +∑ ∑ βHπXH

5
πxH!# Xπ

6
Hx4    (3.101) 

 y9: the predicted response; â<: the intercept coefficient; â9: the linear coefficient; â99: the 

squared coefficient; â9∫: the interaction coefficient; ¥9: the coded independent variables; 

¥9¥∫: the interaction terms; ¥96: the quadratic terms. The model was evaluated and assessed 

using statistical tools such as the analysis of variance (ANOVA), coefficient of 

determination values (é6), normality tests on the residuals and difference between model 

predictions and observed values. 

3.4.2. Box-Cox Transformation of the Proxy Model 

The Box-Cox transformation was applied to transform the non-normal response variable ∆P 

into a bell-shaped distribution. The most critical parameter of the Box-Cox transformation 

is the exponent, λ, with values ranging from -5 to 5. The transformation of the response 

variable (∆P) has the form shown in (3.102): 

y(λ) = 	 µ
®t"#
b
,							λ ≠ 0		

log y ,						λ = 0
       (3.102) 

The optimal value for λ is the one that results in the best approximation of a normal 

distribution profile for the residuals of the model prediction of equation (3.101).  
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3.5. Summary 

The efficiency of associative polymers depends significantly on the sustainability of these 

hydrophobic interactions in reservoirs. However, computational modelling and simulation 

of this network of interaction during transport in porous media are limited. In this chapter, 

a new mathematical approach was introduced for the numerical quantification, and 

predictive modelling of hydrophobic interactions. A summary of the key equations which 

constitute the model developed for the flow of associative polymers in porous media is 

given in Table 3.4 below. 

Table 3.4: Summary of the main equations which constitute the predictive approach for 
the flow of associative polymers in porous media 

Description Equation Comments 

Polymer Flow 

Regimes 

†PQ = n
†ª

[ + ∂R]º≥
+
†XPY]úΩ		
∂S + ]úΩ

o ∑
[

[ + ∂p]æúø
∏ 

Apparent hydrophobic 

interactions in porous media 

cQú = _
cPø

J[ − †PQK
a §§• 

Effective polymer 

concentration excluding 

retention effects 

Polymer 

Retention 

π¿ =
πQ"æ¡
πQ"º¬

 
Damaged pore volume due 

to polymer retention 

[ − †£3 =
∫Øøª([ − º)π¿cPø
ΩWºWºQº]æ√

 
Hydrophobic interactions 

lost to polymer retention 

Ø≥¥ = Ø≥ _
cQ
cPø

a
µqr

 
Effective size of retained 

polymer molecules 

 

The development of this predictive approach was done under three steps. Firstly, the 

identification of a dimensionless parameter for the quantification of hydrophobic 

interactions. This was achieved by making suitable theoretical assumptions based on 

established finding reported in literature regarding associative polymers. Secondly, the 

identified parameter for quantifying hydrophobic interactions was related to the fractional 

damaged pore volume arising from polymer retention using the structural kinetic theory. 

The predictive tracking of hydrophobic interactions between the retained polymer 

molecules and pore surface ensured that the various retention mechanisms (adsorption and 

entrapment) can be accurately distinguished and quantified. Thirdly, the identified 

parameter for quantifying hydrophobic interactions was related to the different flow regimes 
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(shear thinning, thickening and degradation) using also the structural kinetic theory. The 

developed model for the flow regime enabled for an estimation of the effective 

concentration of the polymer propagation front in porous media. As such, the onset of 

hydrophobic interactions in a porous media can easily be tracked and monitored. The goal 

of developing the predictive approach was to optimise the propagation of hydrophobic 

interactions deep in a porous media and ensure its long-term sustainability. This was 

achieved with the aid of a correction factor which relates the hydrophobic interactions under 

polymer retention to the hydrophobic interactions under the polymer flow regimes. Existing 

experimental procedures were applied in validating the developed approach and where 

necessary, modification of the procedures was done as reported in the next chapter.
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CHAPTER FOUR 
4.0. Research Materials and Experimental Procedures 
This chapter gives a detailed description of the experimental components of the 

methodology workflow presented in Chapter 1. The modelling component of the workflow 

is contained in Chapter 3 of this research work. The essence of the experimental section of 

this work was to validate the various components of the developed model as contained in 

Chapter 3. 

4.1. Materials: Preparation and Characterization 

This section gives details and procedures on preliminary laboratory tests to identify the 

associative polymers' properties under standard conditions. The details of the experimental 

techniques employed in the following subsections were according to the recommended 

practices for evaluating polymers for enhanced oil recovery (API Specification RP – 63). 

However, due to the novelty of most aspects of this work, existing techniques laid out in 

the recommended practice were modified where necessary to accommodate these new 

parameters.  

4.1.1. Synthetic Formation Brine (SFB) 

The salts employed in the preparation of synthetic formation brine (SFB) include analytical 

grade sodium chloride (NaCl), magnesium chloride (MgCl2), calcium chloride (CaCl2), 

potassium chloride (KCl), sodium sulphate (Na2SO4), sodium hydrogen carbonate 

(NaHCO3) and strontium chloride (SrCl2). These salts were purchased from Sigma Aldrich 

(UK) with the properties as provided by the supplier. 

Materials and Apparatus  

a) Fischer Scientific magnetic stirrer (Model: 11-102-50SH) with a coated magnetic bar. 

b) Top loading laboratory balance (Maximum load: 2000 g; Sensitivity: 0.01g). 

c) 1000 mL beaker and 2000 mL conical flask. 

d) MilliporeTM filter pumping and deionizing unit. 

Experimental Procedure for the Preparation of Synthetic Brine   

a) The base fluid (water) was deionized to a resistivity value of 18 MΩ-cm (a threshold for 

removing ions) using a Millipore™ pumping unit. 

b) A given amount of deionized water in a 1000 mL beaker was placed on a magnetic 

stirrer containing coated magnetic bar. 
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c) Synthetic brine was formulated by dissolving the required amount of salts in the 

deionized water. The brine solutions were prepared to contain NaCl and CaCl2 in the 

ratios 10 to 1, respectively. 

d) The solution was stirred for approximately 20 minutes, after which it was filtered 

through the Millipore filter. 

e) After stirring for the required time, additional deionized water was added to make up 

for the concentration of brine needed. 

f) Before use, the synthetic brine solution was filtered through a 0.22 µm filter paper to 

ensure the removal of any particles present. 

4.1.2. Associative Polymers 

Two grades of hydrophobically associating polymers were used in this research work. These 

polymers, which are anionic polyacrylamide-based tetra polymer, include: 

a) The Superpusher D118 (Degree of hydrolysis = 25 – 30 mol % at 25 0C; ¿è¡¡¡¡¡ = 16 – 20 

x 10d g/mol; Appearance = white granular solid; Hydrophobe content = medium; Total 

anionic content = 15 - 25 mol.%).  

b) The Superpusher C1205 (Sulfonic monomer = < 8 mol.% at 25 0C; ¿è¡¡¡¡¡ = 12 – 17 x 10d 

g/mol; Appearance = white granular solid; Hydrophobe content = 0.025 – 0.25 mol.%; 

Total anionic content = 15 - 25 mol.%).  

SNF Floerger (France) supplied the associative polymers employed in this study. The 

properties of the polymers displayed are as obtained from the safety data sheet provided.  

4.1.2.1. Determination of Polymer Activity, ¬Qƒ 

The polymer activity represents the weight per cent of active solids, and this is usually 

assumed to be 100 wt.% in the absence of atmospheric exposure. However, dry 

polyacrylamide products have been reported to gain weight due to exposure to atmospheric 

conditions hence the need to adjust the polymer activity. Accurate estimation of the polymer 

activity is crucial in the computation of polymer concentration values.  

Apparatus 

The following apparatus was employed in the determination of the polymer activity: 

a) Top loading laboratory balance (Maximum load: 2000 g; Sensitivity: 0.01g) 

b) A ceramic dish and spatula 

c) Desiccator with Silica gel desiccant 

d) Oven 
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Experimental Procedure for Determination of Activity of Polymer Product (√≈∆)  

a) An empty ceramic dish was weighed to the nearest 0.01g and recorded as Wm. 

b) 10 g of the polymer sample was added to this dish and re-weighed. The new weight was 

recorded as Wm!�«. 

c) The sample was allowed to dry for 2 hours in an oven, which is regulated and stabilized 

to 90	4C. 

d) The sample was taken out of the oven after 2 hours and then cooled to room temperature 

in a desiccator containing silica gel. 

e) The ceramic dish containing the sample was re-weighed and recorded as Wm!K«. 

The activity of the polymers was estimated using equation (4.1) below: 

A+Ö =
»OZ8u"»O
»OZYu"»O

x	100       (4.1) 

4.1.2.2. Determination of Chemical Composition of Polymers 

The compositional analysis of the associative polymers was carried out to identify the 

functional groups present in the polymers and any interactions between them. 

Materials and Apparatus 

a) Associative Polymers (D118 and C1205). 

b) Thermo Scientific Nicolet iS10 FTIR Spectrometer. 

c) Avalon Raman Station (R3). 

Experimental Procedure 

a) The disaggregated polymer granules were dried in an oven using the approach in the 

determination of its activity in Section 4.1.2.1. 

b) The dried polymer granules were packed in a plastic cavity, presented to the 

spectrometer by mounting the cavity. 

c) The FTIR spectrum was presented as a plot of the percentage transmittance against 

wavenumber.  

d) The Raman spectra were also generated using the Avalon Raman station as a plot of 

intensity against Raman shift.  

4.1.2.3. Preparation of Stock and Dilute Polymer Solutions 

The polymer solutions were prepared as a stock solution (approximately 5000 ppm) and 

diluted to test concentrations as required. Vigorous agitation was necessary for the initial 

dispersion of the dry polymer powder. The concentrated solutions of polymers were stored 
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at laboratory room temperature in brown glass bottles for 2 – 3 weeks without loss of 

effectiveness. However, diluted solutions were prepared the day they were used. 

Apparatus 

a) Magnetic stirrer (Hanna instruments– HI 190M with coated magnetic bar). 

b) Top loading laboratory weighing balance (maximum load: 2000 g; sensitivity: 0.01 g). 

c) Container: 2000 mL beaker. 

d) Weighing cups. 

Calculation for Preparation of Polymer Stock Solution (5000 ppm)   

a) The amount of dry polymer product required to make up the appropriate amount of stock 

solution was calculated using equation (4.2): 

W+Ö =
»)	J	&()	J	#46v

…(D
       (4.2) 

Where W+Ö = weight of polymer product, g 

W2 = weight of the stock solution to be made, g 

C+2 = concentration of polymer in the stock solution, ppm 

A+Ö = activity of the polymer product, wt.% 

b) The amount of makeup water to be used for the stock solution was calculated as follows 

from equation (4.3): 

Wê2 = W2 −W+Ö        (4.3) 

Mixing Procedure for Preparation of Polymer Stock Solution 

a) A calculated amount of dry polymer product was weighed in a weighing cup, and the 

weight recorded. 

b) The desired brine solution was calculated into a 2000 ml capacity beaker up to the lower 

meniscus of the 1000 ml mark. The weight was recorded, and a 1.5-inch coated 

magnetic stirring bar was added to the beaker. 

c) The magnetic stirrer was used to adjust the vortex to extend 75% into the brine solution. 

d) The polymer powder was sprinkled on the shoulder of the vortex for 30 seconds. The 

solution was observed to ensure no particles or ‘fish-eyes were present. 

e) The solution was stirred using the magnetic stirrer at low speed (60 - 80 RPM) for about 

2 – 3 hours to ensure complete dissolution. 

f) The solution was left to sit overnight for proper hydration before diluting to the desired 

concentrations. 
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Figure 4.1: Preparation of stock polymer solution at room temperature 

Calculation for Preparation of Dilute Polymer Solution   

a) Test concentrations of dilute polymer solutions to be used were prepared as required. 

The weight of stock solution required to make up the desired amount of diluted polymer 

solution was calculated using the relationship below from equation (4.4) 

W2 =
»O	J	&O

&)
        (4.4) 

Where: 

Wm	 = weight of the diluted solution to be made, g. 

Cm = concentration of polymer in diluted solution, ppm. 

b) Equation (4.5) below was used to calculate the amount of makeup water required to 

make the desired diluted solution. 

Wêm = Wm	 −W2        (4.5) 

Where: Wêm = weight of makeup water used in the diluted solution, g. 

c) The solution was stirred using the magnetic stirrer at low speed (60 – 80 rpm) for about 

10 minutes to ensure complete dissolution. 

4.1.2.4. Estimation of Polymer Intrinsic Viscosity and Molecular Weight 

The intrinsic viscosity of a polymer solution, [µ], may be used as an indirect indicator of 

polymer molecular weight for homologous linear polymers. To determine [µ], it was 

necessary to measure viscosities, µ of a series of polymer solutions at various polymer 

concentrations, C+ in a selected brine solvent. From these viscosities (see Appendix B), the 

relative viscosity, µÖ@A was computed according to equation (4.6) 

µÖ@A =
0"(
0)

         (4.6) 
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Where µ)+ and µ2 are the apparent polymer viscosity (at very low shear rate) and brine 

viscosity respectively. The values of ln(µÖ@A) C+⁄  were plotted as functions of polymer 

concentration, C+ and a separate straight line was extrapolated to zero concentrations to 

obtain [µ] as shown in equation (4.7) 

[µ] = lim
&(→4

~AB
(0DKL)
&(

�         (4.7) 

The y-intercept at C+ = 0 was the intrinsic viscosity estimate in units of inverse 

concentration. 

Materials and Apparatus 

a) Brookfield Digital Rheometer (Model DV-III; manufactured by Brookfield Engineering 

Laboratories) for measuring viscosities at low shear rates. 

b) Synthetic brine containing 3 wt.% NaCl. 

c) Polymer concentrations: 400, 300, 200, 150, and 50 ppm. 

d) Temperature: 25 ℃ (77 ℉). 

Experimental Procedure for Determination of Polymer Intrinsic Viscosity [«]  

a) A series of diluted polymer solutions with concentration ranging from 50 – 400 ppm 

(0.005 – 0.04 g/dL) were prepared in 3 wt.% NaCl brine using the procedure in 

paragraph 4.1.2.2. 

b) The viscosities of each of these polymer solutions were measured using the Brookfield 

Digital Rheometer as a function of shear rate.  

c) The temperature of the polymer solutions was kept at 25 ℃ by circulating water on the 

outer jacket of the viscometer cup containing the solution using the Medline 

Refrigerating & Heating Bath Circulator (Model: RW-0525G). This bath circulator was 

used for temperature control. 

d) Using the very low or zero-shear-rate viscosities of the polymer solutions, the relative 

viscosity, µÖ@A was computed at the given shear rate utilising the expression in Equation 

(4.6).  

e) The values of ln(µÖ@A) C+⁄  as a function of the polymer concentration, C+ was plotted. 

A linear model was fitted to the plot via regression analysis, and extrapolation was done 

according to Equation (4.7) to determine [µ] with units dL/g. 

Experimental Procedure for Determination of Polymer Molecular Weight »  

a) The polymer intrinsic viscosity, [µ] was estimated using the experimental procedure in 

the preceding section. 
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b) The intrinsic viscosity, [µ] was related to the Mark-Houwink Equation as shown in 

equation (4.8): 

[µ] = KÀ(M()Ã        (4.8) 

Where KÀ and σ are the Mark-Houwink constants, and this depends on the polymer-

solvent system. For solvents, a value of a = 0.5 is indicative of a theta solvent, and a 

value of a = 0.8 indicates a suitable solvent. For flexible polymers,  0.5 ≤ a ≤ 0.8 and 

for semi-flexible polymers, a ≥ 0.8.  

c) If the degree of hydrolysis of the polymer is known, the Mark-Houwink constants KÀ 

and σ in Table 4.1 can be used to estimate the polymer molecular weight from Equation 

(4.8).  

Table 4.1: Mark-Houwink constants for polyacrylamide-based polymers 

% Hydrolysis ŒÀ œ Solvent 
0.00 7.19	x	10"g 0.770 

3 wt.% NaCl 

12.0 6.25	x	10"g 0.810 
20.0 6.30	x	10"g 0.825 
31.5 6.75	x	10"g 0.830 
40.0 7.10	x	10"g 0.833 

 

4.1.3. Determination of Critical Aggregation Concentration, ""# 

The critical aggregation concentration of the associative polymer was determined using the 

linearity deviation method. The plot of polymer viscosity against concentration has a low 

concentration region (dilute regime) and high concentration region (semi-dilute regime). In 

both concentration regimes, a linear relationship exists between polymer viscosity and 

concentration. The two linear models were fitted via regression analysis to the regions 

(dilute and semi-dilute region). This approximates a straight line in the plot of viscosity 

against polymer concentration. The critical aggregation concentration was approximated as 

the point of intersection of the fitted linear models. 

4.1.3.1. Investigating Dependence of ""# on Shear Rate 

Materials and Apparatus 

a) The Fann Viscometer (Model 35A/SR-12) with pre-set rates: 600, 300, 200, 180, 100, 

90, 60, 30, 6, 3, 1.8, 0.9 RPM. Radius of bob: 1.7245 cm and Radius of Rotor: 1.8415 

cm. 
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b) Brine: appropriate to conditions that apply.  

c) Polymer Concentration: 150, 250, 500, 750, 1000, 2000 and 3000 ppm. 

d) Temperature: appropriate to conditions that apply.  

Experimental Procedure 

a) The viscosity of the polymer solutions with concentrations under consideration was 

measured at a minimum of 12 shear rate values starting from the lowest and working 

upward (see Appendix C).  

b) From the data obtained, polymer viscosity was plotted against polymer concentration at 

specified shear rates of the test. 

c) The critical aggregation concentration, C)* was estimated as the point beyond which the 

polymer viscosity shows a rapid increase.  

4.1.3.2. Investigating Dependence of ""# on Temperature 

Materials and Apparatus 

a) The Fann Viscometer (Model 35A/SR-12) with pre-set rates: 600, 300, 200, 180, 100, 

90, 60, 30, 6, 3, 1.8, 0.9 RPM. Radius of bob: 1.7245 cm and Radius of Rotor: 1.8415 

cm.  

b) Brine: appropriate to conditions that apply. 

c) Polymer Concentration: 150, 250, 500, 750, 1000, 2000 and 3000 ppm. 

d) Temperature: 25, 50, 75 and 85 ℃.  

Experimental Procedure 

a) The viscosity of the polymer solution was measured at a given shear rate for the various 

polymer concentrations starting from the lowest and working upward at different 

temperatures.  

b) From the data obtained, polymer viscosity was plotted against polymer concentration at 

specified temperatures of the test. 

c) The critical aggregation concentration, C)* was estimated as the point beyond which the 

polymer viscosity shows a rapid increase.  

4.1.3.3. Investigating Dependence of ""# on Brine Salinity. 

Materials and Apparatus 

a) The Fann Viscometer (Model 35A/SR-12) with pre-set rates: 600, 300, 200, 180, 100, 

90, 60, 30, 6, 3, 1.8, 0.9 RPM. Radius of bob: 1.7245 cm and Radius of Rotor: 1.8415 

cm. 
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b) Brine: Brine: S# (3.5% TDS), S6 (3.8% TDS), S5 (4.0% TDS) and Sâ (4.2% TDS). The 

ratio of NaCl to CaCl2 was maintained at 10:1 (Table 4.2). 

c) Polymer Concentration: 150, 250, 500, 750, 1000, 2000 and 3000 ppm. 

d) Temperature: appropriate to conditions that apply.  

Experimental Procedure 

a) The viscosity of the polymer solution was measured at a given shear rate for the various 

polymer concentrations starting from the lowest and working upward.  

b) From the data obtained, polymer viscosity was plotted against polymer concentration at 

the specified salinity of the test. 

c) The critical aggregation concentration, C)* was estimated as the point beyond which the 

polymer viscosity shows a rapid increase.  

Table 4.2: Synthetic brine composition for samples ”# to ”â prepared at 25 0C. The pH 
values for the brine samples ”# to ”â  are 7.58, 7.92, 7.83 and 7.88 respectively. 

Composition of Synthetic Formation Brine 

Compound ‘R (wt.%) ‘S (wt.%) ‘p (wt.%) ‘Õ (wt.%) 

Sodium Chloride, ’œcT 2.266 2.553 2.739 2.925 

Magnesium Chloride, æ,cTS 0.500 0.500 0.499 0.499 

Sodium Sulphate, ’œS‘÷Õ 0.394 0.394 0.394 0.393 

Calcium Chloride, cœcTS 0.236 0.255 0.275 0.294 

Potassium Chloride, ŒcT 0.067 0.066 0.066 0.066 
Sodium Hydrogen Carbonate, 

’œ†c÷p 0.019 0.019 0.019 0.019 

Strontium Chloride, ‘◊cTS 0.002 0.002 0.002 0.002 

Total Dissolved Solids (TDS) 3.586 3.792 3.995 4.198 

 

4.2. Porous Media: Preparation and Characterization 

For laboratory screening of different polymers for mobility control, it was recommended 

(according to API Specification RP – 63) that Berea sandstone core be used as the standard 

porous media. However, due to the unavailability of Berea sandstone cores, other porous 

media materials had to be considered, with availability in large quantities being the selection 

criteria. Therefore, the porous media material considered for this study was disaggregated 

commercial silica sand due to its availability in sufficient quantities for the research work.  
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4.2.1. Commercial Silica Sand (40/60) 

Commercial silica sands (40/60 mesh sizes) were used for the sand pack experiments and 

the sand particles were characterized for their petrophysical properties, mineralogical 

composition, and shape identification.  The various experimental procedures for this 

analysis are detailed in the different sections below. The dataset for the sieve analysis of the 

sand grain types is contained in Appendix A. 

4.2.1.1. Sieve Analysis and Grain Size Distribution 

The estimation of the grain size distribution of the silica sand was carried out through a 

direct sieving process using a mechanical shaker with a sieve mesh arrangement.  

Materials and Apparatus 

a) The mechanical shaker with sieve mesh arrangement (mesh size: 50 – 900 µm). 

b) Top loading laboratory weighing balance (maximum load: 2000 g; sensitivity: 0.01 g). 

c) Disaggregated commercial silica sand (40/60 mesh size). 

d) Oven. 

Experimental Procedure for Determination of Sand Grain Size 

a) The silica sand was dried in an oven at a high temperature of 70	℃ to remove the coolant 

but low enough to prevent alteration of the sand material. 

b) The weight of empty each sieve pans contained in the stack of meshes was taken before 

loading the sand grains on the top pan of the stack of meshes. 

c) The dried and weighed sand sample was placed in the topmost (coarsest mesh) of a stack 

of meshes with decreasing sieve size mounted on the mechanical shaker. 

d) The mechanical shaker was used to vibrate the stacked sieves such that given sand grains 

remain in each sieve after travelling downward through the stacked mesh. 

e) The mechanical shaking process was continued (for about 60 minutes) until sand grains 

were retained on a mesh having a size less than the minimum grain size. 

f) The mass of sand grains retained in each mesh was determined by weighing and 

converting the original test sample weight percentages. 

g) The per cent weight of the sand grains on each mesh size was plotted against the mesh 

size resulting in a distribution curve. 

h) Generally, the largest per cent weight determines the size of sand grains. Therefore, the 

largest weight per cent was taken as the grain size of the silica sand. 
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4.2.1.2. Optical Analysis of Sand Grains 

The optical analysis of the unconsolidated sand grains was carried out to identify grain 

structural configuration and shape. This was important as grain geometry play a significant 

role in the porosity and specific surface of pore surface exposed to fluid flow in the porous 

media. 

Materials and Apparatus 

a) Leica DFC420 Digital Microsystems. 

b) Disaggregated commercial silica sands (40/60 mesh size). 

Experimental Procedure for Imaging Analysis 

a) A small amount of the silica sand sample was loaded on an imaging glass and placed 

under the optical microscopy system. 

b) High-resolution images of the sand grains were captured for shape identification and 

analysis. 

4.2.1.3. Determination of Sand Pack Porosity and Grain Density 

The silica sand porosity and grain density were determined using a direct method in both 

cases. The direct approach was chosen due to the simplicity of the methodology. The 

procedure for the direct method is detailed as follows: 

Materials and Apparatus 

a) Top loading laboratory weighing balance (maximum load: 2000 g; sensitivity: 0.01 g). 

b) Disaggregated commercial silica sands (40/60 mesh size). 

c) Measuring cylinders (100 mL). 

Experimental Procedure for the Determination of Sand Grain Density 

a) An empty measuring cylinder was weighed, and the mass recorded as M#.  

b) The empty cylinder was subsequently loaded with sand with the volume noted as V*Ö  

c) The mass of the sand loaded measuring cylinder sand taken and noted as M6. 

d) The sand grain density was estimated as shown in equation (4.11) below: 

ρ*Ö =
%+"%*
¢#D

        (4.11) 

e) The calculated grain density value was compared to known values in the literature for 

commercial silica sands.  

Experimental Procedure for the Determination of Sand Porosity 

a) The silica sand was loaded into a measuring cylinder, and the mass of sand noted as M*Ö 

and the bulk volume of sand reported as V*Ö. 



98 
 

b) Deionized water was added into the loaded sand contained in the measuring cylinder up 

to the sand meniscus level and new mas recorded as M*Ö!»)L. 

c) The mass of water occupying the pore spaces was computed by subtracting M*Ö from 

M*Ö!»)L and noted as M+=Ö. Since the density of water is 1 g cm5⁄ , the pore volume, 

V+=Ö is equal to M+=Ö; 

d) The sand grain porosity was calculated using equation (4.12): 

Ÿ =
¢(-D
¢#D

         (4.12) 

4.2.2. Experimental Polymer Flooding  

The polymer flooding was carried out using a flow rig constructed with components, as 

shown in Figure 4.1. The flow system was applied in the validation of the various models 

developed in Chapter 3 for hydrophobic interactions in a porous media.  

4.2.2.1. Dynamic Flow System Description 

The experimental flow rig setup employed in this research consist of several components, 

as shown in Figure 4.1.  

 
a 
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Figure 4.2: (a) Pictorial representation of the core flooding setup (b) Diagrammatic 
representation of the core flooding apparatus. 1)  pump fluid, 2) pump, 3) valves, 4) 
pressure gauge, 5) core holder with sand pack, 6) pressure transducer, 7) NIDAQ data 
logger, 8) desktop computer, 9) effluent sample collector (test tubes). The dashed line – 
temp control.  

The description of the various vital components in the dynamic flow system is given in 

detail below: 

a) Flow Lines and Valves: These lines and valves were set up to minimise dead volumes 

in which polymer solutions can be lost. 

b) Oven Cabinet: This was an optional component of the flow system. This component 

became functional only when the temperature effect on the test core (sand packed 

medium) was to be studied. 

c) Stainless Steel Core Holder: This was used to hold the silica sand and simulate the 

linear flow of polymer solutions during core flooding. The dimensions of the core-

holder are a length of 10 cm, a diameter of 5.1 cm and a thickness of 1.9 cm. The core-

holder was constructed with aluminium due to its lightweight (2.7 g/cm5) and thermal 

conductivity (205 W/m-K) coupled with the corrosion-resistant nature of the aluminium 

metal.  

b 
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d) Dual Head Syringe Pump (Model HPLC 1500): This was used to deliver a predefined 

and varying volume of solutions at a constant flow rate across the core holder. The 

pump was made of stainless steel fitted with two 50 cm5 pump heads that can run at a 

wide range of flow rates from 0.00167 to 1.67 cm5 with 0.001 cm5 increments and 

pressure range of 0 - 68.046 atm.  
e) Pressure Transducers: This transducer was mounted across the core holder with its 

capacity chosen according to the requirements of the measurement resolution. Pressure 

monitoring was achieved using a Micro-Machined Silicon Wet/Wet Differential 

Pressure Transducer supplied by Omega with measurements recorded electronically 

through the aid of a high-speed National Instruments Data Acquisition System 

(NIDAQ) NI 9212. The differential pressure transducer ranges from 0 - 1.02 atm with 

an excitation voltage of 10 V DC supplied by a Weir 413D power supply. The 

transducer can operate within a temperature range of between -45 to 121°C. 

f) Data Acquisition System: This was provided using a high-speed National Instruments 

Data Acquisition System (NIDAQ). This ensures that pressure monitoring and 

measurements from connected transducers were digitised and logged to a personal 

computer. 

g) Line Pressure Gauge: A line pressure gauge was inserted at the outlet of the syringe 

pump. This gauge was necessary to monitor inlet pressure to the core holder and avoid 

over-pressurising the transducers. 

4.2.2.2. Flow Leakage Test and Pressure Transducer Calibration 

A flow leakage test and pressure transducer calibration were carried out before the start of 

core flooding experiments. The flow leakage test was done to maintain the integrity of the 

flow rig system, and the calibration of the pressure transducer was done to preserve its 

accuracy.  

Materials and Apparatus 

a) Druck DPI model 615 IS pressure calibrator. 

b) LEAK-TEC detergent. 

c) Flow system. 

Experimental Procedure for Flow Leakage Test 

a) The pressure calibrator was connected to the flow rig, and air pressure of 50 psi was 

applied and held for 5 minutes. 

b) When there is a drop in the applied air pressure, it indicates leakage in the flow system. 
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c)  Detection of the leak point was done by applying a solution of the LEAK-TEC 

detergent and look out for the formation of bubbles. 

d) In the event of bubble formation, the fittings around it are tightened, and the steps (a), 

(b) and (c) were repeated until no drop in pressure was noticed. 

Experimental Procedure for Pressure Transducer Calibration 

a) The pressure transducer was positioned in the flow system in the orientation it is to be 

applied. 

b) The electrical input was connected to the Druck DPI model 615 IS pressure calibrator, 

and the input signal was set to the minimum value of the range being used. 

c) Once the appropriate supply pressure and input signals were set, the transducer's 

calibration began, and the output pressure was observed. 

d) The pressure output was adjusted until reaching the minimum value while at a minimum 

electrical signal. 

e) The electrical input signal was increased to its maximum value, and the output pressure 

was observed and adjusted where necessary until reaching maximum output pressure. 

4.2.2.3. Determination of Brine Absolute Permeability, #$  

The absolute permeability of the silica sand to brine was determined using the flow system 

described in section 4.2.2.  

Materials and Apparatus 

a) Top loading laboratory weighing balance (maximum load: 2000 g; sensitivity: 0.01 g). 

b) Disaggregated commercial silica sands (40/60 mesh size). 

c) Edwards vacuum pump (Model ED50) 

d) Dynamic Flow system.  

e) Synthetic formation brine. 

Experimental Procedure for the Determination of Brine Absolute Permeability 

a) Silica sand was introduced into the core holder using the "Dry-Packing Technique", 

where sand grains were introduced through a funnel into the core holder. 

b) When the sand grains had evenly dispersed and reached the desired level in the core 

holder, the flow of sand is stopped. 

c) Shaking using the previously described mechanical shaker and tapping of the core 

holder continued for a given period until there was a complete settling of the sand grains 

in the core holder.  
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d) Two 180 µm screens were placed on both ends of the core-holder to act as fluid 

distributors and contain the core holder's sand without disrupting the fluid passage. 

e) The core holder was mounted back into the flow system and placed under a vacuum 

pump to remove the air present. The presence of air/gas would reduce the brine 

permeability. 

f) The prepared synthetic brine was injected through the sand pack starting at low flow 

rates and increased to moderate flow rates. Excessive flow rates were avoided to prevent 

sand fines migration or sand re-distribution with the core holder. 

g) The pressure differentials were noted for different flow rates after steady-state 

conditions were attained. 

h) The absolute permeability to brine, kê was determined using Darcy's equation (4.13) by 

plotting the brine flow rate, Qê (ranging from 0 to 12 mL/min) against the differential 

pressure, ∆P. This gave a straight line through the origin with slope, n Cw…
0"((î

o and no 

intercept. 

Qê = n Cw…
0"((î

o∆P        (4.13) 

The apparent viscosity of the brine is µ)++, A is the internal cross-sectional area of the 

core holder (22.06 cm6), and L is the length of the core holder (12 cm).  

4.3. Determination of Polymer Retention 

Experimental determination of the polymer retention was carried out (using API 

recommended practice for evaluation of polymer retention) in validating the various 

predictive or calculated outcomes for the quantification of polymer aggregates lost and the 

corresponding hydrophobic interactions lost due to the various polymer retention 

mechanisms (adsorption and entrapment) that exist in the porous media. 

4.3.1. Experimental Static Retention Test 

The static retention test can provide a preliminary screening of polymers. The tests are 

inexpensive and straightforward compared to procedures involving flow in cores. It is 

possible to hold the adsorbent constant for a series of tests, thereby isolating the polymer 

solution's changing properties. 

Materials and Apparatus 

a) Top loading laboratory weighing balance (maximum load: 2000 g; sensitivity: 0.01 g). 

b) Disaggregated commercial silica sands (40/60 mesh size). 
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c) Glass conical funnel, 500 mL sample bottles and 10-micron filter papers. 

d) Ubbelohde Viscometer, 5 mL Syringe container, stopwatch. 

e) Polymer concentrations: 10, 50, 100, 300, 500, 750, and 1000 ppm. 

Preparation of Samples for Static Retention 

a) Dry silica sand (100 g) was weighed and poured into the sample bottles. Each sample 

bottle was labelled for each polymer concentration to be studied. 

b) Aqueous polymer solutions (50 g) were added to each sample bottle for each polymer 

concentrations. 

c) The bottles were capped and stored at representative temperatures for 4 days. The bottles 

were agitated along with their content periodically to maintain good contact between 

liquid and substrate. 

d) The liquid was separated from the silica sands by filtering through a 10-micron filter 

paper. 

Determination of Viscosity using Ubbelohde Viscometer 

 
Figure 4.3: Diagrammatic representation of the Ubbelohde viscometer used for this study 

a) The thermal control unit of the water bath was used to regulate the temperature of the 

content of the viscometer to the desired temperature of 25±0.05 ℃.  

b) Determination of solvent (deionised water) flow time, t2Aï in viscometer represented in 

Figure 4.3 was carried out as follow:   
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• The viscometer was loaded with solvent and placed in the temperature regulating 

bath and allowed to stand for about 10 min for equilibration.   

• Most of the fluid resides in the big bulb and drawn up through the capillary by 

placing a finger over orifice "A" and applying suction (using a bulb) to orifice "B" 

(The air pressure keeps the fluid from rising into the pressure equilibration arm, 

"C").   

• After the fluid has passed both indicator lines, "D", the suction from "B" was 

released while maintaining orifice "A" closed.  The time it took for the solvent to 

pass through the indicator lines was noted. Afterwards, orifice "A" was released too.  

What little fluid had worked its way into the pressure equilibration arm "C" should 

quickly flow back to the reservoir, leaving the liquid in the capillary and top bulbs 

suspended.     

c) The above determination was repeated at least 2 times until no more than 0.2 s deviation 

was found.   

d) The viscometer was drained of any solvent and dry thoroughly using a vacuum oven.   

e) A known volume of the polymer solution was transferred into the viscometer and allow 

to stand for 10 min for temperature equilibration.   

f) The solution flow time, t2=A as an average was measured using the step (b) (If the 

solution flow time exceeds the flow time of the pure solvent by a factor of 2-5 then the 

result obtained is good or the viscometer was emptied, and the initial concentration was 

adjusted accordingly).   

g) The solution flow time measurements were repeated until the standard deviation was < 0.2 

s. 

h) The polymer viscosity, µ+ was calculated as µ+ = (t2=A t2Aï⁄ )µ(. 

Preparation of Standard Curve 

a) 500 ppm of the stock solution of the appropriate polymer with identical composition to 

the unknown was prepared. 

b) Standard solutions were prepared from the 500 ppm stock solution by diluting with brine 

to obtain concentrations of 0 to 500 ppm in 50 ppm increments. 

c) The relative viscosity, µÖ@A of the polymer solutions were computed from the solution 

flow times using the Ubbelohde viscometer, and ln(µÖ@A) C+⁄ was calculated for each 

polymer concentration.  
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d) The temperature of the polymer solutions was kept at 25 ℃ by circulating water on the 

outer jacket of the viscometer cup containing the solution using the Medline 

Refrigerating & Heating Bath Circulator for the temperature control. 

e) The values of ln(µÖ@A) C+⁄  as a function of the polymer concentration, C+ was plotted. 

A linear model was fitted to the plot via regression analysis, and a standard curve was 

obtained.  

Determination of Residual Polymer Concentration from Standard Curve 

a) For polymer samples with a concentration above 300 ppm, these were diluted to 

approximately 250 ppm with brine of the same composition. The dilution factor was 

calculated using equation (4.14). 

Dilution	Factor	(DF) = 	%)22	=Œ	KHA∏L@m	«)$+A@	(*)
%)22	=Œ	œBHLH)A	«)$+A@	(*)

    (4.14) 

b) The final sample concentrations, C+,Œ were found by direct comparison of the sample 

relative viscosity, µÖ@A with the standard curve obtained. These comparisons considered 

dilutions, which may have been necessary to reduce the sample concentrations to less 

than 300 ppm. 

Procedure for Estimating Static Polymer Retention  

a) Static polymer retention was calculated using equation (4.15): 

Γ2L)L =
»((&(,A"&(,y)

»#D
        (4.15) 

Where W+ is the mass of polymer solution (g), W*Ö is the mass of sand material (g), C+,H 

and C+,Œ are the initial and final polymer concentration respectively (ppm). 

b) Estimation of static retention was also carried out for different polymer concentrations, 

and this was plotted against the concentration. 

4.3.2. Experimental Dynamic Retention Test 

The dynamic retention test is probably the most rigorous in determining the polymer loss; 

it is also the most time-consuming and probably requires the most analyses. However, this 

method also yields the inaccessible pore volume for a particular set of conditions, whereas 

the static retention test does not. 

Materials and Apparatus 

The materials and apparatus are like Section 4.2.2.3 with the inclusion of the following: 

a) Ubbelohde Viscometer, 5 mL Syringe container, stopwatch. 

b) Polymer concentrations: 10, 50, 100, 300, 500, 750, and 1000 ppm. 
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Experimental Procedure for Preparation of Core 

a) The empty core holder was cleaned and dried, after which the dimensions of the core 

holder was measured.  

b) Silica sand was introduced into the core holder using the "Dry-Packing Technique" 

where sand grains were introduced through a funnel into the core holder. 

c) When the sand grains had evenly dispersed and reached the desired level in the core 

holder, the flow of sand is stopped. 

d) Shaking and tapping of the core holder continued for a given period until there was a 

complete settling of the sand grains.  

e) Two 180 µm screens were placed on both ends of the core holder to act as fluid 

distributors and contain the core holder's sand without disrupting fluid passage. 

f) The core holder was mounted back into the flow system and placed under a vacuum 

pump to remove the air present. The presence of air/gas would manifest in higher 

permeability. 

g) The core holder was evaluated for leakage using the procedure described in section 

4.2.2.2. 

h) The pore volume and permeability to brine of the sand pack was determined using the 

approaches described in Section 4.2.1.3 and 4.2.2.3. 

Experimental Procedure for Preparation of Polymer Solutions 

Selected polymer concentrations were prepared using the standard procedures described in 

Section 4.1.2.2. 

Experimental Procedure for Polymer Injection 

a) The pump in the flow system was set to the required injection rate, and synthetic brine 

was injected until the pressure stabilized. 

b) Polymer injection of the desired concentration (first polymer bank) was started at the 

same flow rate until the pressure stabilized. 

c) Effluent polymer cuts from the dynamic flow system were collected at regular time 

intervals in test tubes and marked to record events of the fluid and rate changes where 

necessary. 

d) The pump rate was changed if different injection velocities are required and maintained 

until pressure again stabilizes. This sequence was continued until sufficient data was 

collected for the polymer concentration. 
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e) The pump was switched to brine using the same pump rate as the final polymer injection 

rate. This injection of brine was continued until pressure was stabilized and the presence 

of polymer is undetectable. 

f) Steps (a) – (e) were repeated for a second polymer bank to obtain polymer retention 

isotherms.  

g) The various steps from (a) to (f) were repeated for increasing polymer concentrations 

up to the maximum value considered in this work. 

Determination of Effluent Polymer Concentration from Standard Curve 

The effluent polymer concentration was determined by matching polymer relative 

viscosities to a standard concentration curve for the polymer solution. Details of this 

approach are contained in Section 4.3.1.  

Calculation Procedure for Dynamic Retention and Inaccessible Pore Volume 

a) The effluent polymer, C+"@ŒŒ"# (relative to the injected concentrations, C+"HBπ) was 

plotted against injected pore volumes, PV for the first polymer bank. 

b) Similarly, the effluent polymer, C+"@ŒŒ"6 (relative to the injected concentrations, C+"HBπ) 

was plotted against injected pore volumes, PV for the second polymer bank. 

c) The inaccessible, I°¢ was estimated from the cut off value of the normalized 

concentration at 0.5. This is given in equation (4.16) below: 

I°¢ = 1 − PVz(6Kyy6+
z(6A;{

x4.g
       (4.16) 

d) Dynamic polymer retention (or adsorption), Γm®B was calculated as the area between the 

two plots of polymer concentration breakout curves. This is expressed in equation (4.17) 

below: 

Γm®B = nD∑ ~
&(6Kyy6+∆°¢

&(6A;{
−

&(6Kyy6*∆°¢
&(6A;{

�fio
&(6A;{°¢
%#D

    (4.17) 

Where ∆PV is the incremental pore volume (the volume of each produced fraction of 

relative concentration &(6Kyy
&(6A;{

, and M*Ö is the mass of the sand pack in the core holder. 

e) The estimated polymer retention values were plotted against the polymer concentration 

values. 

4.3.3. Correlating Static to Dynamic Retention and Damaged Pore Volume 

The mapping of the static retention test to the dynamic retention test was done to achieve 

the following: 
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a) A first-order approximation of static to dynamic adsorption based on equal solid-liquid 

ratio and retention time.  

b) A modified experimental approach for validating the novel equation developed in 

Chapter 3 for estimating the fractional damaged pore volume (DPV). 

The various procedures defined previously for the quantification of static and dynamic 

retention were employed for this purpose. However, the only adjustment was to ensure that 

the solid-liquid ratio and retention time was the same. This represents a novel experimental 

approach that has not been reported in the literature. 

Materials and Apparatus 

a) Dynamic flow system, absorbance detector. 

b) Top loading laboratory weighing balance (maximum load: 2000 g; sensitivity: 0.01 g). 

c) Disaggregated commercial silica sands (40/60 mesh size). 

d) Glass conical funnel, 500 mL sample bottles and 10-micron filter papers. 

e) Ubbelohde Viscometer, 5 mL Syringe container, stopwatch. 

f) Polymer concentrations: 10, 50, 100, 300, 500, 750, and 1000 ppm. 

Procedure for Mapping Static to Dynamic Retention and Estimation of DPV 

a) Static retention tests were conducted using the procedure set out in 4.3.1. for different 

polymer concentrations. This was done, ensuring that the solid to liquid ratio (volume 

of sand to the volume of the polymer solution was maintained at 1:2). 

b) The volume of the core-holder defined the volume of sand employed. For each polymer 

concentration, they were contacted with 1 core-holder full of silica sand (1PV = 96.4 

cm5). 

c) Plots of polymer retained during the static process against time were obtained for each 

concentration to estimate the time, t$)J"Ö@L at which maximum retention was obtained. 

d) The equivalent number of injected pore volumes, PVHBπ during dynamic retention test 

required for the same solid to liquid ratio and retention time obtained during the static 

retention test is estimated from equation (4.18) below: 

PVHBπ =
—A;{L>"?6DK/

ñd.â	
       (4.18) 

Where QHBπ is the injected flowrate. The flow rates considered in this study were 1, 3 

and 6 mL/min. 

e) The dynamic retention test was estimated with the procedure described in 4.3.2. The 

DPV (ΓK°¢) was estimated using equation (4.19): 

ΓK°¢ =
¶Od;
¶)/"/

        (4.19) 
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This was related to the damaged porosity, ϕm using (4.20) 
¶Od;
¶)/"

=
¢O(
¢(-

= d1 − iO
i-
f       (4.20) 

Where Vm+ is the damaged pore volume, V+= is the pore volume and ϕ= is the actual 

porosity of the medium before polymer retention. 

A typical output from the correlation of the static to dynamic retention is shown in Figure 

4.4 below. The mapping of the various retention mechanisms was done as follows: 

a) Mapping Adsorption: adsorption is a function of the polymer contact time with the 

pore surface and polymer concentration. 

b) Mapping Polymer Entrapment: entrapment is a function of the flow condition and 

polymer concentration in the porous media. 

 
Figure 4.4: Typical plot of polymer retention against concentration for static condition at 
≤< and the correlated dynamic condition at flowrate ≤#. 

The rate-dependent entrapment, Γ@BL of polymer molecules was estimated using equation 

(4.21), and this encompasses the area created by the vertical decrease in adsorption from 

Q= to Q# as shown in Figure 4.4.  

Γ@BL = ∑ _n
¶(∆&(
&(

o
—-
− n

¶(∆&(
&(

o
—*
a      (4.21) 

Where Γ+ is the estimated retention as computed using effluent concentration analysis, C+ 

is the polymer concentration, Q= refers to static retention condition (zero flow condition), 

Q# is the dynamic flow condition in the porous media, ∆C+ is the incremental polymer 
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concentration. The concentration-dependent entrapment of polymer molecules was 

computed using equation (4.22), and this signifies the increase in polymer concentration 

from C+*to C++ in Figure 4.4. 

Γ@BL = ∑ _n
¶(∆&(
&(+

o
—-
− n

¶(∆&(
&(+

o
—*
a − ∑ _n

¶(∆&(
&(*

o
—-
− n

¶(∆&(
&(*

o
—*
a  (4.22) 

A summary of the modified experimental procedure is given in the flow diagram in Figure 

4.5 below. 

 
Figure 4.5: A simplified flow diagram of the modified experimental approach which allows 
for the mapping of adsorption and entrapment mechanisms.  
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4.4. Experimental Determination of Polymer Viscosity and Degradation 

This section details the approach used in the estimation of the effective polymer viscosity 

and degradation. In addition, this approach was applied in the study of the propagation of 

hydrophobic interactions in a porous media.  

4.4.1. Effective Polymer Viscosity and Hydrophobic Interactions 

An experimental procedure was developed to quantify the proportion of residual 

hydrophobic interactions after injecting the polymer solution through a porous media. This 

was modified from the API specification for the evaluation of oilfield polymers. 

Materials and Apparatus 

a) Dynamic flow system. 

b) Disaggregated commercial silica sands (40/60 mesh size). 

c) Polymer concentrations: 10, 50, 100, 300, 500, 750, and 1000 ppm.  

Experimental Procedure for the Estimation of Viscosity and Hydrophobic Interactions  

a) Preparation of the polymer solutions and sand-packed media followed the procedures 

described in Sections 4.1.2.3 and 4.2.2 respectively. 

b) The sand-packed media was flooded with 2.45 %TDS brine using the HPLC pump at 

different flow rates (1, 3, 6, 8, 10 and 11 mL/min) and the steady-state pressure drop, 

∆P(= noted for each flow rate. 

c) After the imbibition process, the polymer solutions were injected at different flow rates 

(1, 3, 6, 8, 10 and 11 mL/min) and the steady-state pressure drop, ∆P+ was noted for 

each flow rate. 

d) The polymer resistance factor (RF) was estimated using (4.23).  

RF =
∆°(
∆°!-

         (4.23) 

e) After the drainage process, brine solution (2.45 %TDS) was injected into the sand-

packed media at the different flow rates considered (1, 3, 6, 8, 10 and 11 mL/min) and 

the steady-state pressure drop, ∆P( was noted for each flow rate. 

f) The polymer residual resistance factor (RRF) was estimated by comparing ∆P( and 

∆P(= using (4.24).  

RRF = ∆°!
∆°!-

        (4.24) 

g)  The effective viscosity, µ+@ of the polymer solution in the porous media was calculated 

using equation (4.25) 
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µ+@ =
h“
hh“

µ2   or µ+@ =
°¢(w
°¢ww

µ2      (4.25) 

Where µ2 is the viscosity of the brine solution, PV+ê and PVêê is the number of pore 

volumes to breakthrough in the porous media for the polymer and brine solutions 

respectively. 

h) The in-situ hydrophobic interactions were estimated using the normalised reduced 

viscosity (Nh¢) developed in Chapter 3 and shown in equation (4.26) 

Nh¢ =
0(K"0"#
0(-"0)

        (4.26) 

Where µ)* is the polymer viscosity at the critical aggregation concentration, C)* and 

µ+= is the pre-injection polymer viscosity.  

4.4.2. Polymer Degradation Test 

Materials and Apparatus 

a) Dynamic flow system. 

b) Disaggregated commercial silica sands (40/60 mesh size). 

c) 500mL measuring cylinders, 500 mL beakers and 10-micron filter papers. 

d) Polymer concentrations: 10, 50, 100, 300, 500, 750, and 1000 ppm. 

e) The Fann Viscometer (Model 35A/SR-12) with pre-set rates: 600, 300, 200, 180, 100, 

90, 60, 30, 6, 3, 1.8, 0.9 RPM. 

Procedure for Evaluation of Polymer Degradation 

a) Preparation of the polymer solutions and sand-packed media followed the procedures 

described in Sections 4.1.2.3 and 4.2.2 respectively. 

b) The sand-packed media was flooded with 2.45 %TDS brine solution using the HPLC 

pump until 100 % brine saturation was achieved (approximately 45 minutes). 

c) Polymer solutions were injected at different flow rates up to the maximum (30 mL/min) 

until steady-state pressure drop was achieved for each flow rate. 

d) At stable differential pressure for each flow rate, 350 ml of effluent polymer solutions 

were collected for each polymer concentration for rheological analysis.  

e) The effluent viscosity, µ@ŒŒ was determined using the Fann Viscometer (Model 35A/SR-

12) at lowest shear condition (0.9 RPM) representative of zero shear rate, and the 

normalized effluent viscosity (N”¢) was computed using equation (4.27) 

N”¢ =
0Kyy"0)
0(-"0)

        (4.27) 
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f) The normalized effluent viscosity was plotted against the values of the flow rates, Q 

considered. Equation (4.28) was fitted to the plots via regression analysis to determine 

the flow rate, Qm* at the onset of polymer degradation. 

N”¢ = _1 + n —
—O# 

o
6
a
"$ 6⁄

       (4.28) 

Where m is a fitting parameter.  

g) The equivalent critical shear rate for the onset of mechanical degradation, γm* was 

estimated using equation (4.29)  

γm* =
âé—O#
…òÜCi

        (4.29) 

Where ϕ is the porosity of the sand-packed media, k is the permeability of the medium, 

A is the cross-sectional area, and α is a dimensionless parameter. 

4.5. Summary 

In this chapter, a summary of the experimental procedures adopted in the study of 

associative polymers in porous media and validation of the predictive approach developed 

in chapter three were given. The various procedures were detailed according to the API 

specification for the analysis of oilfield polymers. In addition, a modified experimental 

approach for the estimation of rate and concentration-dependent polymer retention in 

porous media was developed. This was based on an accurate correlation of static to dynamic 

retention, which allowed for the corresponding mapping of the various retention 

mechanisms using well-established trends in literature. The unique outcome of the modified 

experimental procedure was the appropriate quantification of polymer adsorption in 

addition to the entrapment. This is significant compared to using a dynamic retention test 

that does not uniquely define the various retention mechanisms while giving a generalized 

outcome regarding incremental retention values. Consequently, proper economic planning 

and experimental evaluation of computational forecasting of the performance of polymers 

during chemical enhanced oil recovery operations can be made with the developed 

experimental approach. 
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CHAPTER FIVE 
5.0. Material Characterisation and Properties 
This chapter focussed on the characterisation of the polymer and sand materials along with 

the discussion on the observed trends and their likely implications for the propagation of 

hydrophobic interactions between associative polymers in a porous media.  

5.1. Characterisation of the Polymer and Porous Media Material 

The polymer and porous media material characterisation were done as a preliminary step 

before their application in the study of polymer transport in porous media. The 

characterisation study was intended to give the necessary insight into providing valuable 

explanation regarding the interaction between polymer and porous media material.  

5.1.1. Associative Polymers 

The characterization of the associative polymers was done to determine the functional group 

composition, molecular weight, and activity. The analysis reported in this section was on 

the solid polymer granules.  

5.1.1.1. Molecular Weight and Intrinsic Viscosity of the Associative Polymers 

The molecular weights and intrinsic viscosities of the associative polymers, D118 and 

C1205, were determined using simple capillary viscometry. The intrinsic viscosities were 

estimated by extrapolating to xa = 0 from the plots of reduced viscosity, ‡Ü(?nëí) xa⁄  as a 

function of the polymer concentration, xa as shown in Figure 5.1. Hence, the intercept of 

the plots corresponds to the intrinsic viscosities of the associative polymers. Therefore, the 

values for the intrinsic viscosities are 37.76 and 29.39 dL/g for polymers D118 and C1205 

respectively. The intrinsic viscosity is a measure of the contribution of the polymer granules 

to its viscosity in solution. Consequently, careful observation of the intrinsic viscosities 

indicates that the granules of the D118 polymer would contribute more to the solution 

viscosity through hydrophobic interactions than the C1205 polymer type. As such, 

associative polymers with high intrinsic viscosities would provide solute particles with a 

high level of hydrophobic blocks on the polymer backbone. The molecular weights of the 

associative polymers were determined from the intrinsic viscosities using the Mark-

Houwink equation in (4.8). Table 5.1 compares the estimated molecular weight of the 
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polymers with the manufacturers' range. From the relationship in (3.8), the molecular 

weight of an associative polymer is higher when the intrinsic viscosity is high.  

Table 5.1: Comparison between the estimated polymer molecular weight and manufacturer 
range. 

Polymer Code Intrinsic 
Viscosity (dL/g) 

Molecular Weight 
(æ‘) 

Manufacturer’s 
Specification (æ‘) 

D118 37.76 16.6 x 10d g/mol 16 – 20 x 10d g/mol 

C1205 29.39 12.2 x 10d g/mol 12 – 17 x 10d g/mol 
 

 

 
Figure 5.1: Plot of reduced viscosity against polymer concentration (xa < 500	··à) at 
25	℃ and 3 wt.% NaCl (a) D118 and (b) C1205.  
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5.1.1.2. Activity and Weight Loss of the Associative Polymers  

The activity of polymer granules gives the percentage of active solids under different 

temperature conditions. Such a study provides an indicator of the ability of the associative 

polymers to withstand high reservoir temperatures. Therefore, the activity and weight loss 

curves for the two associative polymers (D118 and C1205) were obtained from their initial 

dry state respectively (Figure 5.2).  

 

 
Figure 5.2: Plots of (a) activity and (b)weight loss for D118 and C1205 polymers 
respectively. 
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From the weight loss curves, the amount of loss for both polymer samples were less than 3 

wt.% at temperatures less than 120	℃. Similarly, the activity curve for the polymer 

samples indicates that active solids were greater than 80 wt.% at temperatures less than 

120	℃. However, close observation of the curves indicated a two-stage decomposition of 

the associative polymer granules (D118 and C1205). These stages are 20 – 60 ℃ and 100 – 

120 ℃ for D118 polymer while 20 – 70 ℃ and 100 – 120 ℃ for C1205 polymer respectively. 

The first-stage weight loss is related to the removal of water molecules, which are adsorbed 

on the surface of the polymer granules due to exposure to the atmosphere. These adsorbed 

water molecules can be likened to the bound water associated with the polymers. The 

equivalent water loss in both cases of polymers is 0.37 wt.% for D118 and 1.0 wt.% for 

C1205 respectively. The difference in weight loss may be credited to the difference in 

molecular architecture arising from different hydrophobic blocks on the polymer backbone. 

The second-stage weight loss can be explained in terms of depolymerisation and 

intermolecular dehydration reactions, which may lead to breaking any crosslinks between 

polymer chains. The equivalent weight loss in both cases of polymers is 0.27 wt.% for 

D118 and 1.03 wt.%for C1205 respectively. The application of polymers for oil and gas 

applications requires significant temperature stability because most polymeric materials 

tend to decompose (weight loss greater than 20	wt.%) significantly above 130 ℃. 

Therefore, the weight loss study suggests that the associative polymers have good thermal 

stability for reservoir temperatures up to 120 ℃, which is the temperature limit of the study. 

However, extrapolating the weight loss beyond 120 ℃ suggests that the associative 

polymers will remain stable up to temperatures of 200 ℃. The attendant weight loss at this 

temperature of 200 ℃ would still be less than 10 wt.%. The strength and distribution of the 

hydrophobic blocks of the polymer backbone play a significant role in the thermal stability 

of associative polymers.  

5.1.1.3. Chemical Composition of the Associative Polymers  

The active functional groups present in the associative polymers were analysed using the 

Fourier Transform Infrared (FTIR) and Raman spectroscopy. Figure 5.3 show the FTIR and 

Raman spectra for the associative polymer (D118). Analysis of the FTIR spectra in Figure 

5.3a indicates that the polymers show peaks at 1399.16, 1545.73, 1653.73, 2913.07 and 

3206.21 cm"#. The peak at wavenumber 1653.73 cm"# was assigned to the stretching 

vibrations of C = O present in the amide group −CONH6.  
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Figure 5.3: Compositional analysis of the associative polymers (a) FTIR spectra (b) Raman 
spectra. 
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Furthermore, the peaks at wavenumbers, 2913.07 and 3181.14 cm"# corresponds to the 

stretching vibration of C − H in −CH5 and O − H in −	COOH respectively. The peaks at 

1399.16 and 1545.73 cm"# may indicate the presence of the −SO5 group. Figure 5.3b shows 

the Raman spectra for the associative polymer. The strong peak at 458 and 2930 cm"# 

indicate stretching vibrations arising from S − S and C − H respectively. This further 

validates the results obtained from the FTIR spectra regarding the presence of the functional 

groups −CH5, −SO5 and −CONH6. The weak peak at 1120 cm"# maybe due to the 

vibrational stretching of C = S. Similarly, the weak peak observed at 1342 cm"# may 

correspond to C − NO6 and the peak at 1462 cm"# corresponds to δCH6 and δCH5	asym 

respectively. A summary of this spectra analysis and the corresponding functional groups 

identified is given in Table 5.2 below. 

Table 5.2: Summary of the identified peaks from the FTIR and RAMAN analysis and the 
corresponding functional groups. 

Peak (FTIR)	wV"R Peak (Raman)	wV"R Functional Group 

1653.73 - −CONH6 
2913.07 - −CH5 

3181.14 - −	COOH 

1399.16 - 
−SO5 1545.73 - 

- 458 S − S 

- 2930 C − H 
- 1120 C = S 
- 1342 C − NO6 
- 1462 δCH6, δCH5 

 
The FTIR and Raman spectroscopy combination has confirmed the presence of the 

functional groups −CH5, −SO5, −	COOH and −CONH6. Therefore, the presence of the 

functional groups −	COOH and −CONH6 may consequently explain the thickening ability 

of the associative polymers in solution. For non-associative polyacrylamide polymers, the 

repulsion between the carboxylate group, −	COOH and amide group,	−CONH6 would 

increase its hydrodynamic volume in solution hence, its viscosity. However, the scenario is 

different for hydrophobically associating polymer. In addition to the increase in 

hydrodynamic volume caused by the repulsion between the −	COOH and	−CONH6 groups, 

the repulsion of these groups exposes the hydrophobic blocks on the polymer chains to 
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intermolecular interactions. This phenomenon ensures that associative polymers show an 

enhanced thickening effect in solutions compared to non-associative polymers. 

5.1.2. Silica Sands 

The characterization of the silica sands was done to determine the mineralogical 

composition, structural configuration, and size distribution of the sand grains/particles. The 

analysis reported in this section was on the commercial silica sands.  

5.1.2.1. Size Distribution of the Silica Sands  

The particle size distribution (PSD) of the silica sands (40/60 and P230) are shown in Figure 

5.4. The PSD is important in the understanding of the sand’s physical and chemical 

properties (dataset of the sieve analysis is contained in Appendix A). The PSD plays an 

important role in the porosity and permeability of the prepared sand packs. For the 40/60 

silica sand in Figure 5.4a, the mass mean diameter (MMD) or the Dg4 value was estimated 

as 350	µm. Thus, the average grain diameter for the 40/60 silica sand was estimated as 

350	µm. In the case of P230 sand in Figure 5.4b, the Dg4 value was estimated as 250	µm 

hence, the grain size is 250	µm. The smaller grain size of the P230 sand compared to the 

40/60 sand indicates that the P230 would have a tighter packing resulting in lower porosity 

and permeability than the 40/60 sand. The geometric standard deviation, σ* for both sand 

types was estimated using equation (5.1) below: 

σ* =
K|v.*F
Kg,

         (5.1) 

Where DÜâ.#5 is the grain mass diameter at 84.13	% cumulative value. The values of σ* for 

the 40/60 and P230 sands were 0.87 and 0.8 respectively. The geometric standard deviation 

describes how spread-out the various grain sizes are around the geometric mean. The value 

of σ* was used in the computation of the relative standard deviation or degree of 

polydispersity, ϑ as shown in (5.2) 

ϑ =
Ã#
Kg,

         (5.2) 

The estimated degree of polydispersity for the 40/60 and P230 sand were 0.0024 and 0.0032 

respectively. Since the degree of polydispersity values were less than 0.1, the sand grain 

particles in both cases were considered monodisperse. This means that the sand particles in 

both cases have the same size. The monodispersity of the sand grains implied that the 

porosity distribution of porous media prepared from such sands were uniform, thereby 

eliminating the prospect of heterogeneity.  
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Figure 5.4: Particle size distribution of the studied sand grains (a) 40/60 sands (b) P230 
sands.  
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5.1.2.2. Topography and Surface Configuration of the Silica Sands  

The study of the surface configuration of the sand grains was carried out using optical 

microscopy as captured in the high-resolution images in Figure 5.5. The images of the sand 

particles for both 40/60 and P230 indicate that the particle can be approximated as spherical. 

However, the P230 particles were observed not to be entirely spherical, with sharp edges 

noticeable. Furthermore, the image analysis also indicated that the sand particles are 

uncemented and unconsolidated with loose packing. Pictorially, the grains of the 40/60 

sands were larger than the P230 sand and indicates that the specific surface of the 40/60 

sand grains exposed to fluid flow within the pore space per unit pore volume was lower 

than the P230 sand grains. The consequence of the specific surface is that the sand grain 

with a large size (40/60) would provide a low surface area for polymer interaction. 

However, the P230 sand with a small size would give more surface exposure to polymer 

molecules, thereby increasing polymer interaction.   

 

 
 

a. 40/60 Sand 
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Figure 5.5: Microscopic image of the silica sands (a) 40/60 sand (b) P230 sand (5x 
objective magnification.  

5.1.2.3. Mineralogical Composition of Silica Sand  

The chemical composition of the silica sands is summarized in Table 5.2 as obtained from 

Idahosa (2015). From the table, the main mineral constituent of the sand is silica dioxide or 

quartz (SiO6). Identifying the main mineral composition is critical in understanding the 

nature of polymer–rock interaction and brine–rock interactions. The quartz compound has 

been reported to exhibit a positively or negatively charged surface under certain pH 

conditions. This means that the surface wettability of the silica sands can be altered, and 

this can significantly affect its interaction with polymer molecules.  

Table 5.3: Chemical analysis of silica sands indicating the main elements (Idahosa, 2016)  

40/60 Sand 
Compound ‘U÷S ¬TS÷p ÁeS÷p ªU÷S cœ÷ æ,÷ -÷Ë 

% 99.5+ 0.06 0.02 0.012 <0.01 <0.01 0.1 

 

P230 Sand 
Compound ‘U÷S ¬TS÷p ÁeS÷p ªU÷S cœ÷ æ,÷ -÷Ë 

% 99.5+ 0.06 0.02 0.012 <0.01 <0.01 0.1 

b. P230 Sand 
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5.1.2.4. Porosity and Absolute Permeability of Silica Sand 

Figure 5.6 shows the plots to determine the average porosity and average absolute 

permeability to brine of the sand-pack porous media. The average porosity was determined 

by considering seven samples of varying bulk volumes of silica sand. These sands were 

contacted with brine (2.45 %TDS), and the pore volumes estimated and plotted against the 

bulk volumes as shown in Figure 5.6a. The average porosity was calculated as the slope of 

the plots, and these values correspond to 0.367 for the 40/60 sand and 0.323 for the P230 

sand respectively. Similarly, the absolute permeability was estimated for both the 40/60 and 

P230 sand, as shown in Figure 5.6b. The procedure followed the description given in 

Chapter 4 with the pressure drop across the sand pack recorded at different flowrates. The 

absolute permeability was determined from the slope of the plot of flowrate against pressure 

drop. The estimated permeabilities for the 40/60 and P230 sands were 5.21 and 3.93 Darcy 

respectively.  
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Figure 5.6: Plots for the determination of the (a) average porosity and (b) absolute 
permeability of the 40/60 and P230 silica sands at 25 ℃ and 2.45 %TDS brine salinity. 

5.1.2.5. In-Situ Shear Rates in Sand-Pack 

The in-situ rheological behaviour of polymer solutions in porous media is a function of 

shear rate. Based on the API specification RP-63, Equation (5.3) was applied to determine 

the flowrate that would induce in-situ shear rates comparable to field application (between 

10 and 100 /s).  

γ = ;5B!#
âB

< ; âé—
…(ÜCi),.g

<        (5.3) 

where γ is the effective shear rate in the porous media; 5B!#
âB

 is the Rabinowitsch correction 

factor; ϕ is the porosity of the porous media; ç is the permeability of the media; ≤ is the 

flowrate; È is the cross-sectional area of the media; α is the geometrical factor to account 

for the porous media structure (1.15 for sand pack). For the sand pack, it was observed that 

flowrates between 0.2 and 2 mL/min were estimated to induce shear rates between 10 and 

100 /s comparable to field applications. Figure 5.7 shows the estimated shear rate plot 
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against the applied flow rate under different flow index. It was observed the relationship 

between the shear rate and flow rate was linear within the range studied (0 – 8 mL/min).  

 
Figure 5.7: In-situ shear rate simulation in the sand pack media at 25 ℃ and 2.45 %TDS. 
It was observed the relationship between the shear rate and flow rate was linear within the 
range studied (0 – 8 mL/min). 

5.2. Summary 

The characterisation of the associative polymer and silica sand employed in this study was 

reported in this chapter. The hydrophobically associating polymers were characterised for 

their activity/weight loss, chemical composition and molecular weight using thermal 

analysis, FTIR/Raman spectroscopy, and viscometry. An essential outcome of this is that 

the polymer employed was a polyacrylamide based hydrophobically associating polymer. 

Similarly, the silica sand was characterised for its composition, size distribution, porosity, 

and absolute permeability to the brine solution. The outcome of the characterisation of the 

sand is the determination of the desired flow rates that would induce in-situ shear rates 

comparable to field application. 
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CHAPTER SIX 
6.0. Quantitative Characterisation of Polymer Concentration Regimes 

In this chapter, a quantitative description of the polymer concentration regimes was given 

and the effects of various conditions such as temperature, shear rates and brine salinity. This 

was analysed by considering the response of the critical aggregation concentration to the 

conditions identified.  

6.1. Polymer Concentration Regimes 

The two known concentration regimes discussed in this section are the dilute and semi-

dilute concentration regimes. The threshold concentration and the effect of reservoir 

conditions are highlighted, likewise the distinguishing effect of the viscosity of each 

concentration regimes. Furthermore, a third concentration regime was discussed, and the 

overall significance of identifying the threshold concentration for the onset of the semi-

dilute and concentrated regime. 

6.1.1. Determination of the Critical Aggregation Concentration 

The viscometry method was adopted in the determination of the critical aggregation 

concentration. This involved the understanding of the curvature of the plot of polymer 

viscosity against concentration. Two linear models were fitted via regression analysis to the 

identified concentration regions (dilute and semi-dilute region), which approximates a 

straight line in the plot of viscosity against polymer concentration. The critical 

concentration was approximated as the point of intersection of the fitted linear models. 

Figure 6.1 shows the approach taken to determine the critical concentration of the 

associative polymer under different temperatures (25, 50, 75, and 85 0C). It can be observed 

that the critical concentration increased with temperature from 25 to 85 0C. Similarly, the 

critical concentration was also determined for the associative polymer under different per 

cent of dissolved solids (3.6, 3.8, 4.0, and 4.2 % TDS), as shown in Figure 6.2. The approach 

also involved using the two linear models fitted via regression analysis to the regions (dilute 

and semi-dilute region), which approximates a straight line in the plot of viscosity against 

polymer concentration. It was observed that the critical concentration increased minimally 

with the percent dissolved solids. A similar approach was adopted in the determination of 

the critical aggregation concentration under different conditions of shear rates. 
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Figure 6.1: Determination of the critical aggregation concentration from the plot of polymer viscosity against concentration at (a) 25 0C (b) 50 0C 
(c) 75 0C (d) 85 0C. The measurement was taken at 3.6 % TDS and shear rate of 7.34/s. 
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Figure 6.2: Determination of the critical aggregation concentration from the plot of polymer viscosity against concentration at (a) 3.6 % TDS (b) 3.8 
% TDS (c) 4.0 % TDS (d) 4.2 % TDS. The measurement was taken at 25 0C and shear rate of 7.34/s. 
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6.1.1.1. Effect of Temperature on the Critical Aggregation Concentration 

The effect of temperature on the critical aggregation concentration of associative polymers 

is shown in Figure 6.3. The increase in the values of the critical aggregation concentration 

with temperature indicates a change in the polymer concentration regimes. As shown in 

Figure 6.3, the increment in the critical aggregation concentration with temperature was 

studied in three stages. Firstly, the increase in temperature from 25 to 50 ℃ (at 3.6 % TDS) 

means that the critical aggregation concentration increased from 260 to 740 ppm. This 

increment represents a change in the polymer concentration regimes, with the semi-dilute 

regime decreasing by 65 %. This means that some polymer chains, which interacted with 

each other in the semi-dilute regime, were severed from the network and exist as distinct 

polymer chains. As a result, the dilute concentration regime, which is characterised by 

separate polymer chains, increased by 65 %.  

 
Figure 6.3: Effect of temperature on the critical aggregation concentration of studied 
associative polymer. 

Therefore, the change in the critical aggregation concentration represents a transition point 

for the concentration regimes. Secondly, an increase in temperature from 25 to 75 ℃ (at 3.6 

% TDS) indicate that the critical aggregation concentration increased from 260 to 1400 

ppm. Following from similar explanation, the semi-dilute regime decreased by 81.4 %, 

while the dilute regime increased by a similar percentage. Finally, an increase in 

temperature from 25 to 85 ℃ (at 3.6 % TDS) indicates that the critical aggregation 
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decreased by 87 %, while the dilute regime increased by a similar percentage. However, 

under different salinity conditions, the fractional change in the polymer concentration 

regimes tend to decrease. For example, an increase in temperature from 25 to 50 ℃ (at 3.6 

% TDS) indicate a 65 % change in the critical aggregation concentration. However, a similar 

change in temperature under 3.8, 4.0, and 4.2 % TDS resulted in a 51, 47 and 43 % change 

in the critical aggregation concentration respectively. A plausible explanation for the 

temperature effects observed in Figure 6.3 was due to the gradual increase in the thermal 

energy of the polymer chains starting with the shorter chains up to the longer chains. When 

the distribution of thermal energy across the polymer chains is such that they are equal to 

the energy associated with the hydrophobic interactions, the break-off will not take place. 

However, when the thermal energy acquired by a given polymer chain exceeds the energy 

arising from the hydrophobic interactions, these polymer chains break off, and polymer 

viscosity is reduced. The break-off chains contribute to the dilute concentration regime, 

thereby increasing the critical aggregation concentration, as shown in Figure 6.3.  Beyond 

this point, the increased mobility of the polymer chains arising from the thermal energy 

being more significant than the bond energy would lead to a structural rearrangement of the 

longer polymer chains in solutions. This led to a loss of associative interactions between 

polymer chains. This marked the further increase in the critical aggregation concentration 

shown in Figure 6.3, with a corresponding increase in the dilute concentration regime where 

the intramolecular association is dominant.  

6.1.1.2. Effect of Salinity on the Critical Aggregation Concentration 

Figure 6.4 shows the impact of brine salinity on the critical aggregation concentration of 

the studied associative polymer. The critical aggregation concentration of the associative 

polymer increased from 260 to 420 ppm when the total dissolved solids (TDS) increased 

from 3.6 to 3.8 %TDS (at 25 ℃). This change in the critical aggregation concentration 

resulted in a 38 % increase in the dilute concentration regime and an equivalent reduction 

in the semi-dilute concentration regime. Furthermore, an increase in the salinity from 3.6 to 

4.0 %TDS and 3.6 to 4.2 %TDS (at 25 ℃) resulted in a 51 and 58 % increase in the dilute 

regime and equivalent reduction in the semi-dilute regime respectively. A similar trend was 

observed regarding the polymer concentration regimes concerning the dissolved solids 

under given temperatures (50, 75 and 85 ℃). The minimal change in the critical aggregation 

concentration of the associative polymer was indicative of its salt tolerance.  
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Figure 6.4: Effect of total dissolved solids on the critical aggregation concentration of 
associative polymer under given temperature conditions. 

The effect of salts on the critical aggregation concentration of associative polymers arises 

from the shielding or screening effect of the metallic ions present in the salts. The salt 

solutions considered for analysis contained Na! and Ca"!/Mg"! in the ratio 10:1 for 3.6, 

3.8, 4.0 and 4.2 % TDS respectively. The observed critical aggregation concentration of 

associative polymers at given conditions was due to the electrostatic repulsive effect 

between carboxyl (COO#) groups, which brings hydrophobic blocks on the polymer 

backbone closer for associative effect. This ensured that a given number of polymer chains 

with large hydrophobic blocks exist in the semi-dilute regime and others with smaller 

hydrophobic blocks remain in the dilute regime. However, the critical aggregation 

concentration was subject to change when monovalent and divalent ions are present in 

solutions. In this study, the concentration of monovalent (Na!) ions ranged from 24,500 to 
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divalent ion (Ca2+), and this further screened the repulsive effect between carboxyl groups 

on the chains. However, the transition of polymer chains from semi-dilute to the dilute 

regime under different salinity conditions was a function of the relative strength of the 

hydrophobic association. For shorter hydrophobic blocks on polymer chains, the screening 

0

500

1000

1500

2000

2500

3000

3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 4.3

C
ri

tic
al

 A
gg

re
ga

tio
n 

C
on

ce
nt

ra
tio

n 
(p

pm
)

Total Dissolved Solids (%)

25 deg. Celsius 50 deg. Celsius

75 deg. Celsius 85 deg. Celsius



133 

 

effect caused by the monovalent and divalent ions effectively negated the hydrophobic 

interactions that exist between chains. However, where the hydrophobic blocks on the 

backbone of polymer chains were large, the screening effect caused by the ions in solutions 

was not strong enough to negate the hydrophobic interactions between chains. Therefore, 

when the proportions of chains with large hydrophobic blocks were significant, the change 

in the critical aggregation concentration was minimal. This proposed mechanism explained 

the minimal change in the critical aggregation concentration shown in Figure 6.4.  However, 

the increased thermal mobility of polymer chains arising from increased temperature further 

weakened the hydrophobic interactions, increasing the critical aggregation concentration. 

This explains the vertical increase in the critical aggregation concentration at temperatures 

of 25, 50, 75 and 85 0C in Figure 6.4. 

6.1.1.3. Effect of Shear on the Critical Aggregation Concentration 

The effect of shearing on the critical aggregation concentration of the studied associative 

polymer is shown in Figure 6.5.  

 
Figure 6.5: Effect of shear rate on the critical aggregation concentration of the studied 
associative polymer under different temperature conditions.  
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The critical aggregation concentration of the associative polymer increased from 260 to 530 

ppm when the shear rate increased from 51 to 340 s#$ (at 25 ℃). This change in the critical 

aggregation concentration resulted in a 51 % increase in the dilute concentration regime and 

an equivalent reduction in the semi-dilute concentration regime. Furthermore, an increase 

in the shear rate from 51 to 510 s#$  and 51 to 1021 s#$ (at 25 ℃) resulted in a 57 and 68 

% increase in the dilute regime and equivalent reduction in the semi-dilute regime 

respectively. A similar trend was observed regarding the polymer concentration regimes 

concerning the shear rates under given temperatures (50 and 75 ℃). The effect of shear rate 

on the critical aggregation concentration is explained by visualizing these polymer chains 

as entangled and single-independent coils. When subjected to flow, two competing forces 

arose. Firstly, the entropic force maintains the existing polymer configuration. This entropic 

force keeps the polymer chains independent from each other for the single-independent coils 

in the dilute regime. On the other hand, the magnitude of the entropic force in the semi-

dilute regime is a function of hydrophobic interaction between polymer chains. The existing 

polymer configuration eventually gives rise to the critical aggregation concentration under 

these conditions. Secondly, a drag force comes into play when subjected to flow conditions. 

This drag force arises from the interaction between polymer molecules and the solvent in 

which it is dissolved. In the dilute regime, the drag force ensures the independent polymer 

chains are aligned in the flow direction. However, in the case of the semi-dilute regime, the 

drag force tries to disentangle the associated polymer chains in addition to aligning them in 

the flow direction. For polymer chains that are successfully disentangled and aligned in the 

flow direction, they become independent chains. As a result, the critical aggregation 

concentration of the associative polymer increases with the shear rate. Therefore, the effect 

of shear rate on the critical aggregation concentration is majorly the disentanglement of 

polymer chains in the semi-dilute regime. However, the application of higher shear rates 

could lead to polymer degradation in addition to disentanglement from the hydrophobic 

interaction network. The outcome of this process was the reduction in the semi-dilute 

regime and an increase in the dilute regime. This is essentially the phenomenon behind the 

shear thinning of associative polymers. However, given enough time to rest, associative 

polymer undergoes structural recovery and disentangled polymer chains transits from the 

dilute regime back to the semi-dilute regime. This is, however, dependent on the extent of 

mechanical degradation of the polymer chains. In the case of shear thickening in porous 

media, similar effects of drag force and entropic force are present; however, the torturous 
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nature of the porous media means that more hydrophobic blocks are brought closer together, 

thereby increasing the level of entanglement among polymer molecules. 

6.1.2. Predicting the Onset of the Polymer Concentrated Regime 

It is a fact that polymer molecules can exist as independent chains isolated from each other 

(dilute regime) or as aggregates of molecules (semi-dilute regime). However, the 

aggregation of polymer molecules in the semi-dilute regime does not necessarily imply that 

all polymer molecules in this regime are in an interactive state. Instead, the aggregation of 

polymer molecules due to hydrophobic interactions is a gradual build-up process. Beyond 

the critical aggregation concentration, the aggregation of polymer molecules into a network 

of aggregates commence. The number of molecules, which constitute these aggregates, 

depends on the concentration of the polymer solution. Figure 6.6 show the plots of 

molecular interactions for the dilute and the semi–dilute regimes as computed using the 

equations (3.1), (3.3), and (3.4) respectively. These plots were generated based on the 

susceptibility of the critical aggregation concentration to identified reservoir conditions as 

discussed in the preceding sections. The increase in the intramolecular interactions is 

indicative of the increase in the number of polymer chains with polymer concentration up 

to the critical aggregation concentration. At this state, hydrophobic interactions between 

polymer molecules are non-existent. This dilute state is characterized by the independence 

or isolation of polymer chains from each other. However, the intramolecular interaction 

begins to decrease beyond the critical aggregation concentration while the onset of 

hydrophobic interaction begins. This onset of hydrophobic interactions is marked by an 

increase in intermolecular association above the critical aggregation concentration. It is 

obvious from the plot that the onset of hydrophobic interactions between polymer molecules 

does not translate to an outright disappearance of intramolecular interaction within the 

polymer chains. Rather, polymer molecules gradually transit from intramolecular 

interaction to hydrophobic interactions at concentrations above the critical aggregation 

value. It was observed that these plots for the molecular interactions intersect at 

approximately 0.5 respectively and the estimated critical concentration, C% at this point of 

intersection was 1 g/L (or 1,000 ppm), 1.7 g/L (1700 ppm) and 3.3 g/L (3300 ppm) at 25 0C 

(4.9 % TDS), 50 0C (4.9 % TDS) and 75 0C (4.9 % TDS) respectively. This estimated critical 

concentration is the optimal value at which there is a balance in molecular interactions 

between the dilute and semi-dilute regime under the given conditions.  
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Figure 6.6: Plot of molecular interactions (intramolecular and hydrophobic interactions) 
against polymer concentration at 7.34/s and 4.9 %TDS (a) 25 0C (b) 50 0C (c) 75 0C.  
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The increase in this critical concentration of the associative polymer required is evidence of 

the changing conditions of temperature as captured in Figure 6.6a – 6.6c. Furthermore, the 

hydrophobic interactions become the dominant interaction mechanism over the 

intramolecular interactions beyond this critical value. In other words, the critical value can 

be interpreted to characterise the onset of the “Polymer Concentrated Regime”. In this 

work, this critical concentration at which the concentrated regime commences was termed 

the “Critical Separation Concentration, -&'(,*”. The significance of this novel approach is 

in the control and monitoring of hydrophobic interactions under different reservoir 

conditions, and this can be translated or adjusted for in the required polymer concentration. 

In addition, this approach would prevent the application of high polymer concentration with 

excessive hydrophobic interaction (C+ > -&'(,*) dominant in the concentrated regime, 

which may affect transport in porous media and is further explained in the next section. It 

could be argued that the proportion of polymer chains lost from this hydrophobic interaction 

network could contribute to fluid-rock interaction effects such as adsorption or mechanical 

entrapment. However, for investigating the flow of hydrophobic interactions in porous 

media, these plots were employed in estimating the onset of the concentrated regime.  

6.1.3. Significance of the Critical Separation Concentration 

The significance of this novel approach in estimating the onset of the various concentration 

regimes lies in the control and monitoring of hydrophobic interactions under different 

reservoir conditions and how this can be adjusted for in the required polymer concentration. 

This importance can be summarized by considering three case scenarios. Firstly, polymer 

concentration less than the critical aggregation concentration and the critical separation 

concentration (C+ < C,-- < C./+,%). This scenario marks the absence of hydrophobic 

interactions among polymer chains in solution. The propagation of polymer solutions under 

these conditions would see polymer molecules interacting with the rock surface without 

sufficient viscosity for mobility control. Secondly, the scenario where polymer 

concentration is greater than the critical aggregation concentration but less than the critical 

separation concentration (C./+,% > C+ > C,--). In this scenario, hydrophobic interactions 

exist between polymer molecules, and the propagation of these molecules would result in 

hydrophobic interactions lost to adsorption with the effect of entrapment minimal. Here, 

hydrophobic interactions could be sufficient to provide the needed mobility control during 

EOR. Thirdly, polymer concentration is higher than the critical aggregation concentration 
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and the critical separation concentration (C+ > C./+,% > C,--). Operating at these conditions 

would mean that there would be insufficient hydrophobic interactions propagated through 

the porous media. In addition, polymer molecules would be lost to dominant retention 

phenomena such as adsorption and entrapment mechanism. Therefore, the second scenario 

depicts that the application of associative polymers goes beyond operating above the critical 

aggregation concentration and ensuring that the injection concentration is below the critical 

separation concentration. This ensures that there are sufficient hydrophobic interactions for 

mobility control while minimizing the effect of polymer loss arising from different retention 

mechanisms.  

6.2. Mapping of Concentration Regimes under Reservoir Conditions 

Three different concentration regimes characterise the flow of polymers in porous media: 

dilute, semi-dilute, and concentrated. In this section, mapping of the various regimes was 

done using equations (3.1) to (3.6). In addition, plots were generated for the three regimes 

to show the effects of the various conditions and the transition/interactions that occur 

between the regimes 

6.2.1. Thermal Degradation Effect 

The thermal degradation of hydrophobic interactions is shown in Figure 6.7.  

 
Figure 6.7: Effect of temperature on computed hydrophobic interactions between 
associative polymer at different polymer concentrations and 4.9 %TDS. 
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The degradation of hydrophobic interactions was observed to follow an “entanglement – 

disentanglement” phenomenon. The hydrophobic interactions show a two-stage 

degradation process for the various polymer concentrations, which can be labelled as 

entangled and disentangled stages. The entangled stage was maintained between the 

temperatures of 20 and 45 ℃. Here, the polymer chains remained relatively entangled, and 

the decrease in hydrophobic interactions was minimal. This “entangled” stage was 

maintained when the inputted thermal energy arising from heating was less than the 

cumulative interaction energy between the polymer chains. The effect of heating at this 

stage was manifested in the loss of solvent molecules (water molecules). However, between 

the temperatures of 45 and 75 ℃, the “disentangled” stage sets in. Here, the inputted 

thermal energy was greater than the cumulative interaction energy between polymer chains, 

and thus the chains can separate from each other in the hydrophobic interaction network. 

This disentanglement process marked the rapid decrease in hydrophobic interactions 

experienced. However, not all hydrophobic interactions between polymer chains at this 

stage would immediately be lost. This was due to the nature of the distribution of 

hydrophobic blocks on the polymer backbone. Beyond 75 ℃, the loss of hydrophobic 

interactions between the polymer chains again remains relatively constant. At this stage, 

hydrophobic interactions resulted from the largest polymer chains in solution and the loss 

of these interactions would require thermal energy inputted at even higher temperatures. 

Figure 6.8 shows the corresponding effect of this phenomenon on the concentration regimes 

at different polymer concentrations. At 3,000 ppm, it was observed that below 50 ℃, there 

were no significant changes in the associated concentration regimes. This stems from the 

high proportion of polymer molecules in solution and the relatively robust network of 

hydrophobic interactions between them. However, between 50 and 75 ℃, there were 

observed changes in the concentration regimes. The dilute regime increased with a 

corresponding decrease in the concentrated and semi-dilute regimes. But the concentrated 

remained dominant over the dilute regime, indicating that the polymer solution at that 

concentration would still have a significant level of viscosity (Figure 6.8a). The dominance 

of the concentrated reduced as the temperature increased to 100 ℃. At 2,000 ppm, the same 

pattern and trend observed at 3,000 ppm below 50 ℃ were observed. However, between 50 

and 75 ℃, there was an increase in the dilute regime and a corresponding decrease in the 

concentrated (Figure 6.8b). Nevertheless, beyond 75 ℃, the dilute and semi-dilute regimes 

dominated over the concentrated regime.  
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Figure 6.8: Effect of temperature on the concentration regimes of the associative polymer 
at 7.34/s and 4.9 %TDS (a) 3,000ppm (b) 2,000ppm (c) 1,000ppm. 
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A similar trend observed at 2,000 ppm can be seen at 1,000 ppm, as shown in Figure 6.8c. 

The reversibility of the hydrophobic interactions is dependent on the degradation of the 

disentangled polymer molecules from the hydrophobic interaction network. Figure 6.9 

shows that not all disentangled polymer chains reassociate to integrate back into the 

hydrophobic interaction network after heating to 100 ℃.  

 

 
Figure 6.9: Thermal degradation study of hydrophobic interactions between polymer 
chains during heating and cooling at 4.9 %TDS and shear rate of 7.34/s (Radius of bob: 
1.7245 cm and Radius of Rotor: 1.8415 cm). (a) 3000 ppm (b) 1000 ppm.  
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not follow the same path during the heating process, as shown in Figure 6.9. This shows 

that some of the polymer chains separated during the disentanglement stage were subject to 

thermal degradation. Degradation leads to the breakage of polymer chains, thereby reducing 

their tendency to interact with other chains in similar fashion before the breakage. The 

bounded area by the loss and recovery curves gives the fractional amount of polymer chains 

lost to chain scission or thermal degradation. Overall, this outcome has shown that the 

reversibility of hydrophobic interactions is dependent on the thermal degradation of the 

polymer molecules disentangled from the hydrophobic interaction network. The 

disentanglement of hydrophobic interactions is a recoverable process, while chain 

scission/degradation is an irreversible process. However, the recovery of hydrophobic 

interactions is not always a complete process due to polymer chains' mechanical 

degradation or scission.  Furthermore, Figure 6.9 shows that the number of polymer chains 

lost to thermal degradation was higher at 3,000 ppm compared to 1,000 ppm. This was due 

to the large proportion of polymer molecules exposed to such conditions at 3,000 ppm 

compared to what is available at 1,000 ppm. 

6.2.2. Chemical Degradation Effect 

The effect of brine salinity on hydrophobic interactions can be classified as insignificant, as 

shown in Figure 6.10. Salinity–induced degradation of hydrophobic interactions was 

minimal due to the salt tolerance of the associative polymer. The screening effect caused by 

monovalent or divalent ions was not strong enough to penetrate the hydrophobic 

interactions between the polymer chains completely. The high molecular weight (16 MDa) 

of the studied polymer indicated that the polymer chains' hydrophobic block was relatively 

high, and the chains were also long enough to accommodate them. For shorter hydrophobic 

blocks on polymer chains, the screening effect caused by the monovalent and divalent ions 

effectively negated the hydrophobic interactions that existed between chains. However, 

where the hydrophobic blocks on the backbone of polymer chains were large, the screening 

effect caused by the ions in solutions may not be strong enough to negate the hydrophobic 

interactions between chains. Therefore, when the proportions of chains with large 

hydrophobic blocks were significant, the change in the critical aggregation concentration 

was minimal. This proposed mechanism explained the minimal difference in the 

hydrophobic interactions shown in Figure 6.10. Since the degradation of hydrophobic 

interactions was minimal, the recovery of hydrophobic interactions was fully attainable.   
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Figure 6.10: Effect of brine salinity and ion concentration on hydrophobic interactions for 
different polymer concentrations at 25 ℃ and shear rate of 7.34 /s. 

Figure 6.11 shows the corresponding effect of salinity conditions on the concentration 
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concentration still have a significant level of viscosity (Figure 6.11b). Nevertheless, beyond 
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regime. However, at 1,000 ppm, as shown in Figure 6.11c, the dominance of the 
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hydrophobic interactions may be weaker compared to the screening effect. 
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Figure 6.11: Effect of salinity on the concentration regimes of the associative polymer at 
7.34/s and 25℃ (a) 3,000 ppm (b) 2,000 ppm (c) 1,000 ppm. 
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6.2.3. Shear Degradation Effect 

The shear degradation of hydrophobic interactions is captured in Figure 6.12. The shear 

degradation of hydrophobic interactions followed the “entanglement – disentanglement” 

phenomenon described under the thermal degradation of hydrophobic interactions.  

 

 
Figure 6.12: Effect of shear rate on the hydrophobic interactions between associative 
polymers for different polymer concentrations (a) 25 ℃ (b) 100 ℃.  
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flow conditions has exceeded the strength of the hydrophobic interactions between polymer 

chains and, thus, disentangled from each other. Beyond 510 s#$, the loss of hydrophobic 

interactions between the polymer chains again remains relatively constant in a similar 

manner to that experienced under thermal degradation. At this stage, hydrophobic 

interactions result from the largest polymer chains in solution and loss of these interactions 

required drag force at high flow conditions. However, when thermal and shear conditions 

were simultaneously considered, the loss mechanism does not follow the two-stage 

mechanism described, as shown in Figure 6.12b.  

 

 
Figure 6.13: Shear degradation and recovery of hydrophobic interactions at 25 ℃ and 4.9 
%TDS for different polymer concentrations (a) 3,000 ppm (b) 1,000 ppm.  
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degradation process. Clearly, from Figure 6.12b, reservoir conditions on hydrophobic 

interactions occur through a factor interaction approach rather than a single factor approach. 

Figure 6.13 shows the recovery process of the polymer chains after the gradual removal of 

the applied shear rate. 

 

 
Figure 6.14: Effect of shear on the concentration regimes of the associative polymer at 4.9 
%TDS and 25℃ (a) 3,000 ppm (b) 1,000 ppm. 
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or chain scission. As such, the bounded area represents the fractional amount of polymer 

chains lost to scission or breakage. Figure 6.14 shows the corresponding effect of shear 

conditions on the polymer concentration regimes. At 3,000 ppm, it was observed that 

between 0 and 170 s#$ there was a minimal change associated with the concentration 

regimes. This stems from the high proportion of polymer molecules in solution and the 

relatively strong network of hydrophobic interactions between them, which counteracts the 

effects of the associated drag force on the network. However, between 170 and 510 s#$, 

there were significant changes in the concentration regimes. Nevertheless, the proportion of 

polymer molecules in the semi-dilute regime was higher than the concentrated regimes 

indicating that molecules from the concentrated regime were lost to both the dilute and 

semi-dilute regime as shown in Figure 6.14a. Between 510 and 1021 s#$, the concentration 

regimes maintained a relatively unchanged state. At 1,000 ppm, the pattern and trend 

observed were different from that obtainable at 3,000 ppm. Between 0 and 170 s#$, the 

observed trend with concentration regimes reflected minimal changes indicating that the 

strength of the hydrophobic interactions was relatively greater than the applied drag force 

acting on the hydrophobic interaction network. However, between 170 and 1021 s#$, there 

was a rapid transition from the concentrated regime to the semi-dilute to the dilute regimes. 

This arises from the fact that the strength of the applied force is greater than the strength of 

the hydrophobic interactions between molecules in the network. Furthermore, it can be 

observed that the molecules disentangled from the network were distributed between the 

dilute and semi-dilute regimes, with the dilute regime taking most of the disentangled 

molecules as the applied shear rates increased (Figure 6.14b). This shows that at improved 

flow conditions, the dilute regime becomes the dominant regime. 

6.3. Experimental Validation of the Predictive Mapping of Conc. Regimes 

6.3.1. Normalized Remaining Viscosity and Dimensionless Concentration 

Equation (3.8) relates the normalized remaining viscosity, H0 with the dimensionless 

concentration parameter, H1! used for characterising the hydrophobic interactions. Figure 

6.15 shows the plot of H0 against H1! for bulk rheological measurement using a viscometer. 

It would be observed that the normalized values for the viscosity at concentrations above 

the critical aggregation concentration directly matches the dimensionless concentration 

parameter.  
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Figure 6.15:Plot of normalized remaining viscosity against dimensionless concentration at 
25℃, 4.9 %TDS and 1022#$. 

The outcome represented in Figure 6.15 implies that the normalized remaining viscosity 

can be used to experimentally validate the mapping of the concentration regimes tracked in 
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interactions, equation (6.1) applied. 

H0 = 0"!#0"#
0$#0%

         (6.1) 

Where µ,- is the polymer viscosity at the critical aggregation concentration for the onset of 

hydrophobic interactions. However, Equation (6.1) takes into account both the semi-dilute 

and the concentrated regime. To distinguish semi-dilute from the concentrated regime, 

equation (6.2) was applied 

H0 = 0"!#0%&!,(
0$#0%

        (6.2) 

Where µ./+,% is the polymer viscosity at the critical separation concentration for the onset 

of the concentrated regime. Thus, Equation (6.2) was used to distinguish the concentrated 

regime from the semi-dilute regime experimentally. In the case of the dilute regime, this 

was estimated simply as the deduction of the values of Equations (6.1) and (6.2) from one. 
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6.3.2. Polymer Concentration Regime Profile 

Figure 6.16 shows the outcome of the normalized remaining viscosity at various 

temperature for 3,000 and 1,000 ppm.  

 

 
Figure 6.16:Plot of normalized remaining viscosity against temperature at 4.9 %TDS and 
7.34 2#$(a) 3,000 ppm (b) 1,000 ppm. 
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The observed trends at 3,000 and 1,000 ppm were like what was predicted for the 

concentration regimes using the dimensionless concentration parameter for the quantitative 

characterisation of hydrophobic interactions. Similarly, Figure 6.17 shows the normalized 

remaining viscosity under different shear conditions. 

 

 
Figure 6.17:Plot of normalized remaining viscosity against shear rates at 4.9 %TDS and 
25 ℃(a) 3,000 ppm (b) 1,000 ppm. 
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These observed trends under shear and temperature conditions were reflected under the 

predictive mapping of the concentration regimes.  

6.4. Reversibility of Hydrophobic Interactions and Optimal Conditions 

It was established from the preceding section that hydrophobic interactions between 

associative polymers are recoverable. However, the recovery process after subjecting it to 

thermal or shear degradation is not entirely complete. This incomplete recovery process 

results from the mechanical degradation or scission of some polymer chains after 

disentanglement from the hydrophobic interaction network. In this section, the effect of the 

various reservoir conditions studied on hydrophobic degradation was considered in the 

recovery of hydrophobic interactions. The goal of this section was to find the optimal 

reservoir conditions at which complete recovery of hydrophobic interactions would take 

place.  

6.4.1. Optimal Themal Conditions for Hydrophobic Interaction Recovery 

The recovery of hydrophobic interactions at different heating temperatures was captured in 

Figure 6.18.  

 
Figure 6.18: The recovery study of hydrophobic interactions (1,000 ppm, 7.34/s and 4.9 
%TDS) after heating to temperatures 60, 75, and 100 ℃ respectively. 
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The recovery paths after heating at 75 and 100 ℃ did not follow the degradation paths. The 

reason for this is, as explained earlier, stems from polymer chain breakage or scission. The 

breakage of polymer chains increases with the heating temperature. However, a careful 

study of the recovery of the hydrophobic interactions between polymer chains showed that 

at temperatures between 0 and 60 ℃, the thermally separated polymer chains from the 

interaction network experience complete recovery. However, for temperatures beyond 60 

℃, the recovery of the polymer chains back into the hydrophobic interaction network is not 

complete due to the degradation of some polymer chains. Therefore, an optimal temperature 

exists where the reversibility of associative polymers is maintained. However, this optimal 

temperature condition was determined while keeping other conditions such as salinity and 

shear rate constant.  

6.4.2. Optimal Shear Conditions for Hydrophobic Interaction Recovery 

Figure 6.19a shows the shear recovery of hydrophobic interactions after degradation at 

shear rates 340, 510, and 1021 s#$ respectively. The inability of hydrophobic interactions 

to be recovered along the degradation path after shearing at 510 and 1021 s#$ was due to 

chain scission or breakage. The mechanical degradation or scission of polymer chains 

ensures that the resulting smaller chains do not have sufficient hydrophobic blocks to 

initiate the strength of molecular interaction needed to re-associate with the hydrophobic 

interaction network. However, the recovery of hydrophobic interactions after shearing at 

340 s#$ was almost on the same path as the shear degradation process. Therefore, the 

applied shear rate up to 340 s#$ allowed hydrophobic interactions to be sustained. In 

addition, the effect of shearing time on the sustainability of hydrophobic interactions was 

investigated. This was imperative as the propagation of associative polymers in porous 

media was done at a given shear rate and increasing shearing time. Figure 6.19b shows the 

time-dependent shear degradation of hydrophobic interactions at a constant rate of 100 

s#$(less than the optimal value of 340 s#$). It can be observed that the propagation or 

shearing time significantly affects the recovery of hydrophobic interactions after the 

removal of shearing conditions. After prolonged shearing (9 hrs), the recovery of 

hydrophobic interactions indicated that polymer chains were still subjected to chain scission 

or mechanical degradation. This scission process was evident from the area bounded by the 

degradation and recovery curves in Figure 6.19b. The time-dependent scission of polymer 

chains occurred due to prolonged exposure of associating polymer network to shearing 

conditions. Although the applied flow conditions may not equate to the strength of 
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hydrophobic interactions between polymer chains, the constant application of the same flow 

conditions weakened the hydrophobic interactions over time.  

 

 
Figure 6.19: (a) The recovery study of hydrophobic interactions (1,000 ppm, 25 ℃ and 4.9 
%TDS) after shearing at 340, 510, and 1021 2#$ respectively. (b) time-dependent study of 
the degradation and recovery of hydrophobic interactions at 25 ℃, 4.9 %TDS and shear 
rate of 100 2#$ for polymer concentration of 1,000 ppm.  
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a combination of the effect of polymer concentration, temperature, and shear rate on the 

associative interaction between polymer molecules. It can be observed that degradation 

effect is prominent at lower concentration due to less associative interactions as explained 

previously. This is indicated by the large area between the curves at 1,000 ppm compared 

to 3,000 ppm for both temperature and shear degradation.  

 
Figure 6.20: Plot showing the effect of the combination of polymer concentration, shear 
rate and temperature on the degradation of hydrophobic interactions between associative 
polymer molecules. 
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interactions in the dilute regime using dimensionless parameters defined based on suitable 

theoretical assumptions. This quantification procedure allowed for a clear numerical 

indication of the difference in the proportion of molecular interactions between the dilute 

and the semi-dilute regime. Also, a novel approach was developed for predicting the onset 

of the concentrated regime. This novel procedure ensured that the concentrated regime 

could be uniquely mapped out from the semi-dilute regime. This outcome of mapping out 

the concentrated regime gave two new insights into molecular interactions between 

associative polymers. Firstly, hydrophobic interactions were not the dominant molecular 

interactions under the semi-dilute regime. Beyond the critical aggregation concentration, 

there was an incremental growth in hydrophobic interactions; however, these interactions 

were less than the intramolecular interactions. Secondly, hydrophobic interactions were the 

dominant molecular interactions under the concentrated regime. Beyond the critical 

separation concentration, hydrophobic interactions dominate over the intramolecular 

interactions, and the proportion of these interactions was greater than the intramolecular 

interactions. The value of the critical separation concentration tends to vary with 

temperature, shear rate and brine salinity, like the critical aggregation concentration, which 

was evident in the mapping of the various concentration regimes. Consequently, the 

significance of this novel approach for the numerical description of the various 

concentration regimes is the control, monitoring and prediction of the sustainability of 

hydrophobic interactions under different reservoir conditions. This can be translated or 

adjusted for in the required polymer concentration for oil recovery operations. 
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CHAPTER SEVEN 
7.0. Quantitative Mapping of Retention Mechanisms in a Porous Media 

This chapter focussed on the outcome of the novel predictive approach developed for the 

quantitative mapping of the various retention mechanisms connected with associative 

polymers. Furthermore, a novel and modified experimental method for studying rate and 

concentration-dependent polymer retention in porous media were developed for validating 

the predictive approach. This was based on an accurate correlation of static to dynamic 

retention, which allowed for the corresponding mapping of the various retention 

mechanisms using well established trends in literature. 

7.1. Predicting Polymer Retention Mechanisms 

7.1.1. Transformation of Particle to Pore Size Distribution 

The transformation of grain size to pore size distribution during packing was carried out 

using a modified form of the Kozeny-Carman equation for absolute permeability. The 

Kozeny-Carman equation is shown in equation (7.1) 

k = Φ.
" 2)3#*+

$45($#2)+
        (7.1)   

Where R-8 is the grain size of the disaggregated sand, k is the absolute permeability of the 

sand-packed media, Φ.
" is the sphericity (a measure of how close a particle resembles a 

perfect sphere) of the particles in the packed bed, which is 1 for spherical sand particles, ϕ 

is the porosity of the packed sand. The modified form of the Kozeny-Carman equation 

involved replacing the absolute permeability with the pore size, R+ as shown in equation 

(7.2). This assumed that flow through a porous medium can be represented by flow through 

a bundle of tubes of different radii. Within each tube, the flow rate is low enough that flow 

is laminar rather than turbulent (Skauge et al., 2018). 

R+" = Φ.
" 2)3#*+

$45($#2)+
        (7.2)  

Figure 7.1 shows the plot of the corresponding pore size of the sand-pack media computed 

using equation (7.1) for the 40/60 and P230 silica sand. The distribution for the P230 silica 

sand is more skewed to the left, indicating tighter packing of the grain particles with more 

pore sizes in the lower value region. However, the 40/60 silica sand showed an approximate 

normal pore size distribution, as the pores were more centred around a higher value than 

the P230 sand. In like manner, the porosity values for both types of sand were 0.324 and 
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0.364 for the P230 and 40/60 silica sands respectively. This outcome for the porosity values 

followed a similar explanation.  

 
Figure 7.1: Computed pore size distribution for the packed 40/60 and P230 silica sand  

7.1.2. Damaged Pore Volume (DPVor !!) and Damaged Porosity, "" 

The damaged pore volume, Γ9 represents the fraction of the pore volume damaged due to 

the various polymer retention mechanisms. These mechanisms, as stated earlier, include 

adsorption (monolayer or multilayer), entrapment of molecular aggregates and pore 

plugging. Figure 7.2 shows the plots of the damaged pore volume and damaged porosity 

against polymer concentration. From Figure 7.2, the DPV increased with polymer 

concentration while the porosity of the sand-pack media decreased, indicating an increase 

in the damaged porosity. The trend observed could be attributed to the presence of varied 

molecular interactions with polymer concentrations. The outcome of this was the 

multiplicity of various retention mechanisms as the concentration increased. From Figure 

7.2a, the DPV maintained a relatively constant value up to about 236 ppm, beyond which 

there was a rapid rise in the DPV, and this trend could be explained in two parts. Firstly, the 

relatively constant value for the DPV up to 236 ppm was due to the presence of mainly 

adsorption. Secondly, the rapid rise in the DPV and damaged porosity beyond 236 ppm was 

due to a combination of adsorption and mechanical entrapment. This continued up to 750 

ppm, beyond which the DPV was relatively constant. The relatively stable value of the DPV 

beyond 750 ppm indicates that mechanical entrapment starts to dominate the retention 
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mechanism. The dataset employed in the computation of the fractional damaged pore 

volume is contained in Appendix D. 

 

 
Figure 7.2: Plot of damaged pore volume and damaged porosity against polymer 
concentration at (a) 25 ℃ and (b) 100 ℃. 

Comparing Figures 7.2a and 7.2b shows the effect of temperature on the retention 

mechanisms observed with the retained polymer. The effect of temperature on the DPV at 

100 ℃ was evident from Figure 7.2b, with the multiplicity of retention not observed until 

about 300 ppm compared to 236 ppm obtained at 25 ℃. In addition, the values for DPV and 

the damaged porosity increased gradually with concentration at 100 ℃, indicating the effect 

of thermal degradation on aggregates responsible for mechanical entrapment. Compared 
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with the conditions at 25 ℃; it could be inferred that adsorption dominated at higher 

temperatures with the effect of aggregates which brought about entrapment decreasing due 

to thermal degradation. Figure 7.3 shows the impact of different grain size (350	µm – 40/60 

silica sand and 250	µm – P230 silica sand) on the predicted DPV and damaged porosity.  

 

 
Figure 7.3: Comparison between the predicted values for the DPV and damaged porosity 
against polymer concentration for different silica sands: (a) 40/60 and (b) P230.  

It was observed that the predicted values for DPV were higher for the P230 sand compared 

to the 40/60 sand. The low permeability of the P230 sand allows for more retention of 

polymer molecules at higher concentrations. For both types of sands, a significant rise in 

the DPV occurred around 236 ppm. However, there was a rapid rise in the DPV for the 
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P230 sand compared to the 40/60 sand, and this translated to the effect of significant 

polymer entrapment in the P230 sand.  

7.1.3. Effect of Hydrophobic Interactions on DPV and Damaged Porosity 

The associative or hydrophobic interaction between polymer molecules plays a vital role in 

the retention mechanisms during transport in porous media. Figure 7.4 shows a comparison 

between the predicted hydrophobic interactions between retained polymer molecules and 

the damaged pore volume at 25 and 100 ℃.  

 

 
Figure 7.4: Effect of predicted values of hydrophobic interactions among retained polymer 
molecules on the damaged pore volume at (a) 25 ℃ and (b) 100 ℃. 
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concentration increased led to a rise in the estimated damaged pore volume. This was the 

case irrespective of the temperature conditions at 25 or 100 ℃. However, the impaired pore 

volume increase was significantly slower at 100 ℃ (Figure 7.4b). This shows the effect of 

temperature conditions on the ability of retained polymer molecules to associate due to 

hydrophobic interaction. Similarly, the impact of the sand type on the predicted values for 

associative effect among the retained polymer molecules is shown in Figure 7.5.  

 

 
Figure 7.5: Predicted values for hydrophobic interactions between retained polymer 
molecules and the associated damaged pore volume for (a) 40/60 sand and (b) P230 sand. 
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It can be observed that the predicted value for the hydrophobic interactions reaches a 

maximum rapidly for the P230 sand compared to the 40/60 sand. The low porosity of the 

P230 sand promoted rapid interactions among retained polymer molecules as concentration 

increased. For both types of sands, a significant rise in the DPV occurred around 236 ppm. 

However, there was a rapid rise in the DPV for the P230 sand compared to the 40/60 sand, 

and this translated to the effect of significant polymer entrapment in the P230 sand.  

7.1.4. Mapping Retention Mechanisms: Adsorption, Entrapment & Plugging 

The previous sections (7.1.2 and 7.1.3) gave a qualitative description of the contributory 

effect of the various mechanisms to the DPV and damaged porosity. The observed trends 

were based on the predicted effects of associative interactions among the retained polymer 

molecules. A quantitative description of the contributory effect of the various retention 

mechanisms puts a figure to their effect on the overall polymer retention in porous media. 

Figure 7.6 shows the two plots of the cumulative pore size distribution and the cumulative 

size distribution of the retained polymer molecules. For the cumulative pore size 

distribution, the area under the curve from 0.53 to 1.16 µm (as indicated by the thick 

arrowed line) describes the fractional pore sizes of the sand-pack media. For the second 

plot, the area under the curve from zero up to a size determined by the operating polymer 

concentration (represented by the different markers for the data points) describes the 

fractional size of the retained molecules. For example, the analysis of the retained polymer 

curve considered concentrations up to 1,000 ppm with the focus on 1,000 ppm, as indicated 

by the dashed arrowed line in Figure 7.6. The hydrodynamic size of the retained polymer 

molecules at 1,000 ppm was estimated using equations (3.93) and (3.94). Similar estimation 

was done for polymer concentrations less than 1,000 ppm. Figure 7.7 shows the relationship 

between the predicted size of the retained polymer molecules and the associated 

hydrophobic interactions against the corresponding polymer concentrations. The 

quantification of the different mechanisms was computed with a specific focus at 1,000 ppm 

as indicated by the dashed arrowed line. It would be observed that the dashed line encloses 

an area for the cumulative pore size distribution at 1,000 ppm. This enclosed area gives the 

inaccessible fractional pore (computed using equation 3.96) of the sand-pack, which arises 

due to the size of the retained polymer molecules (R;< ≈ R+). Similarly, for the cumulative 

size distribution of the retained molecules at 1000 ppm, it was observed that the enclosed 

area computed under the pore size distribution was also enclosed under this curve. However, 

the enclosed space under the retained size distribution gave the fraction of the entrapped 
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molecules (computed equation 3.95) under the same condition (R;< ≈ R+) rather than the 

inaccessible fractional pore.  

 

 
Figure 7.6: Prediction, quantification and mapping of the different retention mechanisms 
of associative polymers at different concentrations at (a) 25 ℃ and (b) 100 ℃. 
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Figure 7.7: Plots of predicted hydrodynamic size of retained polymer molecules and the 
associated hydrophobic interactions against polymer concentrations at (a) 25 ℃ and (b) 
100 ℃ 
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Table 7.1 shows a summary of the predicted values for entrapment and inaccessible pore. 

However, it would also be observed from Table 7.1 that the predicted values for the 

inaccessible fractional pore, I=> is greater than the predicted values for entrapment, Γ/?@. It 
was concluded from this that the difference gives the pore fraction that is entirely accessible 

only to the brine solution, I=>A and not to the polymer as described in equation (7.3) 

Table 7.1: Predicted values in terms of pore fraction for adsorption, entrapment and 
inaccessible pore volume at 25 and 100 ℃. 

25 ℃; 50.83/s 

Concentration (ppm) Predicted IPV. 
Predicted 

Entrapment 

Predicted 

Adsorption 

300 0.006 0.001 0.999 

500 0.038 0.015 0.985 

750 0.155 0.085 0.915 

1000 0.371 0.299 0.701 

 

100 ℃; 50.83/s 

Concentration (ppm) Predicted IPV. 
Predicted 

Entrapment 

Predicted 

Adsorption  

300 0.0051 0.0041 0.996 

500 0.0062 0.0043 0.996 

750 0.0138 0.0122 0.988 

1000 0.0213 0.0187 0.981 

Table 7.2: Predicted concentration values for the onset of entrapment and pore plugging at 
25 ℃ and 100 ℃. 

Temperature (℃) BB#CDE (ppm) BB#BFGH (ppm) 

25 437.43 1574.54 

100 710.28 2669.65 

I=>A = I=> − Γ/?@        (7.3) 



167 

 

Pore plugging would occur when the predicted size of retained polymer molecules exceeds 

the upper limit of the pore size (R;< > 1.16 µm). Similarly, computation of the pore 

fractions due to adsorption was done in like manner, as shown in Table 7.1. The computed 

hydrodynamic size of the pre-injection polymer was estimated using equation (3.84) as 0.43 

µm (R; = 0.43	µm). Therefore, the predicted sizes for the retained polymer molecules less 

than R; indicated retention due only to monolayer adsorption. However, beyond R; marked 

the onset of multilayer adsorption coupled with entrapment of molecular aggregates 

(R; < R;< < R+). It would be observed that the effect of temperature resulted in the 

adsorption mechanism dominating over entrapment. Increased thermal effects resulted in 

loss of polymer aggregates, thereby minimizing the impact of molecular entrapment while 

expanding the influence of adsorption, as shown in Table 7.1. The onset of polymer 

entrapment was predicted using equation (3.98) and pore plugging with equation (3.99), as 

shown in Table 7.2. The observed trend with the predicted values for C+#/?@ and C+#+IJ- 

were both increased with temperature with reasons due to the loss of molecular aggregates. 

7.2. Experimental Validation of Predictive Approach 

7.2.1. Correlating Static to Dynamic Retention Distribution 

Correlation of the static to dynamic retention was carried out using the novel or modified 

experimental procedure described in Chapter 4. 

7.2.1.1. Equivalent Injected Pore Volume (#$#$%) for Dynamic Retention 

Under static adsorption in disaggregated sand, it is assumed that the only type of retention 

mechanism present is adsorption. The disaggregated sand used for the static retention study 

means that entrapment of polymer molecules was absent. Figure 7.8 shows the polymer 

adsorption profile against time for different polymer concentrations against time under 

static conditions. The adsorption of polymer molecules on the sand particles increased with 

concentration and time, as indicated. The rapid increase in polymer adsorption with 

concentration is due to the proportion of polymer molecules in solution. At low 

concentration, the number of molecules in solution is few and the surface coverage is less. 

As such, maximum adsorption is attained rapidly as represented in Figure 7.8 for 

concentration at 10 ppm. However, at 1,00 ppm, the number of molecules in solution is 

large with surface coverage greater than what is obtained at 10 ppm. The presence of more 

molecules in solution imply that it would take a longer time for solid surface coverage to be 
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attained. As such, the rate of adsorption is greater at 1,000 ppm compared to 10 ppm 

meaning more molecules is adsorbed as shown in Figure 7.8.  

 
Figure 7.8: Polymer adsorption against retention time under static conditions at 25 ℃, 2.5 
%TDS and solid-liquid ratio of 0.1. 

Similarly, the time for the attainment of maximum retention increased with polymer 

concentration. The time for maximum polymer adsorption and the equivalent injected pore 

volume estimated from equation (4.18) is summarized in Table 7.3. The observed trend in 

the time for maximum retention can be related to the number of polymer molecules in the 

solution. At low polymer concentration, the number of molecules in solution are few as 

such fewer molecules diffused to the sand surface, and this process was swift.  
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Table 7.3: Computed equivalent injected pore volume, FG<KL for corelating static to 
dynamic retention at different polymer concentrations at 25 ℃, 2.5 %TDS and solid-liquid 
ratio of 0.1. 

Concentration (ppm) Flowrate (ml/min) Max. Ret. Time (hrs.) HIMDN 

100 

1 5.1 3.11 

3 5.1 9.33 

6 5.1 18.6 

300 

1 6.5 4.04 

3 6.5 12.1 

6 6.5 24.2 

500 

1 7.0 4.35 

3 7.0 13.0 

6 7.0 26.1 

750 

1 8.2 4.97 

3 8.2 14.9 

6 8.2 29.8 

 

However, at high polymer concentration, more molecules exist in the solution. The 

diffusion of these molecules to the sand surface is slower as molecules would compete to 

diffuse to the sand surface. Furthermore, more molecules in the solution mean that the 

adsorption may go beyond monolayer adsorption to multilayer adsorption, thereby 

increasing the time for the attainment of maximum adsorption. The equivalent injected pore 

volumes computed as shown in Table 7.3 were applied during the dynamic retention 

experiments as shown in the effluent concentration profiles for 500 ppm in Figure 7.9. 
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Figure 7.9: Effluent concentration profile for PVs up to equivalent FG<KL at 500 ppm (a) 1 
mL/min (b) 3 mL/min. 

7.2.1.2. Solid to Liquid Ratio 

The adsorption of the polymer molecules on the sand surface is a complex phenomenon that 

depends on the nature of the sand surface and its interactions with the polymer solution. In 

other words, the quantity of polymer solution and the availability of rock surface area dictate 

the extent of adsorption. Figure 7.10 show the effect of solid to liquid ratio on the adsorption 

of associative polymer molecules on the silica sand. Lower adsorption values were observed 

at low solid to liquid ratios. However, at high solid to liquid ratios, the adsorption values 

were higher.  
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Figure 7.10: Effect of solid (specific surface area: 0.202J"/K) on polymer adsorption for 
1,000 ppm polymer solution at 25 ℃, 2.5 %TDS and pH of 7.18. 

This observed phenomenon is explained in terms of the grain surface area available. The 

available surface area is minimal at a low solid to liquid ratio, meaning that there is less 

area for polymer interactions with the sand particles. In addition, the steady values of 

polymer adsorption from 0.01 to 0.04 gives an insight into polymer interaction with the 

solid surface. At low solid to liquid ratios, the low adsorption values are due to the minimal 

surface area available for polymer molecules to interact with the solid surface. However, as 

the solid to liquid ratio increased beyond 0.04, the polymer adsorption increased rapidly. 

The increased adsorption suggests an increase in the surface area available for the polymer 

molecules to interact with the solid surface. This shows that the solid to liquid ratio is an 

essential parameter in the understanding of polymer-rock interaction. 

7.2.2. Experimental Outcome on Mapping Polymer Retention Mechanisms 

7.2.2.1. Effect of Flow Condition on Polymer Retention Mechanisms 

Figure 7.11 shows the effect of flow conditions on the retention of associative polymers in 
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polymer adsorption was lower. The low adsorption isotherms under dynamic conditions 

arise due to the reduced contact time available for polymer molecules to interact with the 

sand surface.  

  
Figure 7.11: Effect of flow conditions (flow rate) (a) 0.5 mL/min (b) 3 mL/min on the 
dynamic adsorption of associative polymer at 2.45 %TDS and 25 ℃. 

The available contact time for polymer molecules increased with a reduced flow rate. 

However, dynamic adsorption in porous media is complex to understand compared with the 

static adsorption process. In addition, the disaggregated nature of the sand grains under the 

static adsorption test ensures that the exposed surface area per volume is higher than the 

compacted sand grains under dynamic conditions, which allows for a minimal exposed 

surface area per volume. Furthermore, the effect of inaccessible pore volume confirmed that 

the flow of polymer solution was accelerated in the porous media, thereby limiting the 

contact time and the proportion of molecules available to interact with the rock surface. The 

enclosed area by the adsorption isotherms in Figure 7.11 represents the amount of entrapped 

polymer molecules, as shown in Figure 7.12. Comparing Figure 7.12a and Figure 7.12b, the 

hydrodynamic retention arising from an increase in flow rate from 0.5 to 3 mL/min is 

computed as the difference in the enclosed area at 3 mL/min and 0.5 mL/min.  The 

numerical value at each concentration was calculated using equation (4.21).  
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Figure 7.12: Effect of flow conditions (flow rate) (a) 0.5 mL/min (b) 3 mL/min on the 
entrapment of associative polymer at 2.45 %TDS and 25 ℃. 

Similar estimation was done using equation (4.21) at flowrates of 0.5 and 3 mL/min 

respectively. The trend from this outcome is that polymer entrapment increased with the 

flow rate at each polymer concentration. Entrapment was higher for each concentration at a 

higher flow rate, as shown in Figure 7.12b. The concentration dependency arises when 

multiple molecules in the form of aggregates arrive simultaneously at the pore throat large 

enough to admit one molecule, but not several molecular aggregates. From the above, the 

modified experimental approach provided more detailed information into the effect of flow 

condition on the adsorption and entrapment of polymer molecules.  

7.2.2.2. Effect of Temperature on Polymer Retention Mechanisms 

Figure 7.13a and Figure 7.13b shows the polymer adsorption isotherm at 1.5 mL/min for 

different temperatures of 25 and 100 ℃ respectively. It was observed that as the temperature 

increased from 25 to 100 ℃, the adsorption isotherm decreased. The increase in temperature 

results in an increase in the negative charge of the sand grains, and the outcome of this is 
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an increase in the charge repulsion between the exposed rock surface and the charged groups 

(carboxyl group, COO#) on the remnant polymer molecules attached to the rock surface.  

  

Figure 7.13: Effect of temperature on the adsorption of associative polymer at a flowrate 
of 1.5 mL/min and 2.45 %TDS (a) 25 ℃ and (b) 100 ℃. 

This charge repulsion ensures that remnant polymer molecules on the rock surface are 

detached, reducing the adsorption isotherm. Similarly, the segment of polymer molecules 

attached to the rock surface via hydrogen bonding or van der Waals forces was lost due to 

thermal degradation, resulting in decreased adsorption. Figure 7.14a and Figure 7.14b 

shows the temperature effect on the entrapment of polymer molecules as estimated using 

equation (4.21). Polymer molecular aggregates are responsible for the entrapment 

mechanism in the porous media, and this arises when the size of the aggregate is about the 

size of the pore throat. However, increased temperature conditions allowed for the 

degradation of intermolecular interaction responsible for this, thereby reducing the size of 

the aggregates. This would allow for easy transport of the polymer molecules through the 

pore throat with reduced retention; however, the loss of the intermolecular interaction would 

have a significant effect on the mobility control mechanism of the polymer solution. 
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Figure 7.14: Effect of temperature on the entrapment of polymer molecules on the 40/60 
silica sand saturated with 2.45 %TDS brine solution and at a flowrate of 1.5 mL/min.  

7.2.2.3. Effect of Brine Salinity on Polymer Retention Mechanisms 

From Figure 7.15, the adsorption of the polymer molecules increased with brine salinity 

from 2.5 to 4.9 %TDS with the ratio of monovalent sodium ions (Na!) to divalent calcium 

ions (Ca"!) kept at 10:1 irrespective of the concentration. Before contacting the sands with 

the polymer solutions, the sand grains were saturated with brine solutions with 2.5 to 4.9 

%TDS concentrations. The increase in polymer adsorption with salinity is due to the 

increased presence of monovalent and divalent ions on the rock surface, reducing the charge 

repulsion between the negatively charged rock surface and the negatively charged carboxyl 

group on the polymer backbone. Furthermore, the increased ionic content on the rock 

surface ensures that the hydrodynamic volume of the adsorbed polymer molecule is 

reduced, thereby ensuring that there is an increased rock surface for more polymer 

molecules to attach to it. Figure 7.16 show the result of the experimental outcome on the 

effect of brine salinity on polymer entrapment. The brine salinity reduced the number of 

polymer molecules entrapped due to a reduction in the hydrodynamic size of the polymer 

molecules. Like the effect of salinity on adsorption, the presence of monovalent and divalent 
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ions reduced the charge repulsion between the negative carboxyl group on the polymer 

backbone. 

  
Figure 7.15: Effect of brine salinity on the adsorption of associative polymer on the 40/60 
silica sand at 25 ℃ and 1.5 mL/min (a) 2.5 %TDS (b) 4.9 %TDS. 

 
Figure 7.16: Effect of brine salinity on the entrapment of associative polymer on the 40/60 
silica sand at 25 ℃ and flowrate of 1.5 mL/min (a) 2.5 %TDS (b) 4.9 %TDS. 
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7.3. Comparison of Predictive and Experimental Outcomes 

7.3.1. Polymer Adsorption 

Table 7.4 shows a summary of the predicted and the experimental outcomes for the 

adsorption of the associative polymer. These outcomes were also plotted, as shown in 

Figure 7.17.  

Table 7.4: Predicted and experimental values of adsorption in terms of pore fraction at 25 
and 100 ℃. 

25 ℃; 50.83/s (0.5 mL/min) 

Concentration (ppm) Predicted Adsorption. Experimental Adsorption. 

300 0.999 0.899 

500 0.985 0.885 

750 0.915 0.795 

1000 0.701 0.852 

 
LMM	℃; 50.83/s (0.5 mL/min) 

Concentration (ppm) Predicted Adsorption Experimental Adsorption. 

300 0.996 0.892 

500 0.996 0.953 

750 0.988 0.923 

1000 0.981 0.933 

To compare the effectiveness of the predictive approach in estimating the outcomes of the 

experimental procedure, the coefficient of determination, R" was applied in the correlation 

of the predicted outcome to the experimental outcome as plotted in Figure 7.17. At 25℃, 

the coefficient of determination, R" was 90.45% while at 100℃, the R" was 88.05%. The 

seemingly significant correlation between the predicted outcome and the experimental 

outcome shows that the developed experimental approach can be used for the quantitative 

mapping of the polymer adsorption distinctively from the other types of polymer retention 

mechanisms attributable to associative polymers.  
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Figure 7.17: Plot of the predicted and experimental outcomes for the mapping of polymer 
adsorption in terms of pore fraction at (a) 25 ℃ and (b) 100 ℃. 
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7.3.2. Polymer Entrapment 

Table 7.5 shows a summary of the predicted and the experimental outcomes for the 

entrapment of associative polymer in the sand-pack. These outcomes were also plotted as 

shown in Figure 7.18.  

Table 7.5: Predicted and experimental values of polymer entrapment in terms of pore 
fraction at 25 ℃ and 100 ℃. 

25	℃; 50.83/s (0.5 mL/min) 

Concentration (ppm) Predicted Entrapment. Experimental Entrapment. 

300 0.001 0.01 

500 0.015 0.10 

750 0.085 0.15 

1000 0.299 0.21 

 
LMM	℃; 50.83/s (0.5 mL/min) 

Concentration (ppm) Predicted Entrapment. Experimental Entrapment. 

300 0.0041 0.001 

500 0.0043 0.012 

750 0.0122 0.020 

1000 0.0187 0.028 

To compare the effectiveness of the predictive approach in estimating the outcomes of the 

experimental method, the coefficient of determination, R" was applied in the correlation of 

the predicted outcome to the experimental outcome as plotted in Figure 7.18. At 25 ℃, the 

coefficient of determination, R" was 87.43% while at 100 ℃, the R" was 87.05%. The 

seemingly significant correlation between the predicted outcome and the experimental 

outcome shows that the developed experimental approach can be used for the quantitative 

mapping of the polymer entrapment distinctively from the other types of polymer retention 

mechanisms attributable to associative polymers.  
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Figure 7.18: Plot of the predicted and experimental outcomes for the mapping of polymer 
entrapment in terms of pore fraction at (a) 25 ℃ and (b) 100 ℃. 
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7.3.3. Inaccessible Pore Volume (IPV or %&') 

Validating the predictive approach developed in quantifying the inaccessible pore volume 

attributable to associative polymer involved experimental substantiation using a known 

experimental method. Figure 7.19 shows a comparison between the predicted and 

experimental values for the fractional pores inaccessible to the polymer molecules.  

 

 
Figure 7.19: Comparison between the predicted and experimental values of the pore 
fraction inaccessible to polymer molecules at (a) 25 ℃ and (b) 100 ℃. 
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7.4. Summary 

The various types of retention mechanisms linked with associative polymers during 

transport in porous media were quantitatively described using a predictive and experimental 

approach. The uniqueness of the predictive approach is that it allowed for the determination 

of the critical concentration, which would mark the onset of the loss of molecular aggregates 

responsible for viscous polymer property to entrapment and plugging. All this was achieved 

by knowing the contributory effect of the associated hydrophobic interactions between the 

retained polymer molecules. Consequently, proper economic planning and computational 

forecasting of the performance of associative polymers can be made with the predictive 

approach. However, the predictive method for mapping the different retention types was 

developed using disaggregated sand. The use of disaggregated sand estimates the 

cumulative size distribution of the retained polymer molecules strictly via a predictive 

approach. Nonetheless, a novel experimental approach was developed to validate the 

predictive approach by correlating static to dynamic retention. This practical approach was 

based on an accurate correlation of static to dynamic retention, which allowed for the 

corresponding mapping of the various retention mechanisms using well-established trends 

in literature. The unique outcome of the modified experimental procedure was the 

appropriate quantification of polymer adsorption in addition to the entrapment. This is 

significant compared to using a dynamic retention test that does not uniquely define the 

various retention mechanisms but giving a generalized outcome. The result of the validation 

showed a significant correlation between the predictive and experimental result. However, 

an accurate representation of the experimental outcome could be achieved using 

consolidated porous media. The difference between the pre-distribution and post-

distribution curves for the compact media would give the size distribution of retained 

polymer molecules in the compact porous media. This is an area of further works. 

Consequently, proper economic planning and experimental evaluation of computational 

forecasting of the performance of associative polymers during chemical enhanced oil 

recovery operations can be made with the developed approach. 
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CHAPTER EIGHT 
8.0. Hydrophobic Interactions during Flow in a Porous Media 

Understanding the flow of hydrophobic interactions in porous media was studied by 

injecting hydrophobically associating polymers in a sand-pack column. The flow of 

hydrophobic interactions was investigated by considering its corresponding effect on 

retention, shear thickening, degradation and the overall resistance (or pressure drop). 

However, the impact on polymer retention was covered in the previous chapter (Chapter 

Seven), and as such, the focus of this chapter was on the shear thickening, degradation and 

the overall resistance factor.   

8.1. Mobility Control and Resistance Factor  

The transport of polymer solutions in a porous media would result in various retention types 

and different flow regimes. The combined effect of polymer retention and flow regimes 

contribute to the overall pressure drop or resistance factor. However, this work was able to 

identify and quantify the distinct contribution of polymer retention and flow regimes to the 

overall resistance factor and pressure drop. The differential hydrophobic interactions were 

computed as the difference between the original value for hydrophobic interactions before 

injection and its apparent value due to polymer retention and flow regimes.  

8.1.1. Effect of Polymer Concentration and Flowrate 

Figure 8.1 shows the distinct contribution of polymer retention and shear thickening effect 

to the overall resistance factor. The effect of polymer concentration was captured in Figures 

8.1a – 8.1c. At low polymer concentration (300 ppm), it was observed that the shear 

thickening effect contributes more to the resistance factor compared to the retention that 

arises from the transport in a porous media as captured by the differential values for the 

hydrophobic interactions. In other words, shear thickening was more prevalent at the low 

polymer concentration. However, as the polymer concentration increased from 300 to 500 

and 1,000 ppm, the contributory effect of polymer retention to the resistance factor 

increased with retention dominant at 1,000 ppm (Figures 8.1b and 8.1c). This observed 

trend results from the significant number of hydrophobic interactions at high polymer 

concentrations. In addition, the trend indicates that most of the hydrophobic interactions are 

lost to various retention mechanisms at high concentration while the remaining few 

contribute to the desired shear thickening.  
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Figure 8.1: Contributory effect of polymer retention and flow regimes on the resistance 
factor of associative polymer in a porous media at 25 ℃ (a) 300 ppm (b) 500 ppm (c)1,000 
ppm 
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The desired effect during polymer flooding is to see a significant level of polymer viscosity 

with minimal retention. From the observed trend, it was evident that low polymer 

concentration would provide the desired effect of low polymer retention; however, the 

corresponding viscosity effect may not meet the desired outcome for flooding operation. 

Therefore, a high polymer concentration would still be needed for sufficient viscosity effect. 

Optimizing the desired polymer concentration based on the knowledge of this phenomenon 

was discussed subsequently and not the focus in this section. Similarly, the impact of flow 

conditions was also evident on the contributory effect of polymer retention and shear 

thickening. At low polymer concentration (300 ppm), the impact of flowrate was noticeable 

in the increased polymer viscosity; however, retention also increased but not significant 

compared to the viscosity. Furthermore, as the polymer concentration increased (500 – 

1,000 ppm), the effect of flowrate ensured that polymer retention became dominant over 

the shear thickening. As explained in the previous chapter, the flowrate increased the 

entrapment of polymer molecules in the porous media. This resulted in the reduction of the 

number of molecules available for viscous thickening. Overall, the hydrophobic interactions 

prevalent with associative polymers towards its mobility control mechanism reduced with 

an increase in the polymer concentration. However, this would change if other factors were 

considered, such as increased permeability, which minimizes polymer retention from 

entrapment. The pressure drop and, as such, the resistance factor is a summation of the 

effect of retention and flow regimes arising from the transport of associative polymers in a 

porous media. 

8.1.2. Effect of Temperature 

Figure 8.2 shows the effect of temperature on polymer retention and shear thickening arising 

from hydrophobic interactions to the resistance factor. Compared to Figure 8.1, the 

resistance factor at 100 ℃ was lower than at 25 ℃, and this was due to the thermal 

degradation of hydrophobic interactions. Although, the resistance factor still increased with 

concentration and flowrate following a similar trend explained earlier. However, the 

reduction in the resistance factor and the corresponding contributory effect of retention and 

viscous thickening can be explained in two ways. Firstly, the decrease in the retention effect 

with temperature arises from the increased negative charge of the sand grains, ensuring 

more repulsion between it and the negatively charged carboxyl group, thereby minimizing 

adsorption. Minimized entrapment was due to the degradation of hydrophobic interactions, 

thereby reducing the number of entrapped aggregates.  
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Figure 8.2: Contributory effect of polymer retention and flow regimes on the resistance 
factor of associative polymer in a porous media at 100 ℃ (a) 300 ppm (b) 500 ppm (c)1,000 
ppm. 
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Secondly, the reduction in the viscous thickening effect was solely due to the thermal 

degradation of the hydrophobic interactions, which exists between polymer molecules 

arising from the breakage of polymer chains (midpoint or random scission).   

8.1.3. Proxy Modelling of Resistance Factor and Pressure Drop  

The proxy modelling of the resistance factor was done to incorporate the contributory 

effects of polymer retention and viscous thickening. This was achieved using a statistical 

design of the experiment using the experimental data. The experimental data was divided 

into two parts. The first part was used in the development of the proxy model, while the 

second was applied in the validation of the model. 

8.1.3.1. Regression Model 

The statistical model obtained from regression analysis used in describing the resistance 

factor and pressure drop is given by the following non-linear equation, as shown in equation 

(8.1). The final expression in equation (8.1) was obtained after a Box-Cox Transformation 

of the response variable, N ∆=!
∆=,-

O. 

In N ∆=!
∆=,-

O = 2.8007	 − 	0.662	 T P

P.#
U − 	0.115	WH0X − 	0.303	 NH1!O − 	0.002276	WC+X                                            

          (8.1) 

The obtained response model covered all terms as stated in Section 3.4. The coefficient of 

determination (R") for the obtained response model was 99.91 %. This indicates that the 

obtained statistical model was suitable for the design matrix since it was higher than 90 %. 

It indicated that the response model could account for 99.91 % variation in the response. 

This was also reflected in the difference between the  R" value and the adjusted R" value 

(R,QR" = 99.81	%) which was about 0.1 %. Similarly, the predicted R" value (R+8/Q" =
99.47	%) was significantly close to the R" value, which indicates that the model is not 

overfitting. This implies that the terms in the model significantly contribute to the overall 

response (i.e., resistance factor and pressure drop). Furthermore, other statistical tools were 

used in addition to the R" value to determine the significance of the terms of the response 

surface model. The probability value (P-value) for the fitted model obtained in equation 

(8.1) was zero, which was less than 0.05 (5 % level of significance). This shows that the 

response surface model can confidently (> 95 %) investigate and predict the response 

variation in the experimental design matrix. The dataset for the proxy modelling is 

contained in Appendix E.  
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8.1.3.2. Fits and Diagnostic Plots of the Proxy Model 

Diagnostic analysis of the model’s predictive capability was carried out using the residual 

plot analysis. These plots consist of histogram plots of residuals, residual versus fits, 

residuals versus run order and the actual response versus predicted response. Figure 8.3 

shows the histogram plot of the residuals, which was used to investigate the normality of 

the residuals and determine whether they were skewed or contain outliers.  

 
Figure 8.3:Normality of the model residuals of equation (8.1) accessed using the Histogram 
plot analysis. The plot of the residuals follows approximately a normal distribution. 

The symmetrical distribution of the plot indicates a normal distribution of the residuals with 

no skewness (no long tails in any direction) or an outlier (a bar that is far from the other 

bars). Furthermore, the residual versus predicted fits and run order plot in Figure 8.4 was 

used to verify the assumption that the residuals from the equation (8.1) were randomly 

distributed and have a constant variance. The data points for the residuals can be observed 

to fall randomly on both sides of zero with no recognizable pattern in the data points. This 

shows that there was no outlier or missing higher-order terms in the model that may affect 

the model assumptions of normality. Similarly, the independence of the residuals from one 

another was investigated using the plot of the residuals versus experimental run order, as 

captured in Figure 8.4. A close observation of the residual plot shows that no trend or pattern 

was noticeable when displayed with run order. Also, the residuals fall randomly around the 

centreline of Figure 8.4, indicating no correlation between residuals. 
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Figure 8.4: Diagnostic analysis of equation (8.1) using residual plot analysis. 

 
Figure 8.5: Diagnostic analysis of equation (8.1) using the plot of actual response against 
predicted response 

Figure 8.5 shows the scatter plot of the actual (observed) response against the predicted 

response. A 45˚ line was used to split the actual and predicted data points evenly. The 

distribution of the data points was observed to be close to the diagonal line indicating a 

strong correlation between the actual observation and the predicted response. 
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8.1.3.3. Statistical and Experimental Validation of Proxy Model 

The statistical validation of the proxy model was carried out by analysing the confidence 

and prediction intervals as shown in Figure 8.6.  

 
Figure 8.6: Confidence interval and prediction interval for statistical validation of the 
developed model for in-situ prediction of pressure drop in porous media. 

Figure 8.6 shows the 95 % confidence and prediction interval for the resistance factor and 

pressure drop using equation (8.1). The tapered confidence interval connected with the 

generalized model is suggestive of the accuracy of the model in estimating the resistance 

factor and pressure drop for a definite set of the predictor variables. Furthermore, in 

accessing the applicability of the proposed model, the uncertainty of predicting the value of 

a single future observation or a fixed number of multiple future outcomes based on the 

distribution of previous outcomes was evaluated. This was done using the prediction 

interval, which was the range that is likely to contain a single future response for a selected 

combination of variable settings. Figure 8.6 shows the 95 % prediction interval for equation 

(8.1). There was a 95 % probability that future observations will be contained within the 

prediction interval. Furthermore, the narrowed gap of the prediction band indicates a 

reduced uncertainty in the prediction of future observations. Therefore, the proposed model 

can predict the resistance factor and the pressure drop for associative polymers in a porous 

media based on the statistical evaluation. Figure 8.7 shows a comparison between the 

experimental outcome and the predicted outcome using equation (8.1).  
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Figure 8.7: Experimental validation of the developed model for resistance factor at 25 ℃ 
and 2.45 %TDS for polymer concentrations (a) 300 (b) 500 and (c) 1000 ppm. 
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Experimental validation was done using data from the flowrates 6, 8, 10 and 11 mL/min. 

The R" values were estimated as 99.34, 99.46 and 99.65 % respectively, indicating a good 

correlation between the predicted and the experimental outcome (dataset contained in 

Appendix F).  

8.2. Apparent Hydrophobic Interactions of the Polymer Propagation Front 

The effective concentration of the polymer front, which travels in the direction of flow, is 

dependent on the level of hydrophobic interactions after the effects of polymer acceleration 

(inaccessible pore volume), retardation (polymer retention) and degradation (mechanical or 

thermal). Equation (3.72) was applied in predicting the effective concentration; however, 

this was normalized to reflect the dimensionless effluent concentration as shown in 

Equation (8.2). 

1!&
1/01

= [ 1"# 1/01⁄

T$#U
2-

34536%7
!
28"96&:		
5+46&:

V
3

345)6.&#
W
\ E=>     (8.2) 

The ratio C,- C:?R⁄  reflects the normalized concentration for the onset of hydrophobic 

interactions while also using effluent concentration analysis in validating such predictions.  

8.2.1. Effect of Concentration, Retention and Inaccessible Pore Volume 

Figure 8.8a – Figure 8.8c shows the combined effect of polymer concentration, retention, 

and inaccessible pore volume on the onset of hydrophobic interactions between associative 

polymer molecules during propagation in the sand-pack media. The plots were constructed 

as follows: 

a) The normalized effluent polymer concentration from the porous media was plotted 

against the number of injected pore volumes until the normalized effluent concentration 

was unity. This was the case for the second and first polymer front. 

b) The normalized effective polymer concentration (equation 8.2) was plotted as a linear 

function from the origin up till it becomes tangential at the point where normalized 

effluent concentration is maximum. 

c) The onset of hydrophobic interactions was predicted by estimating the normalized 

critical aggregation concentration (C,- C:?R⁄ ) along the linear plot of the normalized 

effective concentration. 

d) The plots of the normalized effluent concentration were also expressed in terms of the 

length of the porous media in addition to the number of pore volumes to determine the 
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distance along the porous media from the entry point for the onset of hydrophobic 

interactions. 

The propagation of the polymer front into the porous media would initially result in an entry 

point disentanglement or degradation of the polymer molecules. Further propagation of the 

polymer front beyond the entry point would indicate a more negligible effect of the shear 

forces. The re-association of undegraded and disentangled polymer molecules would 

depend on the inaccessible pore volume, retention, and injected solution concentration. For 

the 500 ppm concentration in Figure 8.8a, the arrival of the polymer front after injecting 0.7 

PV indicates an inaccessible pore volume of 0.3 PV. In the case of 750 and 1,000 ppm, the 

inaccessible pore volume corresponds to 0.5 and 0.65 PV respectively (Figure 8.8b and 

Figure 8.8c). Similarly, the amount of polymer retention was estimated to amount to 0.15, 

0.25 and 0.40 PV respectively. The effect of those mentioned above on the onset of 

hydrophobic interactions shows that hydrophobic interactions did not start until 0.7, 0.5, 

and 0.3 PV have been injected for 500, 750 and 1000 ppm respectively.  

 

y = 0.6993x
R² = 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.5 1 1.5 2

N
or

m
al

iz
ed

 C
on

ce
nt

ra
tio

n 
Fr

ac
tio

n

Pore Volume (PV)

Second Front
First Front

25degC; 50.83/s; 500ppm
Effective Conc.
Linear (Effective Conc.)

a



194 

 

 

 
Figure 8.8:Polymer effluent analysis for the determination of the onset of hydrophobic 
interactions in the sand-pack media at 25 ℃ and 1mL/min (a) 500 ppm (b) 750 ppm (c) 
1,000 ppm. 
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The onset of hydrophobic interactions was estimated using the normalized ratio of C,- C:?R⁄  

with C,- equivalent to 236 ppm at 25 ℃. The inaccessible pore volume computed here was 

the summation of the pore volume completely accessible to water/brine, and the pore 

volume lost to different retention mechanisms. Therefore, the inaccessible pore volume due 

to brine was computed as 0.15, 0.25 and 0.25 PV for 500, 750 and 1000 ppm respectively. 

As estimated above, the onset of hydrophobic interactions can be explained in terms of the 

proportion or amount of polymer molecules in the injected solution. At low concentration 

(300 ppm), the proportion of molecular aggregates arising from hydrophobic interactions 

was low. After the entry point degradation of these aggregates, the downward acceleration 

of molecules originating from the low inaccessible pore volume would indicate that 

molecules have time to spend apart due to the more insufficient mixing of molecules. More 

pore volumes would need to be injected before sufficient interactions begin between 

polymer molecules, which explains the high value of PV (0.7 PV) estimated for the onset 

of hydrophobic interactions at 300 ppm. However, at a high concentration (1,000 ppm), the 

proportion of molecular aggregates arising from hydrophobic interactions are high. 

Therefore, after the entry point degradation or disentanglement, there is an increased 

acceleration of molecules emerging from the high inaccessible pore volume (with polymer 

entrapment contributing to it as well), indicating that molecules would have less time to 

spend apart and thus associate rapidly, resulting in less injected pore volumes (0.3 PV) for 

the onset of hydrophobic interactions. 

8.2.2. Effect of Flow Conditions 

Flow conditions in porous media are tied to the applied flowrate, inducing the necessary 

shear conditions on the polymer solutions. The effect of applied flowrate on the propagation 

of hydrophobic interactions in the porous media was studied by considering the number of 

pore volumes required for the molecules in the propagating polymer front to re-associate 

for hydrophobic interactions. Figure 8.9 show the effect of applied flowrate on the onset of 

hydrophobic interactions between associative polymer molecules in the sand-pack media. 

After the conditions of retention have been satisfied in both cases, it was observed that the 

onset of hydrophobic interactions in the polymer front occurred after injecting 0.3 PV (at 1 

mL/min) and 0.45 PV (at 6 mL/min).  
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Figure 8.9: Polymer effluent analysis for the determination of the onset of hydrophobic 
interactions in the sand packed media at 1,000 ppm and 25 ℃ (a) 1 mL/min (b) 6 mL/min. 
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The critical aggregation concentration changed with an increase in flow conditions, as 

explained in Chapter Six. The ratio of C,- C:?R⁄  was 0.35 with C,- equivalent to 350 ppm at 

25 ℃ and 6 mL/min. Generally, the effect of applied flow rate as captured in Figure 8.9 was 

manifested in the entry point degradation of the polymer molecules within the hydrophobic 

interaction aggregate leading to the disentanglement of polymer molecules or possible 

scission of polymer molecules. The rate of disentanglement or degradation increased with 

the injection rate. The increase in the polymer injection rate effectively increased the contact 

time disentangled polymer molecules must undergo associative interaction in the porous 

media. This specifically explains why the onset of hydrophobic interactions occurred at a 

lesser pore volume (0.3 PV) at 1 mL/min compared to the higher pore volume (0.45 PV) 

experienced at 6 mL/min. However, the excessive flowrate could induce a combination of 

polymer molecule disentanglement from the hydrophobic interaction network and 

mechanical scission of disentangled polymer molecules.  

8.2.3. Degradation of the Polymer Propagation Front 

Equation (3.54) was matched to experimental data for hydrophobic interactions obtained 

from the flow of different concentrations of associative polymers (300, 500 and 1000 ppm) 

in the sand-pack media as shown in Figure 8.10. The model developed for predicting in-situ 

hydrophobic interactions show a good match with the experimental data with R" values 

0.96, 0.94 and 0.99 at polymer concentration of 300, 500 and 1000 ppm respectively. 

Similarly, the root mean square error (RMSE) was estimated at 0.081, 0.071 and 0.012 for 

polymer concentrations 300, 500 and 1000 ppm respectively. The decreasing value of the 

RMSE values with polymer concentration shows an increase in the model's predictive 

accuracy. It could be inferred from these estimates of the RMSE that the developed model 

in equation (3.54) was appropriate at higher polymer concentrations. A summary of the 

parameters of the fitted model for each polymer concentration is shown in Table 8.1. 

Table 8.1: Model parameters for equations 3.54, 3.56 and 3.62 obtained from regression 
analysis. 

Conc. (ppm) _X `Y(1/s) `Z(s) a[_]CH (1/s) bY RMSE 

300 0.20 275.93 0.00096 1038 0.96 0.081 

500 0.43 645.37 0.00112 891 0.94 0.071 

1,000 0.76 2425.1 0.00131 765 0.99 0.012 
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Figure 8.10: Experimental and predicted in-situ hydrophobic interactions during the flow 
of associative polymer (D118; 16MDa) in a sand-packed media (c = 0.364; d( = 350eJ) 
at 25	℃ and 2.45 %TDS (fg!: -g"!, iK"! = 10: 1) (a) 300 ppm (b) 500 ppm (c) 1000 
ppm. Dataset is contained in Appendix F. 
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The applied flow conditions divide the polymer behaviour into flow regimes in the porous 

media – shear thickening and degradation, as shown in Figure 8.10. The rate parameter β" 

obtained from the fitted model for the shear thickening regime was observed to increase 

with the polymer concentration (275.93/s, 645.37/s and 2425.1/s for 300, 500 and 1,000 

ppm respectively). This rate parameter indicates the rate of hydrophobic association from 

the onset of these interactions until the start of degradation (H,++ = 1). The low value for 

β" at 300 ppm indicates that the rate of hydrophobic association between polymer molecules 

in the sand-pack media was slow, and the associative effect would take place over an 

extensive range of flow conditions. Therefore, it would take a significant flow rate before 

mechanical degradation would set in. However, the considerable rate constant at 1,000 ppm 

(β" = 2425.1/s) indicates that the rate of hydrophobic interactions between polymer 

molecules was rapid, and the speedy extension and associative interaction of these 

molecules would ensure that degradations set in within the shortest possible flowrate 

compared to what was obtained at 300 ppm. From Table 8.1, the onset of polymer 

degradation was predicted to occur at 1038/s, 891/s and 765/s for 300, 500 and 1,000 ppm 

respectively. This was also reflected in the degradation flow regime in Figure 8.10. In 

addition, it was observed that the magnitude of the initial degradation decline from the peak 

value (H,++ = 1) was minimal at 1,000 ppm compared to what was obtained at 300 ppm. 

Afterwards, the subsequent degradation was observed to follow a steady decline for each 

concentration; however, the subsequent decline was minimal at higher concentration. The 

number of polymer molecules available can explain this initial degradation decline during 

flow in the sand-pack media. Many molecules available at high concentration imply that 

the strength of the associative interaction is strong enough to withstand shear degradation 

conditions with minimal damage. However, this was not the case at a low concentration 

where the strength of the associative interactions was lower due to fewer polymer molecules 

in the solution. The model prediction of the onset of polymer degradation was 

experimentally validated by analysing the normalised effluent viscosity (N^> from Equation 

4.27) of the effluent polymer solution at each polymer concentration, as shown in Figure 

8.11. The critical flow rate for the onset of polymer degradation was obtained by fitting 

equation 4.28 to N^> profile for each concentration from which QQ- was obtained. The 

equivalent shear rate value was obtained using equation 4.29. The experimentally obtained 

values for the onset of polymer degradation were 1088, 903 and 795/s for 300, 500 and 
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1,000 ppm respectively. These values compared very well with the predicted values for the 

onset of polymer degradation. 

 

 
Figure 8.11: Effluent analysis for the experimental determination of the onset of polymer 
degradation at different concentrations at 25 ℃ and 2.45 %TDS (a) Normalized Effluent 
Viscosity (b) Fractional Degradation. 

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35

N
EV

 (-
)

Flowrate (mL/min)

NRV - 300ppm
NRV - 500ppm
NRV - 1000ppm
25degC; 2.45%TDS

a

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35

1 
-N

EV
 (-

)

Flowrate (mL/min)

Frac. Deg. - 300ppm
Frac. Deg. - 500ppm
Frac. Deg. - 1000ppm
25degC; 2.45%TDS

b



201 

 

8.3. Optimizing the Propagation of Associative Polymers 

The optimized condition was to maintain and sustain the pre-injection level of hydrophobic 

interactions during propagation in a porous media, i.e., ∆H0 = ∆H1! 	(Correction factor, 

ω, = 1). This condition implies that the proportion of hydrophobic interactions lost to 

different retention mechanisms is appropriately compensated with an equivalent increase in 

hydrophobic interactions arising from in-situ shear elongation effects.  

8.3.1. Correction Factor 

Figure 8.12 shows the trend for the correction factor from zero flow rate up to 6 mL/min. 

 
Figure 8.12: Plot of the correction factor against flowrate at different polymer 
concentrations. This was determined at a temperature of 25 ℃. 
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compared to interactions lost to retention. However, this considerable increase in the 
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hydrophobic interactions. Therefore, operating at a concentration between 1,000 and 2,500 

ppm would imply a significant loss of hydrophobic interactions to polymer retention. 

Increased hydrophobic interactions due to elongation effects may not compensate for this 

loss. However, as the flow rates increased from 3 to 6 mL/min, the impact of incremental 

hydrophobic interactions from elongation effects gradually dominates over the loss of these 

interactions to retention. The implication of this is that the sustainability of hydrophobic 

interactions deep in a porous media is dependent on the polymer concentration, as explained 

earlier in Section 8.2.1. Similarly, the effect of temperature conditions on the correction 

factor was captured in Figure 8.13.   

 
Figure 8.13: Plot of the correction factor against flowrate at different polymer 
concentrations. This was determined at a temperature of 100 ℃. 

The overall temperature effect resulted in a simultaneous reduction in the incremental 

hydrophobic interactions for viscous thickening and polymer retention.  
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which the optimal correction factor (ω, = 1) intersects the curves for each flowrate. These 

intersections marked the point at which the hydrophobic interactions lost to polymer 

retention is equally gained due to elongation effects in the porous media. 

 

 
Figure 8.14: Estimation of the optimal concentration at different flowrate at n_ = 1 (a) 25 
℃ (b) 100 ℃. 
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the optimal concentrations as the temperature increased from 25 to 100 ℃. As mentioned 

earlier, the essence of developing the optimisation approach is to improve the injectivity of 

associative polymers by ensuring the hydrophobic interactions are sustained deep in the 

porous media. Figure 8.15 shows the outcome of polymer injection at the optimum 

concentration. It can be observed that the onset of hydrophobic interactions in the sand-

packed media took place after injecting 0.8 PV with minimal loss of polymer aggregates to 

retention. This corresponds to 3.4 cm from the injection point for the onset of hydrophobic 

interactions in the porous media. The total length of the porous media is 12 cm indicating 

that the start of hydrophobic interactions takes place not far from the injection point and is 

sustained for a further distance of 8.6 cm into the porous media (Figure 8.15b). This 

outcome shows that hydrophobic interactions between associative polymers can be 

optimised for deep propagation in porous media. This optimisation approach is crucial as 

the loss of hydrophobic interactions close to the injection point would increase retention 

further into the porous media with a less viscous thickening effect. However, the reverse is 

the case with this approach as there is minimal loss of polymer aggregates arising from 

hydrophobic interactions to polymer retention after few pore volumes of injection.  
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Figure 8.15: Polymer effluent analysis for the determination of the onset and sustainability 
of hydrophobic interactions in the sand packed media at the optimum concentration of 420 
ppm (25 ℃ and 1 mL/min) in terms of (a) number of injected pore volume (b) distance from 
the injection point. 
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after a few pore volumes have been injected. However, for a low proportion of these 

interactions at low polymer concentration, there is a minimal loss of these interactions to 

different retention mechanisms while ensuring that the onset of these interactions occurring 

after large pore volumes have been injected. The large pore volumes injected before the 

start of hydrophobic interactions at low concentration means that these interactions can be 

sustained deep in porous media. This necessitated the optimisation approach developed in 

defining the optimal setting for the injection concentration under different flow, salinity, 

and temperature conditions.
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CHAPTER NINE 
9.0. Conclusion and Recommendations  

9.1. Research Findings and Conclusions 

The hydrophobic interactions between associative polymers have resulted in two outcomes 

during transport in porous media. Firstly, these interactions resulted in the viscous 

thickening of the polymer solutions during propagation in porous media. Secondly, these 

interactions also resulted in the retention of polymer molecules in porous media. These two 

outcomes contributed to the overall pressure drop or resistance factor experienced during 

propagation. However, this work was able to quantitatively identify the contributions of 

hydrophobically induced polymer retention and viscous thickening to the pressure drop and 

resistance factor. These contributions were systematically studied from a predictive 

approach which was subsequently validated using the existing experimental method. But, 

where there was no current experimental procedure to validate the developed predictive 

system, novel experimental techniques were developed by modifying well defined 

experimental procedures laid out in the American Petroleum Institute (API) specification 

for the analysis of polymers for enhanced oil recovery. The key findings of this research 

work can be summarised as follows: 

a) Hydrophobic interactions can be quantified on a mass or volume proportion depending 

on the units of the polymer concentration. This parameter accounted for the proportion 

of molecular interactions and not the strength of these interactions. This novel parameter 

was defined based on the knowledge of the critical aggregation concentration for the 

onset of hydrophobic interactions. Furthermore, another critical concentration (known 

as the critical separation concentration) was identified, beyond which hydrophobic 

interactions between the polymer molecules become dominant over intramolecular 

interactions consistent with the dilute regime. 

b) The defined parameter in (a) allowed for the accurate mapping of the various polymer 

concentration regimes and the novel critical separation concentration parameter 

identified for the onset of the concentrated regime. It was concluded from this work that 

the critical separation concentration which marked the start of the concentrated regime 

was approximately twice the critical aggregation concentration, i.e. C% ≈ 2C,-. In other 

words, the aggregation concentration distinguished the dilute from the semi-dilute 
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regime, while the critical separation concentration separated the semi-dilute from the 

concentrated regime.  

c) The hydrophobic interactions lost from the polymer enriched phase flowing at the centre 

of the pores to different retention mechanisms play a significant role in pore damage. 

The proportion of hydrophobic interactions lost to polymer retention at 25 ℃ was 

estimated using the developed model for H1! in equation (3.91) and this varied from 

0.04 to 0.56 for polymer concentrations from 50 to 1,000 ppm. The lost hydrophobic 

interactions amounted to an estimated damaged pore volume ranging from 0.21 to 0.46 

PV and a porosity reduction from 0.364 to 0.19. Similar estimations were obtained at 

100 ℃ with hydrophobic interactions ranging from 0.05 at 50 ppm to 0.30 at 1,000 ppm. 

The damaged pore volume ranged from 0.20 to 0.36 PV, and porosity reduction ranged 

from 0.364 to 0.236 for 50 – 1,000 ppm respectively. 

d) The predictive approach for mapping the various types of retention mechanisms based 

on the knowledge of the hydrophobic interactions lost showed that adsorption 

dominated over entrapment for a given damaged pore volume at low polymer 

concentrations. However, as the concentration increased, the effect of adsorption 

reached a maximum and entrapment dominated at higher polymer concentrations. At 25 

℃, the quantitatively mapped adsorption accounted for 99.9, 98.5 and 91.5 % of the 

total damaged pore volume for 300, 500 and 750 ppm respectively, while entrapment 

amounted to 0.1, 1.5 and 8.5 % of the damaged pore volume. However, beyond 750 

ppm, the fractional amount attributed to entrapment increased to a value of 29.9 % at 

1,000 ppm, while the equivalent value for adsorption was 70.1 %; however, at 100 ℃, 

the quantitatively mapped adsorption dominated over entrapment. This accounted for 

99.6, 99.6, 98.8 and 98.1 % of the total damaged pore volume for 300, 500, 750 and 

1,000 ppm respectively, while entrapment amounted to 0.4, 0.4, 1.2 and 1.9 % of the 

damaged pore volume. 

e) A novel experimental procedure was developed to validate the predictive approach for 

mapping the different hydrophobically-induced polymer retention mechanisms. This 

was achieved by combining existing techniques defined for static and dynamic retention 

in the API Specification 63. In other words, the static retention procedure was 

experimentally mapped to the dynamic retention, and both retention outputs were 

compared for adsorption and entrapment respectively. At 25 ℃, the experimentally 

mapped adsorption accounted for 89.8, 88.5, 79.5 and 85.2 % of the total damaged pore 
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volume for 300, 500, 750 and 1,000 ppm respectively compared to the predicted 

outcome of 99.9, 98.5, 91.5 and 70.1 %. The level of correlation, R"  between the 

predicted and the experimental outcome was 90.45 %. The experimentally mapped 

entrapment amounted to 1, 10, 15 and 21 % for 300, 500, 750 and 1,000 ppm 

respectively, compared to the predicted outcome of 0.1, 1.5, 8.5 and 29.9 %. The level 

of correlation, R"  between the predicted and the experimental outcome was 87.43 %. 

f) The observed high resistance factor for the polymer flow in the sand-pack media was 

due to both retention and viscous thickening with hydrophobic interactions significantly 

contributing to both cases. At 300 ppm, the net hydrophobic interactions lost to polymer 

retention were 0.02, 0.09 and 0.11 at flowrates of 1, 3 and 6 mL/min. But the net 

hydrophobic interactions gained due to shear elongation effects (viscous thickening) 

were 0.07, 0.20 and 0.28 at flowrates of 1, 3 and 6 mL/min. This outcome indicated that 

at this concentration (300 ppm), the viscous thickening effect contributed more to the 

resistance factor and the pressure drop. However, at a high concentration of 1,000 ppm, 

the net hydrophobic interactions lost to polymer retention were 0.19, 0.25 and 0.35 at 

flowrates of 1, 3 and 6 mL/min. But the net hydrophobic interactions gained due to shear 

elongation effects (viscous thickening) were 0.04, 0.08 and 0.14 at flow rates of 1, 3 and 

6 mL/min respectively, indicating that polymer retention contributed more to the 

resistance factor/pressure-drop. 

g) The sustainability of the hydrophobic interactions deep into a porous media was 

discovered to depend on the onset of hydrophobic interactions in the porous media. This 

was in addition to the previously observed effects of retention and shear elongation. A 

modified polymer effluent analysis was developed and correlated to the set equation in 

(8.2) to estimate the onset of hydrophobic interactions in the porous media. At a flow 

rate of 1 mL/min, in-situ hydrophobic interactions did not start until 0.7, 0.5 and 0.3 

PVs were injected for 500, 750 and 1000 ppm respectively. However, an increase in the 

flow rate to 6 mL/min saw the onset of hydrophobic interactions commenced after 

injecting a higher number of pore volumes (0.45 PV) for 1,000 ppm. In both cases from 

the onset of hydrophobic interactions, these associative effects were sustained in the 

range of parameters studied (i.e., temperature, flow rate and salinity). The observed 

outcomes showed that the sustainability of hydrophobic interactions in porous media 

decreased with polymer concentration since the PV for the onset of these interactions 

decreased with concentration. However, the PV for the start of hydrophobic interactions 
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increased with flowrate, indicating that these interactions deep in the porous media 

increased with flowrate.  

h) An optimisation approach was developed to improve further the sustainability of 

hydrophobic interactions in porous media. The optimised condition was obtained when 

the correction factor that related the net hydrophobic interactions lost to polymer 

retention and the net hydrophobic interactions gained from elongation effects was unity 

(ω, = 1).  The optimised polymer concentrations at 25 ℃ for 1, 3, and 6 mL/min were 

420, 560 and 740 ppm.  However, at 100 ℃,  the optimal concentrations at 1, 3 and 6 

mL/min were 450, 430 and 430 ppm. The effect of thermal degradation was evident in 

the optimal concentrations as the temperature increased from 25 to 100 ℃. 

Based on these findings highlighted above, this work has been able to achieve the objectives 

which was set out in chapter one. These achievements include:  

a) a dimensionless parameter to quantify the proportion of hydrophobic interactions. 

b) a model for predicting in-situ pressure drop based on the effect of in-situ hydrophobic 

interactions on the different polymer retention mechanisms and polymer flow regimes. 

c) A novel experimental procedure for validating the predictions of the developed model 

for mapping the various retention mechanisms in a porous media. 

d) An optimisation approach for maximising the propagation of hydrophobic interactions 

between associative polymers in a porous media 

9.2. Research Contributions to Knowledge 

This research work has given new insights into the transport of hydrophobically associating 

polymers in porous media. Furthermore, these insights were significant for optimising and 

maximising hydrophobic interactions between polymer chains during transport in porous 

media. The substantial and impactful contributions of this research work to the body of 

knowledge include the following: 

a) Identifying a unique and measurable parameter for quantifying the proportion of 

hydrophobic interactions between associative polymer molecules during flow in porous 

media. Also, the total ratio of molecular interactions in terms of associative and non-

associative was computed as unity. Therefore, for a given estimation of associative 

hydrophobic interactions, the corresponding balance of non-associative interactions can 

also be calculated. However, this parameter does not indicate the magnitude or strength 

of the interaction between the polymer molecules.  
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b) Develop a novel experimental approach for estimating fractional damaged pore volume 

based on accurate mapping of static polymer retention to dynamic polymer retention. 

The mapping of static retention to dynamic retention involves using the same solid to 

liquid ratio and retention time. The dynamic retention time was calculated using Pore 

Volume (PV) in relation to the total static retention time for maximum retention to the 

flow conditions under dynamic conditions. 

c) Based on the unique predictive approach for estimating fractional damaged pore 

volume, a novel method was developed to map the various types of polymer retention 

mechanisms (monolayer and multilayer adsorption, polymer mechanical entrapment 

and polymer pore plugging) using the distribution of hydrophobic interactions between 

retained polymer molecules. Besides, a new equation was also developed to predict the 

onset of mechanical entrapment and the onset of pore plugging. This was achieved with 

the knowledge of the associative interactions that exist between the retained polymer 

molecules There is no reported expression in literature which predicts the onset of 

polymer entrapment and plugging. This makes the expression developed in this work 

stand out and can act as the basis future modelling works in polymer retention studies. 

d) The development of a new model for predicting hydrophobic interactions between 

associative polymers under different flow regimes (shear thinning, shear thickening and 

degradation) during transport in a porous media with minimal fitting parameters. The 

relevant parameters incorporate primary reservoir conditions and polymer properties 

known to affect the performance of associative polymers. The knowledge of the amount 

of in-situ hydrophobic interactions allowed for the computation of the effective polymer 

concentration during transport in a porous media.  

e) A novel approach for predicting the onset of shear thickening and the onset of shear 

degradation. Predicting the onset of shear degradation was based on the proportion of 

hydrophobic interactions as defined by the identified dimensionless parameter from (a). 

However, the onset of shear thickening was based on the ratio of the characteristic times, 

which represents the fitting parameters in the developed model for flow regimes in (d). 

This shows that the onset of shear thickening was independent of the proportion of 

hydrophobic interactions.  

f) An optimisation approach for maximising the propagation of associative interactions 

based on the identified contributory effect to polymer retention and effective viscosity. 

Optimal conditions were defined based on the point at which the impact on polymer 

retention on hydrophobic interactions cancel out the corresponding effect of flow 
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regimes on the hydrophobic interactions, thereby ensuring that propagation of 

associative interactions was significantly maintained at the pre-injection estimate of the 

interactions. 

9.3. Recommendations and Proposals for Further Works 

The recommendations suggested for further works were based on the identified limitations 

of this research work and are as follows: 

a) Determination of the size distribution of the retained polymer molecules using a 

consolidated core sample. This can be achieved by comparing the pore size distribution 

before and after the polymer injection. This would further reduce the uncertainty 

surrounding the developed predictive model related to the estimation of the size 

distribution of retained polymer molecules. In this research work, the pore size 

distribution of the unconsolidated sand-pack media was estimated using the Kozeny-

Carman equation, and this may further explain the added uncertainty manifested in the 

difference in the coefficient of determination values for the predictive and experimental 

approach used in mapping the various retention mechanisms in the unconsolidated sand-

pack media. 

b) Comparison of the developed optimisation approach to determine an optimal polymer 

concentration with other established procedures employed in the industry for a similar 

purpose. Furthermore, the optimisation approach was developed using demonstrated 

knowledge for hydrophobic interactions in associative polymers. This can also be 

employed to determine an optimal concentration for non-associative polymers such as 

hydrolysed polyacrylamide. This is thought to be achievable because non-associative 

polymers exhibit intermolecular interactions beyond the critical overlap concentration. 

This is synonymous with the critical aggregation concentration observed with 

associative polymers. However, the critical aggregation concentration is always less 

than the critical overlap concentration indicating that hydrophobic interactions in 

associative polymers are always stronger than the intermolecular interactions present 

among non-associative polymers. Finally, an experimental evaluation of the optimal 

concentration for the purpose of oil recovery would be required. 

9.4. Research Output and Publications 

The following research publications represent some of the significant output of this work: 
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a) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2019). Hydrophobically 

Associating Polymers for Enhanced Oil Recovery – Part A: A Review on the Effects of 

Some Key Reservoir Conditions. Journal of Petroleum Science and Engineering, 180, 

681-698. 

b) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2019). Hydrophobically 

Associating Polymers for Enhanced Oil Recovery – Part B: A Review of Modelling 

Approach to Flow in Porous Media. Journal of Molecular Liquids, 293, 111495. 

c) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2020). Determination of a 

Critical Separation Concentration for Associative Polymers in Porous Media Based on 

Quantification of Dilute and Semi-Dilute Concentration Regimes. Journal of Molecular 

Liquids, 317, 114142. 

d) Afolabi, R. O., Oluyemi, G. O., Officer, S., & Ugwu, J. O. (2021). A New Approach 

for Quantitative Mapping of Retention Mechanisms of Associative Polymers in Porous 

Media. Journal of Molecular Liquids, 343, 117385. 
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APPENDIX A: Dataset for Size Distribution Analysis of Silica Sand  
The dataset below were obtained during the sieve analysis of the 40/60 and P230 silica sands.  

A.1. 40/60 Silica Sand 

Table A.1: Results obtained from the sieve analysis of the 40/60 silica sand using a mechanical shaker at room temperature (20 ℃). 

40/60 Silica Sand Sieve Analysis 

Sieve Size 
(µm) 

Initial Weight of 
Pan (g) 

Final Weight of 
Pan (g) 

Mass 
Retained (g) 

Fractional Mass 
Retained 

Percent Mass 
Retained (%) 

Cumulative 
Retained (%) 

650 352.8 352.8 0.0 0 0 0 

600 352.8 352.9 0.1 0.00012276 0.012275964 0.012275964 

500 321.6 322.8 1.2 0.001473116 0.147311564 0.147311564 

425 325.4 353.2 27.8 0.034127179 3.412717898 3.560029462 

355 335.2 639.6 304.4 0.373680334 37.36803339 40.92806285 

300 325.0 700.6 375.6 0.461085195 46.10851952 87.03658237 

250 328.6 395.4 66.8 0.082003437 8.200343727 95.2369261 

180 279.0 298.6 19.6 0.024060889 2.406088878 97.64301498 

150 310.6 322.8 12.2 0.014976676 1.497667567 99.14068254 

125 301.6 307.5 5.9 0.007242819 0.724281856 99.8649644 

90 290.4 291.4 1.0 0.001227596 0.122759637 99.98772404 

50 363.8 363.8 0.0 0 0 99.98772404 
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A.2. P230 Silica Sand 

Table A.2: Results obtained from the sieve analysis of the P230 silica sand using a mechanical shaker at room temperature (20 ℃). 

P230 Silica Sand Sieve Analysis 

Sieve Size 
(µm) 

Initial Weight of 
Pan (g) 

Final Weight of 
Pan (g) 

Mass 
Retained (g) 

Fractional Mass 
Retained 

Percent Mass 
Retained (%) 

Cumulative 
Retained (%) 

600 352.8 355.2 2.4 0.002946231 0.294623128 0.294623128 

500 321.6 326.4 4.8 0.005892463 0.589246256 0.589246256 

425 325.4 340 14.6 0.017922907 1.792290695 2.086913823 

355 335.2 382.2 47 0.057697029 5.769702922 7.856616744 

300 325 417.8 92.8 0.113920943 11.39209428 19.24871102 

250 328.6 461.4 132.8 0.163024797 16.30247974 35.55119077 

180 279 520.8 241.8 0.296832801 29.68328014 65.23447091 

150 310.6 350.6 40 0.049103855 4.910385465 70.14485637 

125 301.6 306.6 5 0.006137982 0.613798183 70.75865455 

90 290.4 290.4 0 0 0 70.75865455 

50 363.8 364 0.2 0.000245519 0.024551927 70.78320648 

50 363.8 363.8 0 0 0 70.78320648 
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APPENDIX B: Dataset for Molecular Weight Determination of Polymer Sample. 
The molecular weight of the polymer samples D118 and C1205 were obtained using viscometry analysis. 

B.1. D118 Associative Polymer 

Table B.1: Viscometry data (using a glass viscometer) for the determination of the molecular weight of associative polymer (D118) at room 
temperature (20 ℃) 

Polymer 
Concentration 

(C, g/dL) 

Solution 
Time1 

(s) 

Solution 
Time2 

(s) 

Average 
Solution 
Time (s) 

Solvent 
Time 

(s) 

Specific 
Viscosity 

(ηsp) 

Relative 
Viscosity 

(ηrel)  

ηsp/C 
(dL/g) 

In(ηrel) In(ηrel)/C 
(dL/g) 

0.005 39 41 40 33 0.212121212 1.212121212 42.42424242 0.192371893 38.47437853 
0.010 43 41 42 33 0.272727273 1.272727273 27.27272727 0.241162057 24.11620568 
0.015 46 46 46 33 0.393939394 1.393939394 26.26262626 0.332133835 22.14225567 
0.020 46 46 46 33 0.393939394 1.393939394 19.6969697 0.332133835 16.60669175 

 

B.2. C1205 Associative Polymer 

Table B.2: Viscometry data (using a glass viscometer) for the determination of the molecular weight of associative polymer (C1205) at room 
temperature (20 ℃) 

Polymer 
Concentration 

(C, g/dL) 

Solution 
Time1 

(s) 

Solution 
Time2 

(s) 

Average 
Solution 
Time (s) 

Solvent 
Time 

(s) 

Specific 
Viscosity 

(ηsp) 

Relative 
Viscosity 

(ηrel)  

ηsp/C 
(dL/g) 

In(ηrel) In(ηrel)/C 
(dL/g) 

0.005 39 37 38 33 0.151515152 1.151515152 30.3030303 0.141078598 28.21571965 
0.010 42 42 42 33 0.272727273 1.272727273 27.27272727 0.241162057 24.11620568 
0.015 47 47 47 33 0.424242424 1.424242424 28.28282828 0.35364004 23.57600268 
0.020 51 51 51 33 0.545454545 1.545454545 27.27272727 0.435318071 21.76590356 
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APPENDIX C: Dataset for Bulk Polymer Rheology and Predictive Modelling  

C.1. Polymer Bulk Viscosity  

 
Figure C.1: Dataset for the bulk rheological analysis of the polymer solution after contacting with 40/60 silica sand, 25 ℃ and 2.45 %TDS. 
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C.2. Regresion Fitting of Developed Model for Hydrophobic Interactions 

  

  
Figure C.2: Regression analysis of the developed model in (3.20) under shear thinning (a) 300 ppm (b) 500 ppm (c) 750 ppm (d) 1000 ppm 
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APPENDIX D: Dataset for Static and Dynamic Retention  

D.1. Static and Dynamic Retention  

Table D.1: Polymer retention values under static and dynamic conditions at different concentration, flowrate and temperature. The dynamic 
retention was carried out at 25 ℃.  

Temperature 
(℃) 25 25 25 25 50 75 100 

Flowrate 
(mL/min) 1 3 6 0 0 0 0 

Poly. Conc. 
(ppm) 

Dynamic 
Retention 

Dynamic 
Retention 

Dynamic 
Retention 

Static 
Retention 

Static 
Retention 

Static 
Retention 

Static 
Retention 

0 0 0 0 0 0 0 0 

10 1.645794866 0.544727486 0.263284952 7.68707483 9.608843537 9.608843537 9.608843537 

50 7.278868248 2.428048872 1.171797499 33.90022676 46.62698413 48.04421769 48.04421769 

220 11.60185091 3.952441294 1.952995832 53.62811791 68.45238095 72.70408163 81.20748299 

300 36.76910531 11.27459215 5.510615266 146.1451247 247.8741497 256.377551 304.5634921 

500 74.79446199 20.37449705 8.867656749 209.1836735 372.0238095 404.6201814 474.0646259 

750 146.5538629 39.74610436 17.26026046 313.4920635 406.037415 491.0714286 590.2777778 

1000 185.2706857 54.26161392 22.97145367 395.1247166 451.3888889 506.6609977 635.6292517 
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Table D.2: Polymer retention values under static and dynamic conditions at different concentration, flowrate and temperature. The dynamic 
retention was carried out at 100 ℃. 

Temperature 
(℃) 100 100 100 25 50 75 100 

Flowrate 
(mL/min) 1 3 6 0 0 0 0 

Poly. Conc. 
(ppm) 

Dynamic 
Retention 

Dynamic 
Retention 

Dynamic 
Retention 

Static 
Retention 

Static 
Retention 

Static 
Retention 

Static 
Retention 

0 0 0 0 0 0 0 0 

10 2.48611091 0.836093351 0.424380716 7.68707483 9.608843537 9.608843537 9.608843537 

50 13.05340187 4.286034095 2.149351088 33.90022676 46.62698413 48.04421769 48.04421769 

220 22.19025534 7.347487021 3.652630042 53.62811791 68.45238095 72.70408163 81.20748299 

300 83.89436689 27.71142734 13.80820837 146.1451247 247.8741497 256.377551 304.5634921 

500 149.905626 47.18860199 23.01368061 209.1836735 372.0238095 404.6201814 474.0646259 

750 206.4105459 65.55731954 31.03679862 313.4920635 406.037415 491.0714286 590.2777778 

1000 233.4093937 74.74167832 35.68176168 395.1247166 451.3888889 506.6609977 635.6292517 
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D.2. Dataset for Modelling Hydrophobic Interactions lost to Polymer Retention in Porous Media 

Table D.3: Dataset for predicting hydrophobic interactions lost to polymer retention mechanisms in the porous media at a flowrate of 1 mL/min 
(50.83/s) and 25 ℃. 

PV-PRL PV-DL DPV Deborah Number Dilute Semi-Dilute Hydrodynamic Size (nm) 
0 0 0 0 0 0 0 

0.009809093 0.204289885 0.214098978 4.670736913 0.954184307 0.045815693 368.3135801 
0.010424556 0.204289885 0.214714441 4.657348588 0.951449208 0.048550792 394.8154948 
0.012049069 0.204289885 0.216338954 4.62237606 0.944304674 0.055695326 424.0391348 
0.047303217 0.204289885 0.251593102 3.974671766 0.811985238 0.188014762 445.1449675 
0.153264128 0.204289885 0.357554013 2.796780242 0.571353914 0.428646086 586.5656354 
0.263198386 0.204289885 0.467488271 2.139091098 0.436994675 0.563005325 814.83066 
0.264601778 0.204289885 0.468891664 2.132688802 0.43568675 0.56431325 959.9017595 

 
Table D.4: Dataset for predicting hydrophobic interactions lost to polymer retention mechanisms in the porous media at a flowrate of 1mL/min 
(50.83/s) and 100 ℃. 

PV-PRL PV-DL DPV Deborah Number Dilute Semi-Dilute Hydrodynamic Size (nm) 
0 0 0 0 0 0 0 

0.003026418 0.258731542 0.258731542 3.865010004 0.066158981 0.011697135 410.3079285 
0.015990461 0.271695586 0.271695586 3.680589793 0.069473954 0.058854328 388.5393259 
0.0175487 0.273253825 0.273253825 3.659601106 0.069872403 0.064221243 423.7731102 

0.019752601 0.255705125 0.275457726 3.630321121 0.928291715 0.071708285 433.0649792 
0.060508357 0.255705125 0.316213482 3.162420508 0.80864713 0.19135287 491.2423424 
0.093978624 0.255705125 0.349683748 2.859726838 0.731246807 0.268753193 580.4215657 
0.111504838 0.255705125 0.367209963 2.723237662 0.696345826 0.303654174 659.4101923 
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APPENDIX E: Statistical Dataset of used in Developing and Validating the Proxy Model  

Table E.1: Statistical data used in the development and evaluation of the proxy model for the resistance factor 

Run 
Order RF Q/Qdg NRV Cpd Cp Pred. Fits Lower Limit 

CI 
Upper Limit 

CI 
Lower Limit 

PI 
Upper Limit 

PI 
1 32.45 0.046 0.11922 0.022 300 32.901 30.646 35.330 29.398 36.830 
2 33.23 0.139 0.50358 0.093 300 32.769 30.917 34.724 29.501 36.390 
3 34.78 0.279 0.67629 0.115 300 34.993 32.508 37.668 31.213 39.231 
4 51.97 0.056 0.04547 0.097 500 51.488 48.876 54.238 46.507 57.001 
5 53.81 0.170 0.15367 0.225 500 52.736 49.933 55.696 47.571 58.462 
6 55.12 0.340 0.28866 0.330 500 56.294 52.417 60.457 50.287 63.018 
7 151.4 0.066 0.03933 0.198 1000 156.938 146.159 168.50 140.20 175.65 
8 173.6 0.2 0.08634 0.259 1000 167.398 159.105 176.12 151.30 185.20 
9 184.1 0.4 0.14154 0.349 1000 184.723 171.039 199.50 164.41 207.53 

 
  S R-sq R-sq(adj) R-sq(pred) 
Regression Model 0.0314838 99.91% 99.81% 99.47% 

In(RF) = 2.8007 + 0.662(Q/Qdg) - 0.1155(NRV) - 0.303(Cpd) +0.002276(Cp) 
 

Analysis of Variance for Transformed Response 
Source DF Adj SS Adj MS F-Value P-Value 
Q/Qdg 1 0.00782 0.00782 7.89 0.048 
NRV 1 0.0015 0.0015 1.51 0.086 
Cpd 1 0.00112 0.00112 1.13 0.098 
Cp 1 1.34932 1.34932 1361.25 0 

Error 4 0.00396 0.00099   

Total 8 4.19141    
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Table E.2: Experimental data and predicted data using the proxy model for the resistance factor at 2.45 %TDS and 25 ℃. 

300ppm 500ppm 1000ppm 
Flowrate 
(mL/min) 

Resistance 
Factor 

Predicted 
RF 

Flowrate 
(mL/min) 

Resistance 
Factor 

Predicted 
RF 

Flowrate 
(mlLmin) 

Resistance 
Factor 

Predicted 
RF 

0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 
1 32.46 32.91 1 51.97 51.49 1 151.45 156.93 
3 33.23 32.77 3 53.82 52.74 3 173.61 167.40 
6 34.79 34.99 6 55.12 56.29 6 184.14 187.72 
8 38.66 39.66 8 66.64 68.64 8 201.62 207.62 
10 46.83 49.83 10 80.64 85.64 10 220.55 229.55 
11 58.96 61.96 11 98.79 100.79 11 247.29 257.29 
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APPENDIX F: Dataset of Polymer Effluent Analysis used in Validating the Degradation Model  
Table F.1: Effluent data used in the validation of the model which predicts the onset of mechanical degradation in associative polymers at 2.45 
%TDS and 25 ℃. 

  
300ppm 500ppm 1000ppm 

Flowrate 
(mL/min) 

Shear Rate 
(1/s) 

Exp. Hydro. 
Interac. 

Pred. Hydro. 
Interac. 

Exp. Hydro. 
Interac. 

Pred. Hydro. 
Interac. 

Exp. Hydro. 
Interac. 

Pred. Hydro. 
Interac. 

0 0 0.211 0.211 0.426 0.426 0.763 0.763 
1 50.82 0.310 0.366 0.572 0.499 0.803 0.784 
3 152.49 0.614 0.567 0.680 0.618 0.850 0.822 
6 304.97 0.787 0.736 0.815 0.747 0.905 0.875 
8 406.64 0.764 0.806 0.810 0.813 0.925 0.907 
10 508.29 0.909 0.859 0.846 0.867 0.942 0.936 
11 559.12 0.948 0.880 0.872 0.891 0.958 0.951 
12 609.96 0.928 0.899 0.902 0.912 0.968 0.964 
13 660.79 0.938 0.916 0.952 0.932 0.958 0.977 
14 711.62 0.948 0.931 0.922 0.951 0.988 0.990 
15 762.45 0.908 0.945 0.952 0.968 0.998 1.002 
16 813.28 0.968 0.957 0.972 0.984 

 
0.749 

17 864.11 0.978 0.969 0.992 0.999 
 

0.737 
18 914.94 0.988 0.979 0.999 1.013 

 
0.726 

19 965.77 0.988 0.988 
 

0.480 
 

0.715 
20 1016.60 0.988 0.997 

 
0.467 

 
0.705 

21 1067.43 
 

1.005 
 

0.455 
 

0.694 
22 1118.26 

 
0.198 

 
0.443 

 
0.684 

23 1169.09 
 

0.191 
 

0.433 
 

0.675 
24 1219.92 

 
0.185 

 
0.422 

 
0.665 

25 1270.75 
 

0.179 
 

0.412 
 

0.656 
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