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Abstract 

Excessive water production is becoming common in many gas reservoirs. Polymers have 

been used as relative permeability modifiers (RPM) to selectively reduce water production 

with minimum effect on the hydrocarbon phase. The effect of initial rock permeability (low, 

moderate, and high), fluid flow (water and gas) rate, RPM strength and brine salinity on the 

outcome of an RPM treatment for a gas/water system were experimentally examined.  

As a key study, the effect of high rock permeability range (low, moderate, high) on polymer 

performance were first investigated. The results obtained in this work are insightful in 

pointing out that the initial rock permeability can be used as an important screening parameter 

in planning an RPM treatment for gas producing wells. Using a non-crossed-linked polymer 

(cationic polyacrylamide, CPAM), in low permeability rocks, the treatment resulted in 

greater reduction in gas relative permeability than that of water. In a moderate permeability 

case, the treatment was found to reduce water relative permeability significantly but improve 

gas relative permeability. In high permeability rocks, the treatment may have no significant 

effect on either of water or gas relative permeabilities. The relative pore size alteration (wall-

steric effect) due to the RPM treatment impacts on how water-gas may redistribute and RPM 

performance.  

On the basis of the above results, the polymer treatment caused gas plugging due to the 

relative pore size reduction is the highest in the lowest rock permeability. To expand the use 

of polymer in low permeability rocks, core-flooding results show that lowering salinity 

decreases the water relative permeability but with marginal effect on the gas relative 

permeability through decreasing the effective polymer layer thickness at pore surfaces. 

Moreover, the adsorption of the CPAM onto the negatively charged sandstone rock, together 

with lowering brine salinity, increases hydrophobicity of the rock and in turn reduced water 

layer thickness. Thus, the results suggest that rock-polymer-brine interactions at pore 

surfaces govern the performance of CPAM in low permeability sandstone rocks.  
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In the next step, to further improve the RPM performance in moderate permeability rock the 

cross-linked anionic polyacrylamide gel was investigated. In general, utilizing crossed-linked 

polymer resulted in greater and more stable RPM efficiency than using polymer alone. 

However, unexpectedly, as gas flow rate increased the gel shows shear thickening behavior 

due to the gas dissolved in and expanded the gel layer.  Furthermore, stronger gels increased 

water retention inside the porous media, yet decreased the lubrication effect of the gel.  

Finally, as another important factor, the CPAM concentration effect was also investigated as 

how it may modify the performance of RPM in moderate permeability rocks. The results 

show that a uniform trend of ever decreasing or increasing 𝐹𝑟𝑟𝑤 versus the concentration of 

non-cross-linked polymer and rock permeability may not be expected. This would be dictated 

by the competing and opposite effects of pore radius (which increases with increase in 

permeability) and adsorbed polymer layer (which increases with increase in polymer 

concentration).With regard to the gas phase, the results reveal an increasing 𝐹𝑟𝑟𝑔 with an 

increase in both rock permeability and polymer concentration. This is due to the fact that the 

adsorbed polymer layer may impact on the gas flow in different ways compared with the 

water flow.  

Furthermore, the results show that the RPM performance is significantly fluid flow rate 

dependent. Therefore flow rate should be considered during RPM design. The results show 

that, as the water flow rate increased, 𝐹𝑟𝑟𝑤 decreased due to decreasing gas saturation (Sgr) 

and RPM shear thinning behavior. As gas flow rate increased, in low permeability the RPM 

show shear thinning behavior due to interstitial fluid velocity is higher that may compress 

the polymer layer. On the other hand, in moderate and high permeability the performance of 

RPMs reduces (i.e. 𝐹𝑟𝑟𝑔 increased with increasing the gas flow rate) due to decreasing water 

saturation (decreasing RPM lubrication effect) and RPM shear thickening behavior (due to 

increasing RPM rigidity, expanding RPM and/or changing gas flow regime). Moreover, at 

low gas flow rates, RPM performance is mainly controlled by the lubrication effect whereas 

at higher gas flow rates, RPM rigidity is the dominant factor. 
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Chapter 1:  Introduction  

 

1.1 Significance and motivation  

Natural gas as a geo-energy resource presents an important viable supply for the rest of the 

21st century, beacuase has a far less global carbon footprint, compared to the other fossile 

fuels; oil and coal (Chen et al., 2019a, Ahmed and Rezaei-Gomari, 2019, Chen et al., 2019b). 

However, with many hydrocarbon fields nearing their maturity, excessive water production 

from production wells has become a major challenge. It has been reported that in the U.S., 

the daily volumetric water/oil ratio is 9/1, approximately (Kalfayan and Dawson, 2004). It 

was reported that 24.4 billion barrels of water were produced in the USA during 2017 (Seright 

and Brattekas, 2021). Although globally the water/oil ratio is about 3/1, it still translates to 

around 250 million barrels of produced water on a daily basis worldwide (Rae & di Lullo, 

2002)(Hajilary and Shahmohammadi, 2018, Hajilary et al., 2015b, Di Lullo et al., 2002, 

Joseph and Ajienka, 2010).  

In the first instance, excessive water production means a considerable decrease in well 

productivity in terms of the  hydrocarbon yield (Hajilary et al., 2015b, El-Karsani et al., 2014, 

Hajilary and Shahmohammadi, 2018). Substantial increase in the operating costs is also 

among the problems associated with water production (Seright and Brattekas, 2021, Al-

Hulail et al., 2017, Hajilary and Shahmohammadi, 2018). Such costs relate to the lifting of 

water from the formation to surface, corrosion of tubulars and surface equipment, water 

separation and transportation, effluent disposal and handling, sand production and the 

required environmental protection measures (Seright and Brattekas, 2021, El-Karsani et al., 

2014, Hajilary and Shahmohammadi, 2018). It has been reported that the cost of the water 

handling may reach up to $4 per every barrel of the water produced costing the oil and gas 

industry around $440B per year (Kalfayan and Dawson, 2004, Al-shajalee et al., 2019b). It 

is worth noting that these costs are associated with only treating the water and do not cover 

effects such as corrosion, loss of hydrocarbon production, etc.(Al-shajalee et al., 2019b). 
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Therefore, water production can greatly affect the economic feasibility of hydrocarbon wells 

and, even result in their abandonment (Anokwuru, 2015, Liao, 2014, Al-Hulail et al., 2017, 

Karimi et al., 2014b, Hajilary et al., 2015b).  

The above challenges provide the motivation for this thesis and hence its significance for 

industrial applications in the area. Consequently, the main contributions of the thesis are as 

listed below:  

a) Add to the limited existing data and knowledge around the application of RPMs for 

the gas/water system in sandstone media. Thus, improve our understanding to the 

RPM mechanisms. 

b) Show the importnance of rock permability on planning an RPM treatment for gas 

producing wells.  

c) Demonstrate how the relative pore size alteration due to the RPM treatment 

significantly impacts the RPM performance. 

d) Demonstrate how rock-polymer-water intractons could significantly affect the RPM 

performance.  

e) Demonstrate the performance of both polymer and gel treatment in sandstone-gas-

water system.  

f) Demonstrate how fluid flow-rate/type significantly affects RPM performance. 

Therefore, they should be considered during RPM design. 

g) Demonstrate how the RPM lubrication effect has a great role on RPM performance. 

1.2 Water control systems 

In order to improve the well productivities and extend the economic life of many reservoirs, 

there is a pressing need to cut back on the undesirable water production. Numerous 

endeavours have already been made to limit water production leading to the development of 

a range of water control techniques. Such techniques may fall into the three categories of 

mechanical, chemical and biological (Xindi and Baojun, 2017, Karimi et al., 2014b, 

Hajilary and Shahmohammadi, 2018). Mechanical techniques, for example, may include re-
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completing the well, horizontal or deviated drilling, applying wellhead isolation devise or 

using a central pipe in the stream of water production while the chemical techniques may 

involve polymer/gel treatments or squeeze cementing a water producing zone (Xindi and 

Baojun, 2017, Joseph and Ajienka, 2010, Hajilary and Shahmohammadi, 2018, Yi et al., 

2017, Kalfayan and Dawson, 2004). High operational and maintenance costs associated with 

the mechanical techniques and the complex nature of the biological methods have led the 

researchers and field operators to pay an ever increasing attention to the more economical 

and operationally viable chemical techniques (Xindi and Baojun, 2017, Hajilary and 

Shahmohammadi, 2018, Hajilary et al., 2015b, Amir et al., 2019). These techniques often 

involve the application of a polymer/gel as a water shut-off or relative permeability 

modification (RPM) agent to control and diminish the high water-to-hydrocarbon ratio (Al-

Shajalee et al., 2020d, Al-Shajalee et al., 2020a, Song et al., 2015, Yadav et al., 2020, Heidari 

et al., 2019, El-hoshoudy et al., 2019, Liang et al., 2018, Al-Hulail et al., 2017, Askarinezhad 

et al., 2016, Karimi et al., 2014b, Xindi and Baojun, 2017)  

1.3 Relative permeability modifiers (RPM)  

The relative permeability modifiers (RPM), which are sometimes also referred to as the 

disproportionate permeability reducers (DPR) or selective plugging systems, have been 

applied effectively in the oil and gas wells to restrain undesirable water production. 

Polyacrylamide (PAM) and hydrolyzed polyacrylamide (HPAM) are the most common 

chemical systems utilised as RPM agents (Song et al., 2015, Yi et al., 2017, Liang et al., 

2017, Liang et al., 2018, Hajilary et al., 2015b, El-Karsani et al., 2014, Karimi et al., 2014b). 

Suitable polymers can lower the wetting phase relative permeability more than that for the 

non-wetting phase (oil/gas) (Al-shajalee et al., 2019b, Al-Shajalee et al., 2020d). The 

viability of PAM as an RPM agent has been exhibited through laboratory and field scale 

results (Zaltoun et al., 1991, Dovan and Hutchins, 1994, Lockhart and Burrafato, 2000, Park 

et al., 2015, Song et al., 2015, Liang et al., 2017, Liang et al., 2018, Al-Shajalee et al., 2019a, 

Al-Shajalee et al., 2020a, Heidari et al., 2019). As elaborated by some researchers, the most 

important advantages of PAM are the low cost, minor operational risks and low 
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environmental effects (Amir et al., 2019, Song et al., 2015, Yi et al., 2017, Liang et al., 2017, 

Liang et al., 2018, Hajilary et al., 2015b). 

1.4 Gaps in knowledge  

To date, a number of experimental investigations and field trials have been carried out to 

understand the behavior of RPMs with regards to the oil/water system (Yadav et al., 2020, 

Moghadasi et al., 2019, Heidari et al., 2019, El-hoshoudy et al., 2019, Salehi et al., 2019, 

Liang et al., 2017, Liang et al., 2018, Hajilary and Shahmohammadi, 2018, Dai et al., 2017a, 

Askarinezhad and Hatzignatiou, 2017, Norouzi et al., 2017, Li et al., 2017, Al-Hulail et al., 

2017, Askarinezhad et al., 2016, Bhatnagar and Eoff, 2016, Aghabozorgi and Rostami, 2016, 

Song et al., 2018b, Park et al., 2015, Dang et al., 2014, Mishra et al., 2014). However, there 

is limited data regarding the gas/water systems (Song et al., 2015, Liu, 2015, Hajilary et al., 

2015b, Al-shajalee et al., 2019b, Al-Shajalee et al., 2019a, Al-Shajalee et al., 2020d, Al-

Shajalee et al., 2020a, Sharifpour et al., 2016), even though the effect of water production on 

productivity of gas wells is extreme and introduction of water could render a gas well 

inoperable in a short space of time (Al-shajalee et al., 2019b, Chen et al., 2019b, Elmkies et 

al., 2002, Tielong et al., 1996). This is becuase the effect of water phase on the mobility of 

the gas phase is much more pronounced compared to the liquid oil phase. In addition, water 

shuttoff in gas wells is not practiced commonly due to the risk of face plugging with high 

molecular weight polymer solutions (Pusch et al., 1995, Dovan and Hutchins, 1994, Al-

shajalee et al., 2019b, Al-Shajalee et al., 2020d). Thus, there is a need for studies 

concentrating on gas reservoirs. 

Furthermore, it has also been reported that the efficiency of a polymer/gel as an RPM agent 

may vary with the flow rate of produced water, oil (Mishra et al., 2014, Al-Sharji et al., 

2001b, Al-Sharji et al., 1999a) and gas (Song et al., 2015). In general, the performance of an 

RPM agent declines as the fluid flow rate rises, posing a risk of overestimating its water-cut 

reduction potential. Therefore, fluid flow rate needs to be considered as a critical design 

criterion in an RPM treatment (Stavland, 2010, Al-Shajalee et al., 2020a). This is particularly 
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important for gas producing wells as high gas flow rate is expected in the wellbore vicinity 

(Elmkies et al., 2002). Morover, many DPR mechanisms have been proposed in literature for 

water shutoff treatment using RPM. However, there is still a lack of detailed understanding 

about some mechanisms and how these mechanisms may work together or against each other.  

1.5 Study objectives 

The primary objective of this work is to investigate the efficiency of the RPM treatment to 

favorably modify the relative permeability of water and gas phases towards reducing water 

production in gas wells. The study has examined the feasibility of the RPM application for 

gas/water fluid system using sandstone rocks with a wide range of permeability values (low, 

moderate and high). In addition, the research has used a wide range of fluid flow rates 

expected to occur during the production from gas wells. This investigation has also 

investigated the effect of a number of factors relating to the polymers used for RPM 

treatment. Finding the optimum polymer characteristics would result in the maximum 

reduction of water permeability with minimum effect on gas permeability for every 

permeability range tested. In general, this research has attempted to increase the industry’s 

confidence in the application of the RPM as an effective water control technique.   

In summary, to achieve the above overall research goals, the following specific objectives 

have been be pursued:  

1. To investigate the effect of cationic Polyacrylamide (CPAM) treatment on sandstone 

samples with a wide range of permeabilities (low, moderate, and high).  

2. To evaluate the effect of brine salinity-CPAM treatment on sandstone samples with 

low permeabilities range.  

3. To study the effect of crossed-linked-anomic PAM treatment on sandstone samples 

with a moderate permeabilities range.  

4. To determine the effect of CPAM-concertation during treatment of sandstone samples 

with a moderate permeabilities range.  
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5. To evaluate the effect of flow rate (gas and water) on the results of all the above 

investigations  

6. To use the interpretations done around the experimental results obtained in this study 

to improve the current fundamental understanding of the DPR mechanisms associated 

with RPM treatment for a water/gas system.   

7. To provide a comprehensive review of the mechanisms behind the RPMs particularly 

about the effect of initial rock permeability on the RPM performance. 

1.6 Organization of thesis  

Besides the current introductory chapter (Chapter 1), this thesis includes six more chapters, 

Figure 1-1. 

 

Figure 1-1: Thesis flow chart 

 Chapter 2 (Literature Review: Rock/Fluid/Polymer Interaction Mechanisms: Implications 

for Water Shut-off Treatment) provides a critical parametric evaluation of the factors 
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affecting the performance of polymer-based RPM solutions. This review covers systematic 

tools and approaches that explain the relationship among two dominant factors: the 

adsorption process and the mechanisms (or combination of mechanisms) responsible for 

selective permeability reduction.  

Chapter 3 (Effective Mechanisms to Relate Initial Rock Permeability to Outcome of Relative 

Permeability Modification), presents the experimental results where the effect of initial rock 

permeability on the outcome of a cationic Polyacrylamide (CPAM) treatment for a gas/water 

system is examined. This investigation uses a number of sandstone rocks with different 

permeabilities (low, moderate and high). Using the data generated, the underlying 

mechanisms behind the DPR effect of the RPM agent are discussed. Moreover, the 

experimental work covered in this chapter also examine the feasibility of the CPAM 

application under a wide range of fluid (water and gas) flow rates. 

Chapter 4 (Low-Salinity-Assisted Cationic Polyacrylamide Water Shutoff in Low-

Permeability Sandstone Gas Reservoirs), presents the experimental results relating to the 

relative permeabilities to water and gas before and after CPAM treatment as a function of 

brine salinity in low permeability rock. The chapter reports on the outcome of core flooding 

experiments conducted to study the impacts of brine concentration on possible variations to 

the water and gas relative permeabilities due to cationic polyacrylamide treatment (CPAM) 

on three low permeability sandstones. The core flooding experiments were complemented by 

Zeta potential measurements and contact angle evaluation.  

Chapter 5 (A Multiscale Investigation of Cross-Linked Polymer Gel Injection in Sandstone 

Gas Reservoirs: Implications for Water Shutoff Treatment ), presents the results of the 

experimental investigation performed into the impact of cross-linked polyacrylamide (Poly 

(acrylamide-co-acrylic acid) partial sodium salt) gel as an RPM for a moderate permeability 

sandstone/gas/water system and provides insights into the detailed in-situ gel behaviour 

inside the porous medium as a function of gas/water flow rate.  First, this chapter investigates 

the rheological behaviour of P(AAM‐co‐AA)Na -chromium gels for a broad range of shear 
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rates, chromium concentrations and temperatures. Then, core- and pore-scale flow 

experiments would be used to determine the gel performance in terms of reducing water 

production. To interpret the core flooding results and to visualize the flow behavior of the 

gel and how it may influence gas flow at the pore-scale, a set of systematic visualization 

experiments were conducted on a transparent 2D-micromodel using borosilicate glass and a 

capillary tube. This chapter therefore adds to the current understanding of the gel/water/gas 

interactions in porous media, and aids in the reduction of excess water production. 

Chapter 6 (A New dimensionless Approach to Assess Relative Permeability Modifiers ), 

presents the outcomes of the research conducted to evaluate the effect of  CPAM and its 

concentration on water and gas permeability reductions in a number of sandstone rock 

samples with moderate permeability. In this chapter the competing and opposite effects of 

rock permeability and polymer concentration on water and gas permeability reductions 

during the experimental evaluation of CPAM treatment are evaluated. The results are 

interpreted and discussed initially using a common technique where 𝐹𝑟𝑟 is used as a critical 

parameter in evaluating the effectives of such a treatment. Subsequently, a new dimensionless 

parameter referred to as the dimensionless effective pore radius (𝑟𝑒𝑓𝑓
− ) is developed and used 

to interpret the same data. Finally, the Forchheimer equation is used to analyse the possible 

flow regimes that may be encountered during gas injection as the injection flow rate varies.  

Finally, in Chapter 7 (Conclusions, Recommendations and Outlook for Future Work), 

includes a condensed summary of the research findings together with a number of 

recommendations for possible future investigations. 

It is worth noting that chapters 2 to 6 have been each published as a peer-reviewed journal 

publication whose details are provided below:  

 

Chapter 2 
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AL-SHAJALEE, F., ARIF, M., MYERS, M., TADÉ, M. O., WOOD, C. & SAEEDI, A. 

2021. Rock/Fluid/Polymer Interaction Mechanisms: Implications for Water Shut-off 

Treatment. Energy & Fuels, 35, 12809-12827. 

 

Chapter 3 

AL-SHAJALEE, F., WOOD, C., XIE, Q. & SAEEDI, A. 2019. Effective Mechanisms to 

Relate Initial Rock Permeability to Outcome of Relative Permeability Modification. 

Energies, 12, 4688. 

 

Chapter 4 

AL-SHAJALEE, F., ARIF, M., SARI, A., WOOD, C., AL-BAYATI, D., XIE, Q. & 

SAEEDI, A. 2020b. Low-Salinity-Assisted Cationic Polyacrylamide Water Shutoff in Low-

Permeability Sandstone Gas Reservoirs. Energy & Fuels, 34, 5524-5536. 

 

Chapter 5 

AL-SHAJALEE, F., ARIF, M., MACHALE, J., VERRALL, M., ALMOBARAK, M., 

IGLAUER, S. & WOOD, C. 2020a. A Multiscale Investigation of Cross-Linked Polymer 

Gel Injection in Sandstone Gas Reservoirs: Implications for Water Shutoff Treatment. 

Energy & Fuels, 34, 14046-14057. 

 

Chapter 6 

AL-SHAJALEE, F., SAEEDI, A. & WOOD, C. 2019a. A New Dimensionless Approach to 

Assess Relative Permeability Modifiers. Energy & Fuels, 33, 3448-3455. 
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Chapter 2:  Rock/Fluid/Polymer Interaction Mechanisms: Implications for Water 

Shut-off Treatment: Literature review  

 

 

2.1 Introduction  

Excessive water production is a major challenge in the oil and gas industry as water 

production can subsequently cause a significant reduction in hydrocarbon 

productivity(Hajilary and Shahmohammadi, 2018, Chen et al., 2019b, Yi et al., 2017, Karimi 

et al., 2014b) and increase the operational costs related to surface water treatment and 

handling(Kalfayan and Dawson, 2004, Pusch et al., 1995, Evans, 2001, Inikori, 2002, 

Mohanty, 2003, Karimi et al., 2014a, Hajilary et al., 2015a, Hajilary and Shahmohammadi, 

2018, Yi et al., 2017, Karimi et al., 2014b). Three different types of methods (i.e. chemical, 

mechanical and biological) can be applied to regulate or decrease water production 

(Karimi et al., 2014b, Hajilary and Shahmohammadi, 2018, Yi et al., 2017, Xindi and Baojun, 

2017, Zaltoun et al., 1991). This review will focus on chemical treatments which have been 

extensively utilized to reduce water production.  One class of chemical materials that have 

received widespread attention(Song et al., 2015, Qi et al., 2013, Qin et al., 2021, Qin et al., 

2020), due to their potential performance, low costs, and ease of implementation(Amir et al., 

2019, Karimi et al., 2014b), are relative permeability modifiers (RPM) that can selectively 

reduce the permeability to water while ideally having minimal effect on oil/gas permeability. 

 

The ability of polymers to induce a reduction in relative permeability of water (and thus assist 

towards improving the hydrocarbon flow) in porous media was documented as early as 1964. 

The main objective was to improve the water flooding performance by using hydrolyzed 

polyacrylamide to lower water-oil mobility ratio and to achieve better sweep efficiency and 

efficient displacement in the swept zone (i.e. from injection well to production well(s), 

EOR)(Sandiford, 1964). Furthermore, Sandiford (1964) realized a significant decline in the 

relative permeability to water after polymer flooding. Subsequently, in 1971, Jennings et al., 

(1971) introduced the term “residual resistance factor” to indicate water mobility reduction 

ratio due to polymer flooding (Jennings et al., 1971). However, to the better of our research, 
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White and co-authors were the first one to introduce the use of polymers as RPM agents for 

water shut-off treatment in 1973 (White et al., 1973). 

 Several mechanisms are reported in the literature to explain the behaviour of relative 

permeability modifiers (RPM) which exhibit disproportionate permeability reduction.   

However, as there are many RPM approaches or technologies, there is no single mechanism 

that can be claimed to explain their behaviour.  Furthermore, in many instances, the 

mechanism is either intensely debated or it may be the case that multiple mechanisms 

eventuate simultaneously or to varying extents depending on the conditions. There are scores 

of publications which investigate, discuss or propose different mechanisms to explain 

disproportionate permeability reduction (DPR) behaviour for an RPM implementation. These 

mechanisms include:  RPM adsorption onto the rock surface, fluid segregation pathways, 

steric effect, lubrication effect, wettability effect, and swelling/shrinking(Al-shajalee et al., 

2019b, Al-Shajalee et al., 2020c, Scott et al., 2020, Browne et al., 2020, Imqam, 2015, Mishra 

et al., 2014, Liang et al., 2018, Liang et al., 2017).  

The current review provides a critical parametric evaluation of the factors affecting the 

performance of polymer-based RPM solutions. To this end, this review provides flow charts 

that explain the relationship among two dominant factors: the adsorption process and the 

mechanisms (or combination of mechanisms) responsible for selective permeability 

reduction (SPR).  

2.2 Polymer adsorption 

The adsorption of polymers in porous media is considered necessary for DPR as it 

immobilizes the polymer within the rock matrix thus allowing subsequent DPR mechanisms 

to manifest.(Al-Shajalee et al., 2019a, Vasquez and Eoff, 2013a, Qi et al., 2013, Chiappa et 

al., 1997, Elmkies et al., 2002, Ranjbar and Schaffie, 2000, Dovan and Hutchins, 1994, Pusch 

et al., 1995, Tielong et al., 1996, Zaitoun and Pichery, 2001, Grattoni et al., 2004) 

Furthermore, it is well-established that the fluid (water and oil/gas)-rock interactions 
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(attraction/repulsion) govern rock wettability(Awolayo et al., 2019), and this, controls fluid 

distributions, capillary pressure, relative permeabilities, fluid transportation, and oil/gas 

recovery(Arjomand et al., 2020, Sidiq, 2007, Katika et al., 2016, Al-Muthana et al., 2012). 

Consequently, the adsorption of polymer in porous media is also a strong function of rock 

wettability. More specifically, during injection, a DPR fluid that wets the porous medium 

will be segregated mainly in the preferred pathways for wetting fluid(Stavland and Nilsson, 

2001), thus promoting its adsorption onto the rock surface. Subsequently, the wetting phase 

relative permeability will be more affected by the RPM treatment. Overall, this mechanism 

is generally referred to in the literature as fluid segregation pathways (see Figure 2-1)(Liang 

et al., 2018, Liang et al., 2017, Liang and Seright, 1997, Liang et al., 1995), and the initial 

fluid segregation pathways (i.e. oil/gas and water) may segregate differently following 

polymer adsorption. 

 

Figure 2-1: Initial fluid segregation during polymer placement. (a) In water-wet pores, water flows close to 

the pore wall while oil/gas flows in the center of the pore channel. (b) Water-based RPM flow in the same 

path water flows.    

 

Polymers (as RPMs) should be nominated based on their ability to show strong attractive 

interactions with the rock surface to maximize adsorption, stability and irreversibility. Rock-

polymer interactions are: 1) van Der Waals interactions (dispersion), which are usually 

attractive and are governed by polymer structure/molecular weight, and 2) electrostatic 

interactions (which can be attractive or repulsive) exist at the interfaces of rock/brine and 

brine/polymer  (Hamouna et al., 2021, Kawelah et al., 2020, Shi et al., 2020, Shoaib et al., 

2020, Broseta and Medjahed, 1995). The total interaction, i.e. the sum of van der Waals and 

Water Oil/gas Polymer Rock

(a) (b)
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electrostatic interactions (DLVO), is defined by the prevailing physicochemical conditions 

(Canseco et al., 2009). In general, electrostatic interactions has a vital role in the adsorption 

process, because they can be either attractive or repulsive forces (Sidiq, 2007). Both 

interactions (i.e. van Der Waals and electrostatic interactions) also govern the interactions 

between polymer monomers (or in general fluid-fluid) i.e. they govern the solvent quality 

and whether the polymer chain swells or shrinks (Schmidt et al., 2019, Kawelah et al., 2020, 

Hamouna et al., 2021, Broseta and Medjahed, 1995). Solvent quality is also a function to 

brine ionic charge and strength (Bera et al., 2013, Kawelah et al., 2020, Sun et al., 2021, 

Omari et al., 2006). A low electrolyte (or brine) concentration enhances the repulsive charges 

between the charges monomers and therefore anionic polymer swells and also reduces the 

anionic polymer/positively charged rock adsorption (Shi et al., 2020). On the other hand, if 

the electrolyte concentration increases (i.e. solvent quality is poorer), anionic polymers 

shrink/contract and increase the polymer-rock adsorption (Shi et al., 2020) .  

  

Furthermore, during polymer placement in porous medium, several chemical/physical factors 

will affect the electrostatic interactions process between the absorbed polymer and rock 

surface (Figure 2-2). These factors are responsible for controlling the polymer adsorption and 

the polymer efficiency after the placement in porous media.  

  

Figure 2-2: Flow chart of the factors affecting RPM adsorption 
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The injection of polymers into subsurface reservoirs for enhanced oil/gas recovery (EOR) 

has attracted substantial interest in the petroleum industry. Polymers increase the viscosity 

of the injected water and thereby control fluid mobility and enhance the displacement and 

the volumetric sweep efficiency. However, significant polymer adsorption on the rock 

surface can reduce the efficiency of the polymer flooding due to reducing polymer viscosity 

because of polymer loss, limiting the propagation through the reservoir and consequently the 

hydrocarbon relative permeability may reduce (Kawelah et al., 2020, Shi et al., 2020, 

Tamsilian et al., 2020, Al-Hashmi and Luckham, 2010, Dang et al., 2014, Satken et al., 2021). 

On the contrary, in water shutoff or relative permeability modification (RPM) applications, 

the purpose is to have enough adsorption. Therefore, these two oil/gas field applications (i.e., 

the EOR and water shut-off) require different adsorption characteristics. If the rock carries 

negative charges, non-adsorbing polymers (i.e. nonionic and anionic polyacrylamides ) are 

frequently used for EOR (Kawelah et al., 2020), while strongly adsorbing polymers (i.e. 

cationic polyacrylamide) are used for water shut-off applications  (Al-shajalee et al., 2019b). 

One more difference between EOR and RPM application that the EOR is applied in a 

reservoir scale where injector(s) and producer(s) wells are required, whereas RPM is applied 

at well scale where and the RPM agent is injected in the vicinity of the wellbore of one 

producer well, see Figure 2-3. 
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Figure 2-3: A comparison between (a) RPM and (b) EOR 

Therefore, to keep up with the context of interest (i.e. RPM implication), most of the results 

presented here are from water-shutoff/RPM publications. However, a considerable body of 

literature has been devoted to polymer applications for EOR. Thus, where possible, the 

implications of polymers for EOR have been used here to supplement the interpretation for 

RPM applications. 

2.2.1 Rock-polymer interactions  

For most polymers used as relative permeability modifiers, the polymer is immobilized on 

the rock surface in an adsorption process dominated by rock/brine/polymer interactions. This 

in turn depends on the polymer ionic charge and rock surface charge(Chiappa et al., 1997, 

Burrafato et al., 1999, Lockhart and Burrafato, 2000, Chiappa et al., 1998, Qi et al., 2013, 

Zaltoun et al., 1991, Al-Hajri et al., 2018, Chiappa et al., 1999, Aghabozorgi and Rostami, 

2016, Ahsani et al., 2020, Vasquez and Eoff, 2013b, Al-Hulail et al., 2017, Al-Hashmi et al., 

2013, Stavland and Nilsson, 2001, Al-Shajalee et al., 2020c).  

To examine this aspect, Al-Hashmi et al., (2013) performed colloidal force measurements 

and concluded that the instantaneous adsorption of polymer cationic groups onto the 

negatively charged rock surface is due to polymer-rock attraction(Al-Hashmi et al., 2013). 

Injection well

(a) Water shutoff  (RPM)   

Production wellInjection well

(b) Polymer flooding (EOR)     

Rock Polymer solution Adsorbed polymer Oil/gas
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Polymers can be divided into two categories based on their affinity for sorption onto 

sandstone rocks: high affinity (generally cationic and some non-ionic) and low-affinity 

polymers (generally anionic and some non-ionic) (Burrafato et al., 1999). These observations 

are consistent with(Chiappa et al., 1997, Chiappa et al., 1999, Qi et al., 2013, Al-Hashmi et 

al., 2013). This is confirmed by Chiappa et al., (1997) who used cationic, non-ionic, and 

anionic polyacrylamide derivatives on a Clashach sandstone core (which is composed mainly 

of quartz and silicates with less than 2% clays) in a 2% KCl brine. They showed equilibrium 

adsorption masses of 1.85, 0.9 and ≈ 0 mg/g for cationic, non-ionic and anionic polymers, 

respectively. This behaviour is attributed to the strong attraction between the cationic 

polymer and the negatively charged sandstone rock. To investigate the effect of calcite on 

polymer adsorption, Chiappa et al., (1997) used sand packs containing reservoir sands 

(consisting mainly of silicates and alumina-silicate with approximately 20 % calcite) and 

observed adsorption masses for cationic, non-ionic, and anionic polymers were 2.8, 1.6, and 

< 0.2 mg/g, respectively. Interestingly, despite the presence of positively charged calcites 

(20%) in their sand pack sample at pH < 10, anionic polymers still demonstrated negligible 

adsorption. Apparently, the high pH value shifted the calcite charge towards a negative value 

or at least to a less positive value. Similarly Qi et al. (2013) showed that the approximate 

adsorption of cationic and anionic polymer on quartz sands were 1.1 and 0.3mg/g, 

respectively, while the adsorption of cationic polymer on reservoir sands was 0.5 mg/g. The 

adsorption of cationic polymers onto quartz sands (which are water-wet and negatively 

charged) is significantly greater than that onto reservoir sands (which are oil-wet sands and 

mainly positively charged). Again, unexpectedly the adsorption of cationic polymers onto 

oil-wet sands is also greater than the adsorption of anionic polymer on water-wet sands(Qi et 

al., 2013). Qi et al. (2013) explained that even though the reservoir sands is oil-wet as a 

whole, there are still water-wet regions on the sand surface and cationic polymer can adsorb 

on these water-wet regions. It has also been shown that clay content can impact the adsorption 

process, especially for cationic polymers because of the negative charge and high specific 



17 

 

surface area of clays(Sidiq, 2007, Tekin et al., 2010, Chiappa et al., 1999, Tekin et al., 2005, 

Grattoni et al., 2004, Ferreira and Moreno, 2019).   

In summary, these results confirm the importance of wettability and associated electrostatic 

attraction on polymer adsorption (polymer affinity). RPMs should be nominated based on 

their ability to exhibit strong attraction with the rock surface to maximize the adsorption and 

polymer layer stability. However, polymer-rock attraction is arguably not the only factor that 

controls the adsorption process, there are indeed other influencing factors too. These factors, 

especially brine-polymer interaction, will be discussed in the next sections. 

2.2.2 Polymer-brine interactions  

The success of a polymer treatment often also depends on reservoir brine composition(Pusch 

et al., 1995, Ranjbar et al., 1995, Zaitoun and Pichery, 2001, Nieves et al., 2002, Sydansk, 

1993, Karimi et al., 2014b, Qi et al., 2013, Zaltoun et al., 1991, Mishra et al., 2014, Al-

Hashmi and Luckham, 2010, Kalfayan and Dawson, 2004, Al-Shajalee et al., 2020c). Brine 

composition (in particular, ionic charge and ionic strength) can affect the polymer-rock 

interaction and the associated adsorbed polymer thickness(Chiappa et al., 1999, Sidiq, 2007, 

Park et al., 2015, Dang et al., 2014, Ali and Mahmud, 2015, Al-Shajalee et al., 2020c, Tekin 

et al., 2010, Mishra et al., 2014).  

Chiappa et al. (1999) showed that increasing the concentration of K+ (i.e. 0 to 13% of KCl) 

or Ca2+ (i.e. 0 to 8 wt.% CaCl2) slightly decreases the adsorption of cationic polymer onto 

the otherwise negatively charged pure quartzite. Moreover, Tekin et al. (2010) showed that 

the adsorption of cationic polyacrylamide onto negatively charged expanded perlite (EP) 

significantly decreases with increasing Na+ concentration (i.e. increasing NaCl). This trend 

has been attributed to positively charged ions inducing electrostatic screening between the 

rock surface and the polymer molecules(Tekin et al., 2010, Chiappa et al., 1999). Based on 

core flooding, contact angle, and zeta potential measurements, Al-Shajalee et al. (2020) found 

that increasing K+ with a cationic polymer solution causes the zeta potential of the rock-

polymer system to decrease (i.e. more negative or less positive) leading to a reduction in 
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electrostatic attraction. However, if the zeta potential of the polymer-brine-polymer becomes 

negative, the repulsion between positively charged polymer-polymer molecules increases 

eventually leading to an increased polymer layer thickness; this mechanism has also been 

confirmed elsewhere(Grattoni et al., 2004, Al-Hashmi and Luckham, 2010, Tekin et al., 

2010, Dang et al., 2014).  

In summary, increasing salt cation concentration in a cationic polymer solution can bring 

about two effects: (1) a decrease in the electrostatic attraction between negatively charged 

rocks and positively charged polymers and, (2) an increase in the polymer layer thickness 

(swells) due to increasing the repulsion force between the positively charged polymer-

polymer molecules. However, in other instances, different results were observed. For 

example, Tekin et al., (2005) showed that the adsorption of cationic polymer onto a 

negatively charged kaolinite (a clay mineral, Al₂Si₂O₄) increases with increasing NaCl 

concentration(Tekin et al., 2005).  

In contrast, the cations in brine tend to improve polymer adsorption in situations where 

polymer and solid surfaces are like-charged i.e. when electrostatic interactions do not govern 

the adsorption process (Chiappa et al., 1999, Mishra et al., 2014, Deng et al., 2006, 

Vermöhlen et al., 2000, Bragança et al., 2007, Ait-Akbour et al., 2015, Dos Santos et al., 

2016, Wang et al., 2010, Shoaib et al., 2020). For example, increasing the concentration of 

Ca2+ (from 0 to 8 wt.%) causes a significant increase in adsorption for anionic polymers onto 

the negatively charged quartz surface(Chiappa et al., 1999). Similarly, Mishra et al. (2014) 

show that the adsorption of anionic polymer onto negatively charged sand particles (silica-

dominant) increases with increasing NaCl concentration (1- 4 wt%) due to increasing the 

monovalent cation (Na+)(Mishra et al., 2014). It has been explained that the presence of brine 

cationic ions in anionic polymer solution generally increases the polymer adsorption on 

negatively charged rocks. This is a result of two opposing effects: a)cationic ions reduce the 

electrostatic repulsion between the negatively charged polymer and rock, and b) cationic ions 

help reduce intermolecular repulsion between the molecules in the anionic polymer solution. 
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Consequently, the hydrodynamic radius of the polymer molecule also reduces (i.e. shrinks or 

compresses) (Mishra et al., 2014, Zaltoun et al., 1991, Ferreira and Moreno, 2019). This 

observation was also referred to as the electrical double layer compression triggered by high 

cationic concentration of salt, which leads to improved polymer adsorption and inhibit 

electrostatic repulsion among the polymer monomers (Sun et al., 2021). This hypothesis was 

confirmed via zeta potential measurements which displayed a less negative surface charge 

on the solid particles in high cationic brines compared to that of low concentration (Sun et 

al., 2021). 

 In summary, according to the literature, increasing salt concentration (specifically, Na+ or 

Ca2+) in anionic polymer solutions increases the electrostatic attraction between negatively 

charged rock surfaces and polymer. However, contradictory behaviour is also reported. For 

example,(Chiappa et al., 1999) showed that the adsorption of anionic polymer onto quartz 

surfaces was marginally affected by increasing the concentration of monovalent cation (K+) 

(0-13 wt% KCl brine). This suggests that not only the brine ionic charge plays a role in rock-

polymer attraction but also other factors such as brine composition may have their effect.  

It was presumed that anionic polymers bound more strongly to anionic surfaces in solutions 

having divalent cations (Mg2+ and Ca2+ ) than those solutions having monovalent cations 

(Na+ and K+)(Deng et al., 2006, Sun et al., 2021, Bragança et al., 2007). It has been observed 

that divalent cation bridging, depending on the charge density, plays a vital role in 

physicochemical interactions between two negatively charged species (fluid-fluid and rock-

fluid)  (Jha et al., 2019a, Jha et al., 2019b, Kobayashi et al., 2017, Griffin et al., 2016). In 

other words, divalent cations serve as bridges between the negatively charged polymers and 

the particle surfaces, destroying the electrostatic repulsion between them, in addition to 

reducing the electrostatic repulsion between the polymer molecules via coordination process 

(Chiappa et al., 1999, Ait-Akbour et al., 2015, Deng et al., 2006, Sun et al., 2021) , see Figure 

2-4. However, an opposite result was also reported in the literature, where anionic 

polymers/anionic surface adsorption is higher in presence of Na+  than in Mg2+/Ca2+(Ait-
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Akbour et al., 2015). In addition, using the neutron reflection method, Allen et al. (2017) 

demonstrated that the monovalent cations, depending on their charge density and hydration 

energy, can also serve as a bridge between the negatively charged substrate and negatively 

charged fluid (Allen et al., 2017, Salis et al., 2010). However, the hydration effect and the 

bridging efficiency of monovalent cations are not fully understood and still need more 

investigation.   

 
Figure 2-4: Presence of the divalent positive cation (Ca2+) in brine enhances the adsorption of negatively 

charged polymer molecules on the negatively charged quartzite due to (a) Bridging mechanisms: Ca2+ link 

polymer – and quartzite – or (b) Charge coordination mechanism: Ca2+ reduces the electrostatic repulsion 

between the negatively charged polymer molecules 

 

Moreover, several other aspects related to brine salinity that contribute to a better 

understanding of RPM implications for EOR are also investigated. For instance, it has been 

reported that if brine salinity is reduced below a critical, double layer expansion (DLE) causes 

clay particles to detach which consequently promotes fines migration (Jha et al., 2020, 

Morrow and Buckley, 2011, Jackson et al., 2016, Lever and Dawe, 1984, Tang and Morrow, 

1999) (Pingo-Almada et al., 2013). However, relating fines migration to the low salinity 

effect is also controversial (Nasralla and Nasr-El-Din, 2014a, Alagic and Skauge, 2010, 

Alotaibi et al., 2010, Cissokho et al., 2010, Lager et al., 2008a, Lager et al., 2008b, Pingo-

Almada et al., 2013). Nevertheless, the literature suggests that fines migration could be 

effectively suppressed using nanoparticles (Jha et al., 2020).  On the contrary, very high 

salinity may even shift the zeta potential of sandstone surface from negative to a constant 

lower value or even positive value due to the thickness of the electrical double layer reaching 

the sub-atomic range (or counter-ion size) as a result of diffuse layer collapsing  (Jaafar et 
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al., 2009, Yang et al., 2004). However, further increase in brine concentration cannot further 

reduce the double layer thickness because of the finite size of the ions (Jackson et al., 2016). 

Predicting the critical salinity values (that promote low salinity effect, fines migration, and 

constant zeta potential) for a given chemical-oil/gas-brine-rock system is thus an area of 

active research  (Jackson et al., 2016, Alotaibi et al., 2010, Cissokho et al., 2010, Nasralla 

and Nasr-El-Din, 2014a, RezaeiDoust et al., 2010, Skrettingland et al., 2011, Pingo-Almada 

et al., 2013). Importantly, selecting polymers with the suitable ionic charge for a reservoir 

candidate with certain brine salinity can play a critical role in the adsorption process. 

Furthermore, the brine salinity can also induce significant changes in the thickness of the 

adsorbed polymer. However, as the second mechanism can affect the DPR outcomes after 

polymer adsorption, this mechanism will be discussed with more detail on the 

swelling/shrinkage mechanism due to the brine salinity effect. Nevertheless, more studies are 

needed to further understand these mechanisms for different candidate wells (i.e. rock type 

and brine composition, and ionic charge).  

2.2.3 The effect of pH 

Solution pH can significantly affect polymer adsorption(Tekin et al., 2005, Tekin et al., 2010, 

Mishra et al., 2014, Dang et al., 2014). The isoelectric point (IEP) is the pH at which a 

molecule/ surface carries no net electrical charge. Thus, a surface below IEP will have 

positive charges and above IEP will have negative charges (Kamal et al., 2015, Jaafar et al., 

2014, Ferreira and Moreno, 2019). For sandstones, the IEP is around 2.4 while it is around 

9.5 for carbonates (Ferreira and Moreno, 2019, Jaafar et al., 2014, Qi et al., 2013, Mishra et 

al., 2014, Bera et al., 2013, Yefei and Kai, 2006), see Figure 2-5. 
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Figure 2-5: pH natural scale with isoelectric points for Sandstone and Carbonate rocks 

Tekin et al., (2010) reported that the adsorption of cationic polyacrylamide onto negatively 

charged expanded perlite (EP) increased with increasing pH. This is consistent with 

decreasing measured zeta potential measurements (toward more negative) for both treated 

and non-treated EP with increasing pH value from 2 to 10. The non-treated EP particles 

demonstrated negative electrophoretic mobility values at all ranges of pH values,  while EP-

polymer had zero charge at pH value around 8.7(Tekin et al., 2010), implying pH-dependent 

polymer behaviour. Similar results were attained for negatively charged kaolinite particles 

with cationic polyacrylamide(Tekin et al., 2005). On the other hand, Mishra et al., (2014) 

show that the adsorption of anionic partially hydrolysed polyacrylamide on negatively 

charged sand increases with decreasing pH. This is because the sand surface is more positive 

when the pH of the aqueous solution is lowered (from 9 to 3) leading to a decrease in the 

electrostatic repulsion between sand surface and the polymer (Mishra et al., 2014). However, 

at high pH, the adsorption is lower due to the repulsion force between the anionic polymers 

with the negatively charged carboxylic acid group and the negatively charged sand surface. 

Similar results were reported elsewhere (Dang et al., 2014). In addition to the dependency of 

rock surface charges on pH, Dang et al., (2014) also explained that increasing the pH value 

results in increasing the molecular sizes of anionic polymers, which eventually leads to a 

decrease in adsorption (Dang et al., 2014), and vice versa if pH is decreased. 

Moreover, Chiappa et al. (1999) reported adsorption of anionic and cationic polymers onto: 

a) negatively charged quartz surfaces at low pH (pH >2), and b) sand particles having 

significant amount of positively charged calcite (20%) at high pH (pH < 9.5). In both cases, 
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the adsorption of cationic polymer was higher than anionic polymer, probably due to the 

presence of high amount of positively charged particles in both cases. However, even though 

the second sample (i.e., the sample with pH < 9.5) had a significant amount of positively 

charged calcite, the anionic polymer adsorption on the second sample was almost negligible 

(0.2 mg/m2) compared to that on the first sample (6.5 mg/m2). This is consistent with our 

earlier explanation (refer to section 2.2.1) that the high pH value may shift the positive calcite 

charge towards a negative value or at least to a less positive value (Chiappa et al., 1999).  

  

 To summarise, sandstone rocks exhibit high adsorption efficiency at high pH for cationic 

polymers, whereas the opposite trend was found for anionic polymer. In other words, 

depending on the acid-base characteristics of the polymer, adsorption onto rock surfaces can 

be improved by adjusting the solution pH. The pH value in  aqueous solution can affect rock 

surface charges and how the polymer/rock electrostatic interactions (attraction/repulsion) 

play a significant role in the adsorption process. 

2.2.4 The effect of polymer concentrations 

Generally, the current literature widely agrees that increasing the concentration of injected 

polymer leads to increased adsorption and this is fairly common with other sorption 

processes(Chiappa et al., 1999, Chiappa et al., 1997, Grattoni et al., 2001d, Mennella et al., 

1998, Ogunberu and Asghari, 2004a, Mishra et al., 2014, Zheng et al., 1998, Qi et al., 2013, 

Al-Shajalee et al., 2019a, Sidiq, 2007, Tekin et al., 2005, Park et al., 2015). Similarly, with 

increasing polymer concentration, the layer thickness increases on the internal pore walls of 

a porous medium and may eventually severely impact the permeability to flowing fluids. 

Mishra et al. (2014) explained that increasing polymer concentration can lead to an increase 

in the interaction between the polymer molecules which may cause further adsorption(Mishra 

et al., 2014, Tekin et al., 2005). Moreover, Tekin et al., (2005) experimentally measured the 

relationship between adsorption amount of a positively charged polymer onto a negatively 

charged kaolinite surface and zeta potential values; higher sorption or increasing polymer 



24 

 

concentration led to the zeta potential becoming larger (i.e. a shift from negative values to 

positive values and then to larger positive values)(Tekin et al., 2005).  

2.2.5 The effect of polymer molecular weight 

Generally, polymer adsorption increases with polymer molecular weight (Mw) and this is 

consistent with thermodynamic principles showing that larger molecules will have a stronger 

interaction (whether attractive or repulsive) with a surface(Chiappa et al., 1997, Chiappa et 

al., 1998, Chiappa et al., 1999, Lockhart and Burrafato, 2000, Nieves et al., 2002, Li et al., 

2017, Grattoni et al., 2004). For RPM applications, it is suggested that lower molecular 

weight polymers are utilized to zminimize the injectivity or plugging issues(Lockhart and 

Burrafato, 2000). Furthermore, using polyacrylamide polymers with molecular weight 

ranging from 15 to 20 milion g/moland and prepared in the same brine, the cationic polymer 

demonstrated a thickness in the range tens nanometers while an anionic polymer gave a 

thickness of hundreds nanometers, i.e. 3-4 times greater than the cationic polymer (Grattoni 

et al., 2004).. One explanation for this difference is that the cationic polymer is more tightly 

bound to the surface due to stronger electrostatic interaction.      

2.2.6 The effect polymer aging time (static adsorption) 

After RPM injection into a porous media, the RPM can be left statically for a certain time (or 

an aging period) to ensure equilibrium (i.e. plateau) adsorption onto the pore surface (or until 

there is no further sorption)(Chiappa et al., 1997, Chiappa et al., 1999, Mishra et al., 2014, 

Tekin et al., 2010, Tekin et al., 2005, Li et al., 2017). Table 2-1 includes a summary of the 

studies which reported different plateau times. Moreover, Mishra et al. (2014) explain that as 

aging time increases, the adsorption sites on the sand surface decrease due to saturation. 

Therefore, when all the sites are covered with polymer, no further adsorption takes 

place(Mishra et al., 2014). Furthermore, during the static adsorption process, some polymer 

molecules possibly will be unlocked owing to the fragile associations with solid surface 

and/or the adsorbed polymers(Li et al., 2017).  
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Table 2-1: Studies on equilibrium aging time 

Reference  Plateau time, 

hrs  

Polymer type Rock / solid type 

(Li et al., 

2017) 

20 KYPAM polymer (acrylamide-based 

copolymer) 

sand 

(Mishra 

et al., 

2014) 

7 partially hydrolyzed polyacrylamide 

(PHPAM) 

sand 

(Tekin et 

al., 

2010) 

13 cationic polyacrylamide expanded perlite 

(EP) 

(Chiappa 

et al., 

1997) 

18 cationic, non-ionic and anionic 

polyacrylamide 

sand 

(Chiappa 

et al., 

1999) 

18-24 cationic and anionic polyacrylamide quartzite and 

reservoir sand 

 

2.2.7 The effect of polymer injection volume (dynamic adsorption) 

The literature data differentiates between static adsorption (i.e. static aging of rock with 

polymer) and dynamic adsorption (i.e. polymer injection). Table 2-2 presents a summary of 

studies that investigated the effect of polymer injection volume on dynamic adsorption 

behaviour. In a micro-capillary model, with a cationic polyacrylamide, dynamic adsorption 

was approximately 15 times greater than that achieved with static adsorption(Al-Hashmi et 

al., 2013). Li et al., (2017) showed that with polymer injection, the differential pressure 

increases due to polymer adsorption until it stabilized when adsorption saturation is 

achieved(Li et al., 2017, El-hoshoudy et al., 2019, Mishra et al., 2014, Cozic et al., 2009, 

Denys et al., 2001).   
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Al-Sharji et al. (2001 a) and Grattoni et al. (2004) propose that the layer formation during 

dynamic polymer adsorption begins with a dense layer on the surface followed by a dilute 

layer further from the surface (see Figure 2-6)(Grattoni et al., 2004, Ranjbar et al., 1995, 

Cohen and Christ, 1986, Al-Sharji et al., 2001a, Al-Hashmi et al., 2013, Vasquez and Eoff, 

2013b). Initially, a polymer layer of few hundred nanometers in thickness forms where some 

of its loops-tails are closed to the rock surface and sticking out into the solution. In the second 

step, polymer-polymer entanglement of the loops-tails from the fresh flowing polymer onto 

the adsorbed polymer. It is called the dilute layer(Grattoni et al., 2004, Al-Sharji et al., 

2001a). Furthermore, Ranjbar et al., (1991) and Cohen and Christ, (1986) claim that multi-

layer entanglement increases as more fresh polymer solution flows through the porous 

media(Ranjbar et al., 1991, Cohen and Christ, 1986).  

Table 2-2: Studies on the effect of polymer injection volume on dynamic adsorption at a 

constant flow rate. As polymer injection volume increases pressure drop increases (at 

constant injection rate) or injection flow rate decreases (at constant pressure). 

Reference  PV injected or injection time 

(min)  

Pressure drop (kPa), flow rate (cm3/s) or mobility 

reduction Rm 

(Li et al., 2017) 0.1-2 (critical) -3 PV 190-750 (critical) -750 kPa 

(Mishra et al., 

2014) 

0.1-0.6 (critical) -1 PV 0.25-0.2(critical) -0.2 cm3/s 

(Al-Sharji et al., 

2001a) 

0.0-160 (critical) -275 min 4.1-9.7 (critical) -9.7 kPa 

(Denys et al., 2001) 0.0-3.5(critical) -20 PV 1-3.2(critical) -3.5 Rm 
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Figure 2-6: polymer PV dependent adsorption 

 

2.2.8 The effect of polymer injection rate (dynamic adsorption) 

As the RPM injection rate increases, the adsorption amount and the adsorption hydrodynamic 

thickness gradually increase, consequently causing more permeability reduction(Bhatnagar 

and Eoff, 2016, Qi et al., 2013, Al-Sharji et al., 2001a). It has been reported that extensional 

flows can stretch and orientate the chains/macromolecule of flexible polymers (such as 

polyacrylamide and poly(ethylene oxide)). This is also called shear-induced elongation 

(Hoagland and Prud'homme, 1989, Babcock et al., 2003, Browne et al., 2020, Moan and 

Omari, 1992, Skauge et al., 2018, Denys et al., 2001, Gao et al., 2021). Polymer molecules 

can be imagined as entangled coils. Above a critical shear rate, flexible polymers can 

experience a coil-stretch transition or elongation (Schroeder et al., 2003, Chauveteau and 

Moan, 1981, Chauveteau et al., 1984, Moan and Omari, 1992, Skauge et al., 2018, Schmidt 

et al., 2019, Denys et al., 2001, Le Maout et al., 2021, Sun et al., 2021, Al Hashmi et al., 

2013, Al‐Hashmi et al., 2014, Georgelos and Torkelson, 1988, Al-Shakry et al., 2018). As 

polymer chains elongate, they can irreversibly and strongly adsorb onto pore walls due to 

higher contact area (Figure 2-7a and b) and can bridge pore throats depending on 

macromolecule stretching to pore throat size ratio (Figure 2-7c). This eventually can have 

significant consequences for pore-scale and macroscopic transport (Browne et al., 2020, De 

Gennes, 1976, Rubinstein and Colby, 2003, Denys et al., 2001).  The formed adsorbed 

polymer layers can restrict pore size and create additional mobility-reduction/flow-resistance 

(Browne et al., 2020).  
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Elongation ability depends on many factors such as polymer molecular structure/type, 

solvent (brine) salinity, and flowing flow rate (Browne et al., 2020, Moan and Omari, 1992, 

Sugar et al., 2020). Decreasing solvent quality with increasing salinity (in HPAM, for 

example) generally reduces coil gyration and hydrodynamic radius due to compressing the 

electrical double layer on molecular chains and reducing electrostatic repulsion (as discussed 

in section 2.2.2). Therefore higher flow rates are necessary to such uncoil polymers thus 

making the apparent coil-stretch transition or elongation/thickening begin at higher flow rates 

(Skauge et al., 2018, Briscoe et al., 1999, Dupuis et al., 1994, Ait‐Kadi et al., 1987, Maia et 

al., 2005, Maia et al., 2011). Moreover, the polymer bridging/plugging effect increases not 

only with increasing flow rate but also with decreasing polymer concentration as coil 

stretching becomes more difficult under overlapping conditions (i.e. high concentration) and 

decreasing pore size. The bridging effect resulting from polymer elongation also increases 

due to the presence of residual oil saturation that reduces the pore cross-section (in front of 

water-wet pore throats due to capillary forces) and increases shear rate(Denys et al., 2001, 

Moan and Omari, 1992).   

 

Figure 2-7: Schematic diagram of flexible polymer adsorption in pore media; (a) under low rate injection, (b) 

under high rate injection, and (c) polymer bridging. 

Moreover, Park et al., (2015) report that there is a critical polymer injection rate below which 

the adsorbed layer thickness is independent of the injection rate, above which the adsorbed 

layer thickness gradually increases(Park et al., 2015, Chauveteau et al., 2002, Ogunberu and 

(a) Low flow rate (b) High flow rate 
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Asghari, 2005). Ogunberu and Asghari, (2005) showed that at polymer injection rate lower 

than a critical injection shear rate (300 s-1), only static adsorption existed, while at higher 

injection rates the adsorbed polymer layer improved due to flow-induced adsorption. It was 

pointed out that at high injection rates (i.e. high hydrodynamic force), additional 

macromolecules penetrate inside the static adsorption layer by overcoming the osmotic force 

barrier), similar to Figure 2-6. As a result, the density of adsorbed macromolecules increases. 

Moreover, it is expected that hydrodynamic force is highest at the entrance of pore throats, 

where polymer adsorption has a strong effect on permeability reduction(Ogunberu and 

Asghari, 2005). Nevertheless, it seems that there is a higher critical injection rate after which 

the adsorption become almost stable(Qi et al., 2013).  

Table 2-3 shows literature data on the effect of polymer flow/shear rate on polymer 

adsorption. This table shows polymer adsorption as a function of flow/shear rate, in different 

forms which are: increasing adsorption layer thickens (e),  adsorption concentration or more 

obviously and traditionally by flow resistance (RF)/mobility reduction (Rm). Mobility 

reduction(Mishra et al., 2014) and polymer layer thickens(Al-shajalee et al., 2019b, Al-

Shajalee et al., 2020b) are a function of pressure drop:  

𝑅𝑚 =
𝜆𝑤

𝜆𝑝
                         (1)   

where 𝜆𝑤 is the mobility of water and 𝜆𝑝is the mobility of polymer solution. The mobility is 

calculated using Darcy’s equation (λ=𝑞𝐿 𝐴∅∆𝑝⁄ ).   

𝑒 = 𝑟 (1 −
1

𝐹𝑟𝑟𝑤
0.25)          (2) 

Where r is the average pore radius and 𝐹𝑟𝑟𝑤 is the residual resistance factor: 

𝐹𝑟𝑟𝑤 =
𝜆𝑤 𝑏𝑒𝑓𝑜𝑟𝑒

𝜆𝑤 𝑎𝑓𝑡𝑒𝑟
            (3) 

Where 𝜆𝑤 𝑏𝑒𝑓𝑜𝑟𝑒 is the mobility of water before polymer treatment and 𝜆𝑤 𝑎𝑓𝑡𝑒𝑟  is the 

mobility of water after polymer treatment.  
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Table 2-3: Schematic illustration of static adsorption and flow-induced adsorption. 

Reference  Flow rate (cm3/min or Pv/min) or 

shear rate (s-1)  

Adsorption layer thickness (μm), 

adsorption concentration (mg.cm-2) or 

mobility reduction (Rm) 

(Chauveteau et al., 

2002) 

18-60 (critical) -290 s-1 0.6-0.8-1.8 μm 

(Ogunberu and 

Asghari, 2005) 

65-300 (critical) -3000 s-1  0.12-4-4.3 μm 

(Qi et al., 2013) 0.25-2 (critical) -4 cm3/min 0.54-2.12-2.18 μm 

(Al-Sharji et al., 

2001a) 

0.01, 0.02 and 0.04 cm3/min 3, 3.6 and 4 Rm 

(Bhatnagar and 

Eoff, 2016) 

7 and 35 milli Pv/min 2 and 4 mg.cm-2 

(Denys et al., 

2001) 

59, 119 and 178 s-1 5, 18 and 75 Rm 

 

2.2.9 The effect of temperature 

Previous studies are in general agreement that reservoir temperature affects RPM 

performance such that the temperature tends to increase polymer adsorption followed by a 

flattening with further temperature rise(Ranjbar and Schaffie, 2000, Ranjbar et al., 1996, 

Tekin et al., 2010, Tekin et al., 2005, Zaitoun and Pichery, 2001, Pusch et al., 1995, Karimi 

et al., 2014b, Nieves et al., 2002, Qi et al., 2013, Kalfayan and Dawson, 2004). However, it 

has been argued that most RPMs work well at low-temperature conditions and tend to depict 

poor thermal stability at high-temperature conditions. Thus finding suitable polymers, 

especially in gel form, that are thermally stable for application in high-temperature wells is 

currently an area of investigation(Zhu et al., 2017, El-Karsani et al., 2014).  

2.3 Post-adsorption mechanisms  

Different physical mechanisms have been suggested in the literature to explain the origin of 

DPR behaviour: wall effects (i.e. steric, lubrication, wettability, and swelling/shrinking) and 
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fluid segregation. Although, there is evidence that all of these mechanisms occur; however, 

a comprehensive understanding of how these mechanisms affect each other (either 

cooperatively or against each other) is still a matter of active research.    

 

2.3.1 Fluid Segregated pathways  

Studies on multiphase flow in porous media generally agree that preferred pathways for 

wetting and non-wetting fluids are dominated by pore wettability, pore size, and capillary 

entrance pressure(Nilsson et al., 1998, Stavland and Nilsson, 2001, Ali and Barrufet, 2001, 

Grattoni et al., 2001d, Zaitoun and Kohler, 1988, Al-Muthana et al., 2012, Katika et al., 2016, 

Ladutko et al., 2012, Jaripatke et al., 2009). In addition, Anderson (1986) proposed that the 

wetting fluid preferentially fills the smallest pores and is in contact with the rock surface; 

while the non-wetting fluid typically inhabits the centres of the larger pores and extends 

continuously from pore to pore(Anderson, 1986) (see Figure 2-8a). Furthermore, due to 

capillary effects, the non-wetting phase needs to exceed a threshold pressure (or entrance 

pressure) to flow through the pores filled with the wetting phase. If the entrance pressure is 

not surpassed, the non-wetting phase will not flow through the pores(Stavland and Nilsson, 

2001) with smaller pores generally having a larger capillary effect(Ali and Barrufet, 2001, 

Al-Shajalee et al., 2020c, Al-shajalee et al., 2019b).  

 

 

Figure 2-8: Fluid Segregated pathways of wetting (water), non-wetting  (oil/gas) and water-based DPR fluids 

in water-wet pore network.  

(a) Before (b) After 

Water Oil/gas Polymer Rock
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Therefore, fluid segregation has been identified as a crucial mechanism to achieve DPR with 

water and oil/gas flowing in separate pathways of a porous media or defined parts of a pore 

and water-based DPR fluid only affects the water network(White et al., 1973, Liang et al., 

1995, Thompson and Fogler, 1997, Nilsson et al., 1998, Al-shajalee et al., 2019b, Al-Shajalee 

et al., 2020c, Stavland and Nilsson, 2001, Imqam et al., 2014, Jaripatke et al., 2009, Ladutko 

et al., 2012, You et al., 2013, Dovan and Hutchins, 1994, Liang et al., 1992, Liang and 

Seright, 1997, Seright, 1995, Zaitoun et al., 1998, Li et al., 2014, Sidiq, 2007, Zhao et al., 

2014, Scott et al., 2020, Song et al., 2015). For example, if the injected RPM agent is 

hydrophilic (i.e. a water-based DPR agent), it flows preferentially in the water-wet paths 

avoiding non-wetting paths. Therefore, a water-based DPR fluid settles onto a water-wet 

surface through electrostatic interactions and this is referred to as a ‘segregation mechanism’.  

However, as fluids may segregate differently after RPM sorption, the mechanism should be 

referred to as “initial fluid segregation” as the wettability characteristics 

evolve.  Nevertheless, as the water (i.e. wetting fluid) flows close to the water-wet pore 

surface and oil/gas (i.e. non-wetting fluid) flows preferentially through the center of these 

pores, which is free of polymer, the water permeability is selectively reduced with minimal 

effects on the non-wetting fluid flow (see Figure 2-8b)(Stavland and Nilsson, 2001, Jaripatke 

et al., 2009, Ladutko et al., 2012, You et al., 2013, Sidiq, 2007, Scott et al., 2020). Similarly, 

these roles would reverse if the pore surface was oil/gas wet(Stavland and Nilsson, 2001, 

Scott et al., 2020). Elsewhere in the literature, this mechanism is referred to as segregated 

pathways(Stavland and Nilsson, 2001, Al Ali, 2012, Scott et al., 2020, Jaripatke et al., 2009, 

Ladutko et al., 2012, You et al., 2013, Zhao et al., 2014, Liang et al., 2018, Liang et al., 2017, 

Liang et al., 1995), fluid partitioning (Zaitoun et al., 1998, Sidiq, 2007) and fluid distribution 

(Al-Sharji et al., 2001a, Al-Sharji et al., 2001b, Al-Shajalee et al., 2020c, Al-shajalee et al., 

2019b, Grattoni et al., 2001d, Zaitoun and Kohler, 1988, Mennella et al., 1998). For 

consistency, the term ‘fluid segregated pathways’ is used in this review.  
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2.3.1.1 Pore size effects (on fluid redistribution)  

The literature indicates that during multiphase flow in porous rocks, the relative 

permeabilities are controlled by the fluid distribution (or fluid segregation) depending on 

pores sizes of a rock(Grattoni et al., 2001d, Zaitoun and Kohler, 1988, Jaripatke et al., 2009, 

Ladutko et al., 2012, Al-Shajalee et al., 2020c, Al-shajalee et al., 2019b). In the water-wet 

system, after a polymer treatment the induced changes in the pores sizes and the subsequent 

redistribution of the wetting and non-wetting fluids are claimed to control DPR(Grattoni et 

al., 2001d, Al-Shajalee et al., 2020c, Al-shajalee et al., 2019b), see Figure 2-9.  To elaborate 

further, the very small pores that were before occupied with water (Figure 2-9a) will possibly 

be plugged by immovable RPM and water (Figure 2-9b). The moderate pores, that were 

formerly filled by wetting phase (water) and non-wetting phase (oil/gas) concurrently (Figure 

2-9a), after polymer adsorption, have a smaller size and accordingly greater capillary pressure 

and consequently, become occupied only by water (Figure 2-9b). The largest pores, though, 

possibly will remain comparatively large to be occupied by both wetting fluid (water) and 

non-wetting fluid (oil/gas) concurrently (Figure 2-9b)(Al-Shajalee et al., 2020c, Al-shajalee 

et al., 2019b, Grattoni et al., 2001d).  

 

Figure 2-9: Pore size changing before and after treatment and its eventual effects on wetting and non-wetting 

fluids redistribution.   

 

Another important condition to guarantee successful treatment is that the non-wetting fluid 

path remains continued after the treatment, else the treatment will cause permeability 

reduction for both wetting and non-wetting fluids(Stavland and Nilsson, 2001, Al-Shajalee 

(a) Before (b) After 

Water Oil/gas Polymer Rock
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et al., 2020c, Al-shajalee et al., 2019b). This happens when polymers induce relatively high 

polymer thickness onto the pore surface, therefore, oil/gas needs to exceed higher entrance 

pressure to flow through the same pore filled with the wetting phase and an extra layer of the 

adsorbed polymer, which further reduces the pore size(Ali and Barrufet, 2001, Al-Shajalee 

et al., 2020c, Al-shajalee et al., 2019b, Grattoni et al., 2001d, Zaitoun and Kohler, 1988). 

This highlights the role of rock permeability on the RPM’s performance(Al-shajalee et al., 

2019b). Moreover, this effect also likely happens when placing a strong gel in a porous media 

at residual oil/gas (non-wetting fluid) saturation. Therefore, the remaining oil/gas will be 

discontinuous or immobile and the only way to flow is to break the gel and open a permanent 

channel through the gel and/or shrinking the gel by hydrodynamic force(Stavland and 

Nilsson, 2001, Al-Shajalee et al., 2020c).  

 

2.3.1.2 Non-water-wet pores 

The non-water-wet pores i.e. oil/gas-wet pores influence the fluid distribution and in turn, 

impact the RPM performance. The symmetric state (i.e. Figure 2-8) would follow in gas/oil-

wet media, with water taking the place of gas/oil(Zaitoun et al., 1998, Stavland and Nilsson, 

2001, Al Ali, 2012, Scott et al., 2020, Song et al., 2015). However, if the water-based RPM 

is used, the RPM will not adsorb on the oil/gas-wet pore surface and will not flow through 

the small pores. As elaborated earlier that this will not be applicable because the preferred 

“initial” fluid segregation is not achieved, yet the RPM may retain in large pores where non-

wetting (water) and wetting (gas/oil) fluids can flow. Therefore, the DPR effect is not 

observed and the permeability reduction for both water and oil/gas will be minor(Stavland 

and Nilsson, 2001, Al Ali, 2012). If non-water-based DPR (i.e. oil/gas-based DPR) is used, 

the DPR will replace the oil/gas film and adsorb on the oil/gas-wet pore surface. Thus, the 

oil/gas permeability reduction will more likely be more than water, because the adsorbed 

layer will restrict the wetting fluid (oil/gas)(Stavland and Nilsson, 2001, Al Ali, 2012, Scott 

et al., 2020, Grattoni et al., 2002, Song et al., 2015). Unless the RPM is also capable of 
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altering the wettability from oil/gas-wet to water-wet state, thus wetting and non-wetting 

fluid will preferably be distributed (“final segregation”) and eventually the DPR will be 

achieved(Al-Sharji et al., 2001a, Stavland and Nilsson, 2001, Al Ali, 2012), see Figure 2-10.  

Similarly, Vasquez and Eoff, (2013b) state that the wettability alteration stage for oil-wet 

media to water-wet should be done first so that the RPM agents can effectively adsorb onto 

the rock surface(Vasquez and Eoff, 2013b). As we mentioned earlier after treatment fluids 

may segregate differently due to pore size and/or wettability alteration. Therefore, for 

recognition purposes, the segregation mechanism after RPM settlement should be called 

“final fluid segregation”. 

 

Figure 2-10: Fluid segregation during; (a) oil/gas-wet before polymer adsorption, and (b) after polymer 

adsorption and wettability alteration from oil/gas-wet to water-wet.  

Moreover, the literature data, though limited, reported some oil-soluble RPM agents. The 

tetra-methyl-ortho-silicate (TMOS) is an oil-soluble or oil-based gelant that was first 

introduced by Thompson and Fogler (Thompson and Fogler, 1997). TMOS can be injected 

into the wellbore dissolved in oil to follow the oil pathways, yet only reacts with the water 

(mass transfer, hydrolyzing then condensation) to produce a rigid silicate gel. Therefore it 

effectively restricts/blocks the water pathways with less effect on oil pathways (segregation 

mechanism) that results in a greater reduction in water relative permeability (Grattoni et al., 

2002, Karmakar et al., 2018, Karmakar et al., 2002). 

In case of polymer interactions with an oil-wet rock, better theoretical approaches (e.g. 

theories related to disjoining press such as DLVO, double layer expansion, surface 

complexation and induced polarity) are required for wettability alteration and polymer 

Water Oil/gas Polymer Rock

 (a)  (b)
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adsorption studies (Jha et al., 2019a, Takeya et al., 2020, Bordeaux-Rego et al., 2021, Hassan 

et al., 2020, Jha et al., 2020, Jha et al., 2021, Lopez et al., 2021, Arif et al., 2021). 

 

2.3.1.3 Fluid segregation in gel 

Polymer gels consist of polymer, cross-liker and solvent (often water, in case of water-based 

gel) (Karimi et al., 2016, Amir et al., 2019, Yi et al., 2017, Zhu et al., 2017). Gels are divided 

into two groups (organic or inorganic) depending on the cross-linker type, which is organic 

(such as polyethyleneimine, aldehydes and formaldehyde ) and inorganic (which are usually 

a trivalent/tetravalent cation such as Al+3, Cr+3, Zr+3) (Amir et al., 2019, Karimi et al., 2014b, 

Yi et al., 2017, Zhu et al., 2017). Cross‐linker chemically helps to connect two polymer 

molecules, where this process depends on the concentration of each component, temperature, 

and time. Additives help to control gel strength, gelation time, and thermos-stability. 

Therefore, they are normally used in high-permeability and fractured reservoirs for EOR and 

RPM applications (Karimi et al., 2014b, Yi et al., 2017, Sidiq, 2007, Jinxiang et al., 2013, 

Yadav et al., 2020, Liang et al., 2017, Liang et al., 2018, Zaltoun et al., 1991, Grattoni et al., 

2004, Hajilary et al., 2015b). 

Therefore, the segregation mechanisms presented earlier, the literature proposed that oil/gas 

and water segregate through gels by a somewhat different mechanism to that in the presence 

of non-gel polymer(Liang et al., 2018, Liang et al., 2017, Willhite et al., 2000, Nguyen et al., 

2006, Seright et al., 2004, Seright et al., 2006, Al-Shajalee et al., 2020c). Literature advocated 

that post gel placement, oil fingers through the gel by rupturing the gel, Figure 2-11a. Yet, the 

rupture can also be created by water if the gel placement is directly followed by water 

injection. Nevertheless, water flows mainly in the channels created and also causes water-

based gel to swell due to rehydration, Figure 2-11b. This in turn reduces the size of the created 

channel and forces the water (i.e. solvent) to flow (i.e. diffuse) through the gel itself, Figure 

2-11c. Thus, the permeability of water gets reduced as the water’s pathways get partially 

closed due to a) the swelled gel due to rehydration by water and/or (b) the presence of the 
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trapped residual oil/gas saturation as water and oil/gas flow through the same channels. 

Notably, however gel shrinkage during oil flow can be beneficial to increase oil continuity 

that eventually leads to the DPR(Willhite et al., 2000, Stavland and Nilsson, 2001, Seright et 

al., 2004, Seright et al., 2006, Dawe and Zhang, 1994, Al-Shajalee et al., 2020b). More details 

about swelling/shrinkage will be presented in a separate section. 

 

Figure 2-11: oil and water flowing through gel-treated porous media. a) Oil flowing through gel-treated 

porous media, b) subsequent water flowing through gel-treated porous media, in presence of residual oil 

saturation, c) continues water flowing through gel-treated porous media, in presence of residual oil saturation 

after gel rehydration and swelling. 

Thus, in summary, the fluid segregation mechanism is applicable before the treatment as a 

primary condition to achieve RPM adsorption (or placement) and after the treatment where 

the RPM treatment is expected to preferably modify fluid segregation to achieve DPR. 

Therefore, it is better to differentiate between the initial and final fluid segregation. 

Moreover, having the segregation mechanism been supported as the main mechanism to 

achieve the DPR, it is still not the single explanation for the DPR.   

 

Water Oil/gas Polymer Rock

Water or oil/gas flowing Water difusing throuph the gel

(a)

(b) (c)
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2.3.2 Wall Effects  

Wall effects have been recognized as an important post-treatment factor. Generally, it is 

agreed that wall effects appear due to the presence of the layer of the adsorbed polymer on 

the pore walls(Zaitoun et al., 1998, Elmkies et al., 2002, Rellegadla et al., 2017, Scott et al., 

2020, Norouzi et al., 2017, Al-Shajalee et al., 2020c, Al-Shajalee et al., 2019a, Al-shajalee 

et al., 2019b, Browne et al., 2020, Al Ali, 2012, Lewis, 2014, Song et al., 2015, Sidiq, 2007, 

Bhatnagar and Eoff, 2016). The wall effect of RPMs can cause a noticeable reduction to 

water relative permeability but the minimum effect on oil/gas relative permeability due to the 

physical or chemical properties of the adsorbed layer(Lewis, 2014). It is claimed that the wall 

effect is expected to induce one or a combination of sub-effects that altogether determine the 

outcome of RPM treatment, and these include:  

2.3.2.1 Steric effect 

The steric effect is defined as a physical pore size restriction/reduction that can be caused by 

the firm and impenetrable layer of the adsorbed polymer on the pore walls(Zaitoun et al., 

1998, Lewis, 2014, Scott et al., 2020, Browne et al., 2020, Sidiq, 2007, Al-Shajalee et al., 

2020c, Al-Shajalee et al., 2019a, Al-shajalee et al., 2019b, Hirasaki and Pope, 1974, Tielong 

et al., 1996, Li et al., 2014). Therefore, in water-wet rocks as the water flow close to the pore 

walls the RPM layer restricts the flow of water fluid. In contrast, as non-wetting fluid (i.e. 

oil/gas) tend to flow through the center of the pore channels, which is free of polymer, the 

non-wetting fluid is insignificantly affected(Zaltoun et al., 1991, Tielong et al., 1996, 

Stavland and Nilsson, 2001, Scott et al., 2020, Al Ali, 2012, Lewis, 2014, Sidiq, 2007, Song 

et al., 2015).  

As the polymer layer thickness increases, water permeability decreases(Sidiq, 2007).  

However, it is also reported that RPM’s can remarkably reduce both wetting and non-wetting 

fluid(Al-Shajalee et al., 2020c, Al-shajalee et al., 2019b, Nieves et al., 2002). Therefore, it 

has been claimed that the efficiency of an RPM to restrict the water flow with less effect on 

oil/gas flow (i.e. DPR) is directly related to the ratio of polymer layer thickness over the pore 
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radius (i.e e/r) rather than to only polymer layer thickness (e)(Zaltoun et al., 1991, Al-Sharji 

et al., 2001a, Grattoni et al., 2004, Al-Shajalee et al., 2020c, Al-shajalee et al., 2019b, Browne 

et al., 2020). This implies that both initial pore sizes or initial rock permeability and the layer 

thickness of the adsorbed polymer play an important role in determining the 

success/efficiency of an RPM treatment(Kalfayan and Dawson, 2004, Al-shajalee et al., 

2019b, Mennella et al., 1998, Qi et al., 2013, Elmkies et al., 2002, Zaitoun and Pichery, 2001, 

Burrafato et al., 1999, Jinxiang et al., 2013, Al-Shajalee et al., 2020c, Al-Shajalee et al., 

2019a). Beside polymer adsorption there are other restrictions also that can cause the steric 

effect: 

2.3.2.1.1 Water saturation  

It has been stated that after polymer treatment the water retention (i.e. water saturation) 

increases(Scott et al., 2020) and subsequently this can also cause more pore size restriction 

to flowing oil/gas fluid(Stavland and Nilsson, 2001). It is worth mentioning that water 

saturation increment has been attributed to three factors; 1) the hydration property of the 

polymer molecules, 2) rock surface alteration to more water-wet, and 3) the capillary trapping 

phenomena(Zaitoun et al., 1998, Tielong et al., 1996, Elmkies et al., 2002, Scott et al., 2020). 

The latter one is due to the steric effect of the adsorbed polymer where the small pores 

become even smaller and only accessible to wetting fluid due to capillary effect, which is 

inversely proportionate to the pore size(Ali and Barrufet, 2001, Grattoni et al., 2004, Al-

Shajalee et al., 2020c, Al-shajalee et al., 2019b). This implies that increasing the capillary 

pressure can render the non-wetting fluid inaccessible into small pores (Ali and Barrufet, 

2001). In other words, increasing water saturation automatically induces a reduction in non-

wetting fluid relative permeability(Chiappa et al., 1997, Zaitoun and Pichery, 

2001). Therefore, the reduction in the non-wetting fluid permeability cannot be attributed 

only due to the polymer layer, but also to the increase in water saturation or water layer 

thickness(Chiappa et al., 1997, Al-Shajalee et al., 2020c), see Figure 2-12.  
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Figure 2-12: The effect of increasing water saturation on non-wetting fluid accessibility. 

 

2.3.2.1.2 Sor/Sgr residual saturation  

It has been stated that the trapping of residual saturation of non-wetting fluid (i.e. oil/gas) can 

also assist towards more DPR(Seright et al., 2006, Seright et al., 2004, Al Ali, 2012, Al-

Shajalee et al., 2020b, Song et al., 2015). Investigations(Yadav et al., 2020, Liang et al., 2017, 

Liang et al., 2018, Prado Paez et al., 2009, Al-Shajalee et al., 2020b) suggest that the 

significant trapping of residual non-wetting saturation (Sgr/Sor) due to RPM treatment can 

cause greater restriction to wetting fluid flow (water) and eventually significantly increase 

the water permeability reduction, see Figure 2-13.  

 

Figure 2-13: Decreasing water permeability due to the trapped residual saturation of non-wetting fluid (i.e. 

oil/gas). 

2.3.2.2 Lubrication Effects 

Polymer adsorption on the pore wall can induce a major lubrication effect that favours the 

flow of non-wetting fluids (i.e. oil/gas), and ultimately leads to DPR(Scott et al., 2020, 

Rellegadla et al., 2017, Lewis, 2014, Al-Shajalee et al., 2020b, Al-Shajalee et al., 2019a, Al-

shajalee et al., 2019b, Al-Sharji et al., 2001a, Zaitoun and Kohler, 1988, Zaitoun et al., 1990, 

Water Oil/gas Polymer Rock

(a) Before the adsorption (b)After the adsorption 

Water Oil/gas Polymer

Rock Flowing water
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Dovan and Hutchins, 1994, Norouzi et al., 2017). To elucidate, the lubrication effect can 

facilitate the flow of the non-wetting phase (i.e. oil/gas) and facilitate its displacement by; 1) 

making it slip through the centre of pore channels, and 2) reducing the roughness of the pore 

surface(Zaitoun and Kohler, 1988, Tielong et al., 1996, Zaitoun et al., 1998, Elmkies et al., 

2002, Nieves et al., 2002, Scott et al., 2020, Rellegadla et al., 2017). Further, the formed 

water film on the RPM-covered pore surface can increase the lubrication effect(Zaitoun et 

al., 1998, Zaitoun and Kohler, 1988, Al-Shajalee et al., 2020b, Al-Shajalee et al., 2019a, Al-

shajalee et al., 2019b). Studies also show that the adsorbed RPM layer on the pore wall can 

improve the flow of non-wetting fluids via extending the laminar flow region, avoiding the 

turbulent flow regime, or decreasing inertial effects(Zaitoun et al., 1990, Al-Shajalee et al., 

2019a, Song et al., 2015, Elmkies et al., 2002).  

2.3.2.3 Wettability alteration due to treatment (final wettability) 

Literature reported that the DPR outcome of RPM treatment is attributed to the rock surface 

wettability alteration from oil-wet to water-wet. This is because the RPM agents (e.g. 

polymers) adsorb onto the rock surfaces and thus renders it more water-wet. Consequently, 

the water phase flows close (or closer) to the pore surfaces that subsequently helps the non-

wetting fluid unrestrictedly flow through the centre of the pore channels whereas the relative 

permeability of the water may be reduced as water flows in contact with the adsorbed 

polymer layer(Zaitoun et al., 1998, Zaitoun and Kohler, 1988, Zaltoun et al., 1991, Tielong 

et al., 1996, Al-Sharji et al., 2001a, Karimi et al., 2014b, Ahmed et al., 2020, Al Ali, 2012, 

Song et al., 2015, Rellegadla et al., 2017, Lewis, 2014, Qi et al., 2013). It is worth noting that 

both effect (i.e. wettability alteration and/or lubrication effect) eventually helps the non-

wetting fluid flowing through the centre of the pores with less restriction(Zaitoun et al., 

1998). In other words, lubrication effect and/or wettability alteration towards water wet 

counterbalance or compete steric effect toward less effect on non-wetting phase which 

eventually aid in DPR. 
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Qi et al. (2013) experimental results indicate that, for example, a cationic polyacrylamide 

treatment declines the contact angle of a glass surface from 105o to 75o. Similar observations 

have been reported by(Chiappa et al., 1999).e.g. a cationic polyacrylamide treatment declines 

the contact angle of a glass surface from 120o to 75o. However, both studies show that treating 

the same surface (oil-wet) with anionic/weakly-anionic polymer could barely change the 

contact angle. In addition, previous studies used water-wet core samples and the wettability 

alteration was interpreted via a change in krw/krg - Sw curves after the RPM treatment (Karimi 

et al., 2014b, Tielong et al., 1996, Schneider and Owens, 1982, Zaitoun and Kohler, 1988, 

Zaitoun et al., 1998). Before the treatment, the krw branch (of the relative permeability curve) 

was much lower than the krg branch and the water saturation at the intersecting point of krw 

and krg branches is greater than 50% (i.e. water-wet). After polymer treatment, the krw branch 

becomes much lower than that before the treatment and the water saturation at the intersecting 

point also becomes higher (Karimi et al., 2014b, Tielong et al., 1996). Similar observations 

have been reported by other studies (Schneider and Owens, 1982, Zaitoun and Kohler, 1988, 

Zaitoun et al., 1998). Karimi et al., (2014b) attribute the krw/krg - Sw curves modification to a 

combination of wettability alteration and steric effects of an RPM treatment.  

However, Al-Shajalee et al., (2020b) showed that positively charged poly (acrylamide-co-

diallyldimethylammonium chloride) on a negatively charged glass surface can change the 

water contact angle from 16o to 32 o (with 0.2 wt.% KCl). Nevertheless, the treatment resulted 

in significant water permeability reduction for low permeability rocks (Socito, ~3 mD, Gray 

Bandera, ~23 mD, and San Saba, ~70 mD)(Al-Shajalee et al., 2020d). Moreover, zeta 

potential measurements showed that treating negatively charged surfaces with positively 

charged polymers alters the surfaces from negative to less negative or to positive charge 

(Tekin et al., 2005, Tekin et al., 2010, Al-Shajalee et al., 2020d).  
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2.3.2.4 Swelling / shrinking effect 

From wall effect considerations, the firm adsorbed polymer layer onto the pore surface 

reduces the pore cross-sectional area.  This in turn can lead to reducing the relative 

permeability of both wetting and non-wetting fluids(Zaitoun and Kohler, 1988, Kalfayan and 

Dawson, 2004, Mishra et al., 2014, Al-Shajalee et al., 2020c, Al-Shajalee et al., 2019a, Al-

shajalee et al., 2019b). However, for plausible interpretation to DPR observations, it has been 

reported that water-base RPMs swell (hydrates) in presence of water, therefore, resist water 

flow while they shrink (dehydrates) in presence of oil/gas fluid so oil/gas flow easily. In other 

words, RPM’s swelling/shrinking characteristic depends on the flowing fluid phase that 

ultimately leads to DPR phenomena and aids in selective permeability reduction 

(SPR)(Imqam, 2015, Lewis, 2014, Seright et al., 2006, Sidiq, 2007, Askarinezhad et al., 

2016, Li et al., 2014, Mennella et al., 1998, Mishra et al., 2014, Liang et al., 2018, Liang et 

al., 2017, Willhite et al., 2000, Nguyen et al., 2006, Al-Sharji et al., 1999b). The factors that 

influence the RPM’s swelling/shrinking phenomenon are:   

2.3.2.4.1 The type of flowing fluid (water, oil or gas) 

It has been reported that as water can defuse through polymer/gel layer, the water induces 

charge repulsion between the hydrolyzed groups in polymer/gel which in turn the 

polymer/gel swells and subsequently resists the flow of water(Zaitoun and Pichery, 2001, 

Mishra et al., 2014, Lewis, 2014, Seright et al., 2006, Sidiq, 2007, Askarinezhad et al., 2016, 

Mennella et al., 1998), see Figure 2-14a. Furthermore, it has been stated that the mechanical 

force exerted by flowing oil/gas fluid on polymer/gel causes water expulsion from the 

polymer/gel which eventually causes gel shrinkage(Zaitoun et al., 1998, Al-Shajalee et al., 

2020c, Al-Shajalee et al., 2019a, Al-shajalee et al., 2019b, Lewis, 2014, Seright et al., 2006, 

Mennella et al., 2001, Liang et al., 1995, Liang and Seright, 1997, Dawe and Zhang, 1994, 

Elmkies et al., 2002, Sidiq, 2007, Mennella et al., 1998) , see Figure 2-14b.  
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Figure 2-14: (a) water-based DPR swells (hydrates) during water flowing (b) water-based DPR shrikes 

(dehydrates) during oil flowing. 

 

2.3.2.4.2 Brine and oil/gas injected PV 

Studies emphasized the importance of brine injection volume on the swelling/shrinkage 

effect of placed RPM in porous media. It has been reported that as water fluid flows over the 

adsorbed polymer layer, the layer gradually swells and subsequently causes a reduction in 

water effective permeability(Barrufet and Ali, 1994, Mishra et al., 2014, Imqam, 2015, Wu 

et al., 2020). Likewise, field treatments also reported a similar trend as fluid production time 

passes(Ranjbar and Schaffie, 2000, Dovan and Hutchins, 1994, Kalfayan and Dawson, 2004). 

Moreover, polymer/gel swelling is also reported as a function of the time when polymer/gel 

is in contact with static brine. The literature shows that as time moves on the swelling ratio 

will gradually increase until it reaches a plateau and no further swelling occurs(Abdulfarraj 

and Imqam, 2019, Kalgaonkar et al., 2013, Sydansk, 1988, Song et al., 2018a, Chen et al., 

2020a, Imqam, 2015, Chen et al., 2020b). The effect of oil injection volume on oil 

permeability reduction in cross-linked polymer treated permeable medium was also studied. 

The results showed that as oil-injected PV increases (up to 110PV), oil permeability reduction 

was gradually decreasing (i.e. oil permeability gradually recovering). This phenomenon is 

attributed to gel dehydration and that with greater oil PV flowing, more dehydration 

occurred(Liang et al., 2018, Liang et al., 2017). A similar observation was reported by(Dawe 

Water Oil/gas Polymer Rock

Fluid flowingWater diffusing or expulsion RPM swelling RPM shrinking

(a) (b)
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and Zhang, 1994, Willhite et al., 2000, Nguyen et al., 2006). Literature also reported that 

RPM displacement may occur because of oil flow(Willhite et al., 2000, Liang et al., 2017).  

2.3.2.4.3 Brine & oil/gas flow rate 

The performance of placed RPMs is dependent on fluid flow rate. The permeabilities of water 

and oil/gas were found to vary with flow rate (more precisely shear rate) due to increasing 

the hydrodynamic forces exerted on the placed RPMs(Song et al., 2015, Al-Shajalee et al., 

2020c, Al-Shajalee et al., 2019a, Al-shajalee et al., 2019b, Qi et al., 2013, Mishra et al., 2014, 

Al-Sharji et al., 2001b, Al-Sharji et al., 1999b, Zaitoun and Kohler, 1988). The flow rate 

dependency was attributed to the deformable fluids (i.e. flexible polymer/gel) due to their 

elastic properties(Cohen and Christ, 1986, Saphiannikova et al., 1998, Al-Sharji et al., 1999b, 

Al-Sharji et al., 2001b). Flexible polymer deformability (i.e. shear-thinning/thickening 

behaviour) is attributed to stretching properties of the adsorbed flexible polymers/gels, see section 

2.8. 

Brine: it has been reported that as water flow rate increases, RPM performance or water 

residual resistance factor (Frrw, Equation 3) decreases. This trend has been attributed by 

numerous researchers to the shear-thinning behaviour of the placed-RPMs(Barrufet and Ali, 

1994, Liang and Seright, 1997, Zaitoun and Kohler, 1988, Hajilary and Shahmohammadi, 

2018, Nguyen et al., 2006, Song et al., 2015, Yadav et al., 2020, Stavland et al., 2011, Al-

shajalee et al., 2019b, Al-Shajalee et al., 2020c). However, other trends, i.e. shear-thickening 

and shear-independency, which mainly depend on the flexibility property of polymers and 

the applied shear rate, were also reported(Al-Sharji et al., 2001a, Al-Shajalee et al., 2019a, 

LIU et al., 2009). For example, LIU et al. (2009) interpreted that as fluid injection rate 

increases, fluid has larger force to diffuse through the adsorption layer and subsequently the 

polymer layer swells further which eventually induces greater influence on the fluid 

permeability(LIU et al., 2009). Nevertheless,  the maximum limit of polymer layer 

swelling/stretching is controlled by polymer chain length, therefore when the injection rate 

reaches a critical value, the swelling/stretching of the polymer layer reaches a maximum 
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too(Qi et al., 2013). Table 2-4 shows literature data regards the effect of brine flow rate on 

RPM behavior. 

Table 2-4: Studies on the effect of brine flow rate on RPM performance.  

 Used RPM Porous 

media 

 

Permeability, 

mD 

Flow rate 

range, 

cm3/min 

 Frrw or 

PR% 

RPM 

behaviour  

(Al-

Shajalee 

et al., 

2020b) 

P(AAM‐co‐

AA)Na cross-

linked with Cr3+ 

Berea 

sandston 

140 Qw= 0.1 - 

160 

Frrw= 3.8 - 

1.7  

shear-

thinning 

(Qi et 

al., 

2013) 

Cationic 

polyacrylamide  

Sandpack - Qw= 0.1 - 2 

(criticle) - 

4 

Frrw= 4.3 – 

7  6.5 

shear-

thickening 

(Al-

Sharji et 

al., 

2001a) 

cationic 

polyacrylamide 

Micromodel - Qw= 0.01, 

0.02, 0.04 

PRw = 60, 

60, 60 % 

shear-

independency 

Oil/gas: Reports show that with increasing oil shear rate, RPMs behaved as shear-

independent(Nguyen et al., 2006, Hajilary and Shahmohammadi, 2018, Liang et al., 1995, 

Liang and Seright, 1997, Barrufet and Ali, 1994, Zaitoun and Kohler, 1988), shear-

thinning(Song et al., 2018b), or shear-thickening agents(Qi et al., 2013). On the other hand, 

even though fewer works studied the gas effect, shear-thinning (Song et al., 2015) and shear-

thickening behaviours(Al-Shajalee et al., 2020b, Al-Shajalee et al., 2019a, Al-shajalee et al., 

2019b, Song et al., 2015) were also reported due to increasing gas shear rate. The above 

studies attribute the shear-independency to the immiscibility of oil with water-based RPMs 

while shear-thinning is attributed to RPM dehydration. However, shear-thickening behaviour 

is still more challenging. Micromodel results presented by (Al-Shajalee et al., 2020b) show 

that increasing gas flow rate causes trapping and dissolving of gas bubbles in the gel which 

causes gel expansion(Al-Shajalee et al., 2020b). Results also show shear thickening 
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behaviour for the used RPM with increasing oil flow rate(Qi et al., 2013). However, since 

the oil needs a bigger force to penetrate the adsorbed polymer layer, the polymer layer swells 

less in comparison to polymer swelling during water injection(Qi et al., 2013) and gas 

injection(Al-Shajalee et al., 2020b). Table 2-5 shows literature data regards the effect of gas 

flow rate on RPM behaviour. 

Table 2-5: Studies on the effect of oil/gas flow rate on RPM performance. 

 Used RPM Porous 

media 

 

Permeability, 

mD 

Flow rate range, 

cm3/min 

 Frrg or Frro 

(Al-

Shajalee 

et al., 

2020b) 

P(AAM‐co‐AA)Na 

cross-linked with 

Cr3+ 

Berea 

sandston 

140 Qg= 0.1 - 160 Frrg= 0.1 -2 

 

(Qi et al., 

2013) 

Cationic 

polyacrylamide  

Sandpack - Qo= 0.1 - 2 

(criticle) - 4 

Frro=1.8-2-2 

 

2.3.2.4.4 Effect of brine salinity 

Literature reports that polymers/gel layer either swells or shrinks when they are formed with 

or come in contact with brine(Al-Shajalee et al., 2020c, Zaltoun et al., 1991, Han et al., 2014, 

Farasat et al., 2017, Khamees and Flori, 2018, Heidari et al., 2019, Cozic et al., 2008, Imqam, 

2015). It has been stated that the electrostatic interactions between the molecules of polymer 

and brine affect not only polymer adsorption on a surface (see section 2.2.2) but also the 

polymer layer thickness(Chiappa et al., 1999, Pusch et al., 1995, Ranjbar and Schaffie, 2000, 

Zaitoun and Pichery, 2001, Nieves et al., 2002, Sydansk, 1993, Karimi et al., 2014b, Qi et 

al., 2013, Zaltoun et al., 1991, Kalfayan and Dawson, 2004, Mishra et al., 2014, Al-Hashmi 

and Luckham, 2010, Tekin et al., 2005, Tekin et al., 2010, Al-Shajalee et al., 2020c).  

It has been shown that increasing the positively charged ionic strength of brine in an anionic 

polymer causes reducing the hydrodynamic radius of polymer molecules due to decreasing 
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the electrostatic repulsion between the polymer-polymer molecules(Mishra et al., 2014, 

Zaltoun et al., 1991). However, the opposite will happen in the case of cationic polymer(Al-

Shajalee et al., 2020c, Mishra et al., 2014, Zaltoun et al., 1991, Tekin et al., 2005, Tekin et 

al., 2010, Chiappa et al., 1999, Grattoni et al., 2004, Al-Hashmi and Luckham, 2010). Al-

Shajalee et al., 2020b show that as the cations K+ increases in the positively charged polymer, 

the zeta potential of polymer-brine-polymer shifted from positive to negative values. They 

interpreted that this is due to the polymer cation-cation electrostatic repellence increases or 

the attraction reduced(Al-Shajalee et al., 2020c), see Figure 2-15. Similar observations have 

also been reported in literature(Grattoni et al., 2004, Al-Hashmi and Luckham, 2010, Tekin 

et al., 2010, Dang et al., 2014). This phenomenon was interpreted that as the negatively 

charged surface being screened and henceforth more extended loops and tails of the adsorbed 

polymer molecules (Al-Hashmi and Luckham, 2010). In addition, Tekin et al., (2010) 

explained that increasing the salinity can increase the degree of dissociation of polymer 

molecules by facilitating the protonation(Tekin et al., 2010).   

  

Figure 2-15: polymer layer thickness adjustment as a function to brine salinity.  

To elaborate this further, Imqam, (2015) used particle gel (created with a super absorbent 

polymer (SAP)) to tackle water channeling in high-permeability streaks and fractures. These 

particles have a swelling ratio of 30-200 times the original volume. It was claimed that 

adjusting brine salinity can control the particle size. Further, the swelling pressure of such 

particles was regarded as a combination of osmotic pressure and elastic pressure. The osmotic 

pressure helps to swell the gel, whereas the elastic pressure constrains the swelling. The 

osmotic pressure in turn comprises two contributions, polymer-solvent mixing, and the 

Polymer chains

Water Oil/gas Polymer Rock

HS 

LS

LS 

HS
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mobile ion concentration(Imqam, 2015). Moreover, regardless of reservoir brine salinity, 

brine-insensitive polymer (i.e. non-ionic polymers) with a swelling agent can also be 

used.(Zaltoun et al., 1991, Xindi and Baojun, 2017) 

In summary, the brine salinity of a candidate reservoir plays a significant role to adjust RPM 

hydrodynamic thickness. This eventually can serve to achieve an optimum DPR and make 

the polymer suitable for broad implications. Therefore, the attention was to achieve; a) low 

polymer hydrodynamic thickness when treating low permeable rocks to avoid non-wetting 

fluid plugging (Al-Shajalee et al., 2020c, Moghadasi et al., 2019) and, b) high polymer 

hydrodynamic thickness to induce higher water permeability reduction in high permeable 

rocks(Zaltoun et al., 1991, Kohler et al., 1993, Xindi and Baojun, 2017, Imqam, 2015). 

Nevertheless, more studies are needed to serve certain implications for different well 

candidates (i.e. rock type and brine composition, and ionic charge).  

2.3.2.4.5 The effect of pH 

It is reported that the swelling ratio of pH-sensitive polymers can be controlled by adjusting 

the solution pH value(Al-Anazi and Sharma, 2002, Imqam, 2015). The results showed that 

the used polymers began to adsorb water then swell as the pH increased. Al-Anazi and 

Sharma, (2002) elucidate that as pH increases the electrostatic repulsion force and the 

polymer chain increase. This in turn causes the polymer to uncoil and stretch(Al-Anazi and 

Sharma, 2002).  

2.3.2.4.6 The elasticity of polymer/gel   

When water flows through water-affinity gels, the gels swell due to rehydration while gels 

shrink due to dehydration during oil flow(Liang et al., 2018, Liang et al., 2017, Willhite et 

al., 2000, Seright et al., 2006, Nguyen et al., 2006, Mishra et al., 2014, Al-Sharji et al., 1999b, 

Imqam, 2015, Lewis, 2014, Sidiq, 2007, Askarinezhad et al., 2016, Li et al., 2014, Mennella 

et al., 1998). However, the swelling/shrinkage process for RPMs depends not only on osmotic 

force (which causes swelling) but also on the elasticity (which restrains the swelling)(Imqam, 

2015). It is also argued that when oil/gas droplets are forced to flow through gels, the droplets 
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compress the gel and create a path through the center of the channel. When the droplets move 

forward, the gel regains its original position. These movements, i.e. the opening and closing 

actions of the gel, are temporary and reproducible due to gel elasticity(Al-Sharji et al., 2001b, 

Al-Shajalee et al., 2020b, Dawe and Zhang, 1994), see Figure 2-16.  

 

Figure 2-16: the opening and closing actions of the gel during oil/gas flowing due to gel elasticity 

 

Furthermore, the literature explains that oil droplets can flow through the gel if capillary 

forces overcome the gel elastic force(Liang and Seright, 1997, Liang et al., 1995).  In short, 

the capillary forces tend to keep or minimize the oil droplet radius thus keeping a path open 

through the gel layer, whereas the elastic forces of the gel layer tend to close this path(Liang 

and Seright, 1997, Liang et al., 1995, Kalfayan and Dawson, 2004, Nguyen et al., 2006, 

Hajilary et al., 2015a). Therefore efficient gel should be highly water-soluble and soft 

enough, thus the gel layer is easily compressed by capillary pressure so oil relative 

permeability is less affected(Omari et al., 2006). In other words, rheological behavior for 

shutoff gels should be well understood and monitored(Omari et al., 2006). 

2.4 Conclusion 

Excessive water production from oil and gas wells remains a key challenge for the oil and 

gas industry. To control this undesired water production, polymer treatments are often used. 

However, the success of polymer RPM treatment depends on a proper understanding of the 

factors influencing the polymer/rock/fluid interactions. This review, therefore, provides a 

comprehensive evaluation of all the possible mechanisms that are related to 

polymer/rock/fluid interactions in porous media. A better understanding of these mechanisms 

Water Oil/gas Polymer Rock
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is crucial for successful RPM treatment and thus a considerable control on water production. 

Moreover, the mechanisms pertinent to RPM were often reported either separately or as a 

combination of two or more mechanisms, however, their sequential order was not clear or 

was least emphasized. Thus, this review also provides a sequential order of RPM 

mechanisms.  

The following conclusions can be drawn from this review:   

1) The adsorption of polymers in porous media is a primary mechanism for the DPR. 

2) Rock initial wettability and the associated fluid/polymer-rock interactions are 

significantly related to polymer adsorption. Polymers should be nominated based on 

their ability to exhibit strong attraction with the rock surface to maximize the 

adsorption and polymer layer stability. Polymer/rock interactions depend not only on 

the ionic charge of polymers but also on the brine composition, ionic charge, and 

ionic strength. Variable brine ionic strength may unfold two consequences: 1) 

increase/decrease adsorption, and 2) swell/shrink the adsorbed polymer layer.  

3) The factors such as polymer concentration, polymer molecular weight, aging time, 

polymer injection volume, polymer injection rate, and reservoir temperature play a 

significant role in polymer adsorption.  

a) Increasing the concentration of the injected polymer enhances polymer 

adsorption. 

b) While increasing polymer molecular weight increases its adsorption, lower 

molecular weight polymers may still be preferred to avoid injectivity and fluid 

plugging problems. 

c) As polymer aging time increases, the static adsorption of a polymer increases 

until it reaches a maximum value (plateau, equilibrium, or saturation). 

d) With the increase in the pore volume of the injected polymer, the dynamic 

polymer adsorption increases due to polymer-polymer entanglement until it 

levels off due to adsorption saturation. 
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e) As the polymer injection rate increases, the adsorption amount and the 

hydrodynamic thickness of the adsorption layer also gradually increases. 

There is a critical polymer injection rate below which the adsorbed layer 

thickness is independent of the injection rate. At high hydrodynamic forces, 

flexible polymers can experience a coil-stretch transition which can lead to 

irreversible polymer adsorption onto pore walls Nevertheless, there is another 

critical injection rate after which the adsorption becomes almost stable. 

f) Temperature tends to increase polymer adsorption followed by a flattening 

with further temperature rise. However, high temperatures (for example > 120 

°C) compromise RPM’s stability.  

4) Fluid segregation has been identified as a crucial mechanism for DPR. The key trend 

is that water and oil/gas flow in separate pathways of a porous media or in defined 

parts of a pore, thus water-based DPR fluid only affects the water network with less 

or no effect on oil/gas fluid. 

5) Wall effect, which is basically due to the presence of the adsorbed polymer layer onto 

the pore wall, is expected to induce one or a combination of sub-effects that altogether 

determine the outcome of RPM treatment, and these include: steric effect, lubrication 

effect, wettability modification effect, and swelling/shrinking effect. The steric effect 

is defined as a physical pore size restriction that can be caused by the firm and 

impenetrable layer of the adsorbed polymer on the pore walls. A greater polymer 

thickness induces a greater water permeability reduction, provided that the polymer 

layer thickness is not too large thus the minimum effect on non-wetting fluids. 

Lubrication effect and/or wettability alteration towards water wet counterbalance or 

compete for steric effect toward less effect on non-wetting phase which eventually 

aids in DPR. Moreover, the swelling/shrinkage mechanism can help to selectively 

adjust the polymer layer thickness (i.e. steric effect) depending on flowing fluid (i.e. 

RPM swells during water flow and shrinks during oil/gas flow) and eventually 

achieve DPR. 
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6) A more consistent agreement is found among the studies on the mechanism order that 

initial rock wettability effect comes first, followed by initial segregation, then 

adsorption, wall effects (i.e. steric, lubrication, wettability alteration and 

swelling/shrinkage effects) and then the final segregation.  
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Chapter 3:  Effective Mechanisms to Relate Initial Rock Permeability to Outcome of 

Relative Permeability Modification 

 

3.1 Introduction  

According to the Paris Agreement, the global 2030 agenda for promoting sustainable 

and clean energy development, 195 countries have pledged to formulate an energy structure 

that focuses on the utilization of non-fossil resources and natural gas. Although natural gas 

is a fossil fuel, it has been given consideration in the Agreement because its combustion can 

result in less than half the carbon emissions produced by its coal and oil counterparts. The 

above is in general indicative of the fact that natural gas is entering a significant development, 

producing and consuming phase (Wood, 2016b, Wood, 2016a, Xu et al., 2019, Li and Lu, 

2019, Cascio et al., 2018, Khan et al., 2019, Qyyum et al., 2019, Yang et al., 2016). However, 

with many reservoirs reaching their maturity, excessive water production has turned into a 

major challenge to field operators. It is widely known that water production can lead to a 

considerable reduction in the productivity of gas wells in particular(Chen et al., 2019b). 

Furthermore the operating costs associated with handling the water can be as much as $4 per 

every barrel of the water produced costing the oil and gas industry billions of dollars every 

year (Kalfayan and Dawson, 2004). It is worth noting that these costs are associated with 

only treating the water and not associated effects such as corrosion, loss of hydrocarbon 

production, etc.(Pusch et al., 1995, Evans, 2001, Inikori, 2002, Reynolds, 2002, Mohanty, 

2003, Karimi et al., 2014a, Hajilary  et al., 2015). Therefore, it is highly desirable to develop 

viable techniques that can help to reduce the amounts of water produced so the environmental 

profile of natural gas, as a low carbon transition fuel, can be further improved.   

Chemical treatments have been utilized to reduce water production. One class of material 

that has received widespread attention, due to their outstanding performance, are relative 

permeability modifiers (RPM) that can selectively reduce the permeability to water while 

having minimal effect on oil/gas. To date, most studies have focused on the use of RPMs to 

reduce water production from oil reservoirs, therefore, there is a need for studies focusing on 

gas reservoirs, as mentioned earlier, since natural gas is deemed as a transition fuel as we 

move towards renewable sources.  

Gas wells have distinct characteristics compared to the oil wells such as special fluid 

properties (e.g. low viscosity and density of gas) and high production flowrates. Therefore, 
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the selective behavior of the RPMs to reduce water permeability rather than that of the gas 

phase may not be as straightforward as that expected for oil wells. That is because factors 

such as viscosity, capillary pressure and density play important roles in the selective 

placement of the RPM in the water producing zones and their subsequent behavior. 

Furthermore, water control in gas wells is not practiced commonly because of the risk of face 

plugging with high molecular weight polymer solutions(Pusch et al., 1995, Dovan and 

Hutchins, 1994). Thus, there are only few works in the literatures on the use of polymer 

treatment in gas reservoirs (Elmkies et al., 2002, Tielong et al., 1996, Ranjbar and Schaffie, 

2000, Zaitoun and Pichery, 2001, Zaltoun et al., 1991, Dovan and Hutchins, 1994, Burrafato 

et al., 1999, Karimi et al., 2014b, Lockhart and Burrafato, 2000, Kalfayan and Dawson, 2004, 

Nieves et al., 2002, Song et al., 2015, Alshajalee et al., 2019, Chiappa et al., 1997, Chiappa 

et al., 1999, Mennella et al., 1998, Sharifpour et al., 2016).   

The existing literature have reported different physical mechanisms around the mode of 

action of RPMs. These include wall effect, swelling/shrinking effects, and change in the fluid 

distribution, with the wall effect considered as the primary mechanism (Zaitoun and Kohler, 

1988, Tielong et al., 1996, Zaitoun et al., 1998, Elmkies et al., 2002, Nieves et al., 2002, 

Dawe and Zhang, 1994, Dovan and Hutchins, 1994, Zaitoun and Pichery, 2001, Alshajalee 

et al., 2019). In general, the adsorbed polymer layer affects the internal grain surfaces of a 

rock by causing a wettability change, steric effect and lubrication effect. Solely from steric 

considerations the adsorption of the polymer onto pore surfaces may reduce the cross-

sectional area at the pore throats (or regulate the effective pore throat diameter) for all fluids, 

thus decrease both water and oil relative permeabilities(Zaitoun and Kohler, 1988, Kalfayan 

and Dawson, 2004). In addition, the polymer layer may induce a lubricating effect to the non-

wetting phase and/or modification of its velocity distribution in the pore channels. 

Consequently, the non-wetting (gas) phase relative permeability may even experience an 

increase (Zaitoun and Kohler, 1988, Alshajalee et al., 2019). Moreover, the thickness of the 

polymer layer may vary with time due to the effects of other parameter such as the fluid phase 

in the pore space, flowrate (shear rate) and the rheological properties of the polymer 

(Mennella et al., 1998, Grattoni et al., 2001a, Mishra et al., 2014, Al-Sharji et al., 2001b, Al-

Sharji et al., 1999c, Song et al., 2015, Cohen and Christ, 1986, Saphiannikova et al., 1998, 

Zaitoun and Kohler, 1988).  

Furthermore, Grattoni et al.(2001) and Zhang et al.(2017) indicate that during multiphase 

flow in porous rocks the end-point relative permeabilities are controlled by the fluid 



56 

 

distribution(Grattoni et al., 2001c, Zhang et al., 2017). Zaitoun and Kohler(1988) and Grattoni 

et al.(2001) also report that fluid distribution in turn depends on pore size distribution of the 

rock (Zaitoun and Kohler, 1988, Grattoni et al., 2001c, Zhang et al., 2017). Grattoni et 

al.(2001) propose that after a polymer treatment the induced changes in the pore sizes and the 

subsequent redistribution of the wetting and non-wetting fluids caused by the polymer are the 

main cause of the disproportionate permeability reduction (DPR) (Grattoni et al., 2001c).  

Therefore, analyzing and reporting experimental results with special attention to the role of 

the adsorbed polymer layer or induced changes in rock pore radii may be insightful and 

meaningful.   

Kalfayan and Dawson(2004) and Qi et al.(2013) claim that the original rock permeability 

plays an important role in controlling the success of an RPM treatment (Kalfayan and 

Dawson, 2004, Qi et al., 2013). With the use of different moderate permeability rocks (100-

1000mD), various brines (salinity≥1% TDS), different types of polymers and different 

polymer concentrations (1000-8000ppm), experimental results have shown slight decrease in 

RPM’s performance when the initial rock permeability increases. At the same time, the 

change in the relative permeability of non-wetting phases (gas and oil) is reported to be much 

smaller than the reduction to the wetting phase (water) (Mennella et al., 1998, Qi et al., 2013, 

Elmkies et al., 2002, Zaitoun and Pichery, 2001, Burrafato et al., 1999, Jinxiang et al., 2013, 

Alshajalee et al., 2019, Chiappa et al., 1997). However, Mennella et al. and Qi et al. report 

dramatic decrease in RPM’s performance when the initial rock permeability increases from 

medium (100-1000mD) to high (>1000mD) (Mennella et al., 1998, Qi et al., 2013). There 

are far fewer studies on low permeability rocks. However, Chiappa et al. and Tielong et al. 

report the same trend as above, similar to the medium and high permeability rocks, in rocks 

that may be classified as having low permeability (k<100mD) an RPM treatment may affect 

the permeability to the non-wetting hydrocarbon phase (gas) to a lesser extent (Chiappa et 

al., 1997, Tielong et al., 1996). It is worth mentioning that Tielong et al. used a brine with 

about 0.2% TDs in their study (Tielong et al., 1996). Sharifpour et al. and Zaltoun et al. show 

that brine salinity would play an important role in water shutoff treatment especially in low 

permeability rocks (Sharifpour et al., 2016, Zaltoun et al., 1991). Zaltoun et al. report that the 

polymer layer thickness depends on the brine salinty (Zaltoun et al., 1991). Sharifpour et al. 

conclude that increasing the brine salinity decreases the gas phase accessibility to pores in 

low permeability media (Sharifpour et al., 2016).  
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In principle, the critical question in RPM treatment is how to reduce the relative 

permeability to water but minimize any effect on the non-wetting hydrocarbon phase. This 

study examines experimentally the performance of a cationic polymer as an RPM agent for 

a gas/water system in a number of sandstone rocks with different permeabilities. Using the 

data generated, the underlying mechanisms behind the DPR effect of the RPM agent are 

discussed. The discussions reveal that the significance of such mechanisms may depend on 

the permeability of the rock sample being tested. The data generated and the discussions 

presented are expected to be of broad interest to the technical community and in particular, 

those concerned with the gas/water system where relevant data are very limited. 

 

3.2 Experimental work  

3.2.1 Materials 

Eight sandstone core samples (from six different sandstone rock types) with a nominal 

length and diameter of 7.6 cm and 3.8 cm, respectively were used in this study (Table 3-1). 

As can be seen from the contact angle values reported, the samples are strongly water-wet in 

the presence of nitrogen that forms our non-wetting phase. The IFT700 instrument (Vinci 

Technologies, France) was used to do contact angle measurements using the Sessile Drop 

approach under the experimental conditions used during our core-flooding experiments as 

will be defined later. We classified the samples based on their permeabilities into the three 

categories of low (< 100mD), moderate (100-1000mD) and high (> 1000mD) permeability. 

The mineralogies of the rocks were typical of a sandstone rock (Table 3-2) as confirmed by 

X-Ray Diffraction (XRD).  

The brine (2wt% KCl) used in these experiments was prepared by adding 20 g/L of 

analytical grade KCl (Sigma-Aldrich) into distilled water. KCl aqueous ionic solution was 

selected to examine the effect of rock permeability on the performance of RPM. This is 

because that KCl would work as a temporary clay stabilizer, which would enable us to solely 

focus on the effect of rock permeability on the performance of RPM. High purity nitrogen 

(99.99wt%, BOC Gas) was used as the gas phase to flood the samples. The RPM solution 

(Table 3-1) was made by dissolving cationic Poly(acrylamide-co-diallyldimethylammonium 

chloride) at 1000ppm concentration in the above mentioned synthetic brine.  
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It is worth noting that some of our rock samples, in addition to quartz, contained high 

proportions of other minerals such as albite, illite/muscovite, etc. However, the presence of 

these minerals may not greatly interfere with the interactions of the RPM solution with the 

pore surfaces of these rock samples under our experimental conditions. That is because the 

above minerals would be predominantly negatively charged (Nasralla and Nasr-El-Din, 

2014b, Blum and Lasaga, 1991, Shehata and Nasr-El-Din, 2015) and therefore are expected 

to behave similar to quartz in their interactions with the cationic polymer solution used in 

this work. 

 

Table 3-1: Basic petrophysical characteristics of core samples as categorised based on their 

permeability. The error of the permeability measurements are about ±0.05 mD, 0.1 mD and 

5mD for the low, moderate and high permeability ranges, respectively. 

Sample 

No. 

Sample 

name 

Contact angle 

(±𝟐°) 

Porosity, 

% 

(±𝟎. 𝟏%)  

Nitrogen 

permeability, mD  

Permeability 

category 

1 Socito 2.9 17.7 2.7 

Low 2 Gray  Bandera  0.7 20.0 22.7 

3 San Saba 1.3 19.5 66.4 

4 Berea1 2.4 21.9 350.0 
Moderate 

5 Berea2 2.4 21.0 385.0 

6 Bentheimer1 2.4 23.0 3001 

High  7 Bentheimer2 2.4 24.0 3488 

8 Boise 1.0 29.0 5035 

 

Table 3-2: Mineralogy of rock samples determined using XRD analysis. 

 Socito Gray  Bandera     San Saba Berea  Bentheimer Boise 

Phase Weight% 

Quartz 88.2 57.7 91.5 81.2 91.1 37.3 

Microcline  1.8 1.3 2.3 4.8 6 21.1 

Kaolin 5.2 5.4 3.3 5.7 2.9 - 

Illite/Muscovite 1.2 10.2 0.9 4.5 - 10.7 

Albite 2.7 18.8 1.9 3.0 - 29 
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Dolomite 0.8 3.9 - 0.5 - - 

Calcite - 0.2 - 0.3 - - 

Chlorite 0.8 2.5 - - - - 

Stilbite  - - - - - 2 

3.2.2 Rheological properties 

A HAAKE RheoWin rheometer was used to determine the effect of shear stress on shear 

rate for our 1000ppm RPM solution. As depicted by Figure 3-1, the viscosity of the solution 

changes depending on the shear stress applied so it is exhibiting a non-Newtonian shear 

thickening behavior. This behavior would be desirable for effective delivery of the solution 

to a porous formation at any scale (i.e. from core/laboratory scale to the wellbore scale).  

 

Table 3-3 The RPM agent used in this study. 

Name Poly(acrylamide-co-diallyldimethylammonium chloride) 

Molecular Structure 

 

Formula (C8H16ClN)n.(C3H5NO)m 

Molecular Weight 25000 g/mole 

Density 1.02 g/cm3 at 25 °C 

Manufacturer Sigma-Aldrich 

 

 

Figure 3-1: The RPM solution exhibits a Newtonian shear thickening behaviour. 
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3.2.3 Core-flooding procedure and formulations  

Figure 3-2 shows a schematic diagram of the instrument used in this work during the 

core flooding experiments. The rock samples were subjected to a specially designed core-

flooding procedure after their initial petrophysical characterization in accordance with the 

three main stages described below. This flooding procedure, not only enabled us to determine 

the critically required end-point relative permeabilities to every phase before and after the 

RPM treatment, but also made it possible to examine the effect of injection flow rate on the 

performance of the RPM solution used. It is worth noting that a brief version of the flooding 

procedure is included in this manuscript, as the detailed procedure has been presented 

elsewhere in our previously published work(Alshajalee et al., 2019). 

Before undergoing the flooding procedure, the samples were initially dried in an oven at 

65℃ for a period of 24 hours or until reaching weight stability. Subsequently, nitrogen gas 

was used to measure their porosity and permeability with the relevant data reported in Table 

3-1. The AP-680 Automated Permeameter Porosimeter (Coretest Systems Inc., US) has been 

used for porosity and permeability measurements. This equipment uses a technique based on 

the Boyle’s Law to measure porosity and a pulse decay technique to measure the 

permeability.   
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Figure 3-2: Schematic diagram of the core flooding setup. 

In this stage, after being vacuumed and brine saturated, the brine permeability of a 

sample would be measured using a multi-rate brine injection procedure. Subsequently, the 

samples would be subjected to a sequence of first multi-rate nitrogen and then multi-rate 

brine (1-160 cc/min) injection, within the Darcy flow regime (Equation 8) (Montillet et al., 
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1992). Such constant rate injection steps would be required to determine the necessary 

irreducible water (Swirr) and residual gas (Sgr) saturations as well as the end-point relative 

permeability of gas at irreducible water saturation (krg1(Swirr)) and that of brine at residual gas 

saturation (krw1(Sgr)).  

1. RPM Treatment: 

For effective treatment, three pore volumes of the RPM solution were then pumped 

through the rock sample and the rock/RPM system was left to age under experimental 

conditions for 48 hours. The injection flow rate used to deliver the RPM agent was chosen 

according to the permeability of the sample being tested. It was set at 0.1 cc/min in low 

permeability samples and 1 cc/min for the moderate and high permeability ones.  

2. Post-RPM Treatment Stage: 

As part of stage 3 of the flooding procedure, initially a constant flow rate of brine was 

used to remove any unreacted RPM solution from the pore space of the sample. Subsequently, 

the sequence of multi-rate gas and brine injections referred to in the description of the first 

flooding stage were repeated. This was necessary to determine the required post treatment 

values of Swirr and Sgr as well as the relative permeabilities to both brine (krw2(Sgr+polymer)) and 

gas (krg2(Swirr+ polymer)) phases which may have been altered due to the presence of the RPM 

solution.  

It is worth noting that the gas relative permeability was measured by injecting gas under 

constant flow rate until no more brine was produced and achieving constant differential 

pressure across the sample (i.e. establishing irreducible water saturation (Swirr). A similar 

procedure was followed to measure the water relative permeability by establishing residual 

gas saturation (Srg). 

In order to proceed with evaluating the outcome of the RPM treatments performed, the 

above measured data were subsequently used to obtain a number of critical parametric values 

using the equations outlined below. Some of these equations were included and discussed in 

our previous publication(Alshajalee et al., 2019), however, we are presenting them in this 

manuscript again for the ease of referencing and also to make the explanations and 

discussions presented here complete on their own.  

We calculated the water and gas residual resistance factors (𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔) using the 

equations proposed in the literature(White et al., 1973) as a conventional way of determining 

the outcome of the RPM treatment. 
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𝑭𝒓𝒓𝒘= 

𝑲𝒃𝒆𝒇𝒐𝒓𝒆

𝑲𝒂𝒇𝒕𝒆𝒓
    

1 

 

 
𝑭𝒓𝒓𝒈= 

𝑲𝒃𝒆𝒇𝒐𝒓𝒆

𝑲𝒂𝒇𝒕𝒆𝒓
 

2 

 

where; Kbefore and Kafter are the experimentally measured end-point relative permeability of 

water/gas before and after the polymer treatment, respectively. The Darcy equation was used 

to calculate the above permeability values upon reaching steady state conditions. If  𝐹𝑟𝑟𝑤 >

1 and  𝐹𝑟𝑟𝑔 ≈< 1 (resulting in 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄ > 1 ) the RPM treatment may be considered 

successful. Subsequently, as proposed in the literature, the effective value of the 

hydrodynamic polymer layer thickness (in μm) adsorbed onto the sample’s pore surfaces may 

be calculated using the equation below (Zaitoun and Kohler, 1988). 

 
𝐞 = 𝐫 (𝟏 −

𝟏

𝐅𝐫𝐫𝟎.𝟐𝟓
) 

3 

 

where 𝐹𝑟𝑟 is the residual resistance factor as defined by equations 1 or 2 and 𝑟 is the overall 

average pore radius (μm) of the rock as calculated using Equation 4. 

 
𝒓 = (

𝟖 𝒌𝒃𝒓𝒊𝒏𝒆

𝛗
)

𝟎.𝟓

  

 

4 

where, 𝑘𝑏𝑟𝑖𝑛𝑒 is the absolute brine permeability (calculated using the Darcy equation) and ϕ 

is the porosity of a rock sample. 

Of note is that depending on the 𝐹𝑟𝑟 value used (𝐹𝑟𝑟𝑤 or 𝐹𝑟𝑟𝑔), two potentially different 

values of 𝑒 (𝑒𝑤 or 𝑒𝑔) may be calculated. Subsequently, 𝑟𝑒𝑓𝑓 or the effective average pore 

radius (in μm) after the RPM treatment may be calculated using the following equation 

(Alshajalee et al., 2019).  

 𝒓𝒆𝒇𝒇 = 𝒓 − 𝒆   

 

5 

The Young-Laplace equation to calculate capillary pressure for a given pore size is 

presented below. 
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𝑷𝒄 =

𝟐 𝝈 𝐜𝐨𝐬 𝜽 

𝒓
 

6 

 

where 𝑃𝑐 is the capillary pressure, 𝜎 the interfacial tension, 𝜃 the contact angle and 𝑟 the pore 

radius. As demonstrated by our contact angle data, in the presence of the strongly non-wetting 

nitrogen phase, the sandstone rock samples are strongly water-wet or 𝜃 ≈ 0 which may 

further simplify the above equation by reducing the term cos 𝜃 to 1. 

The following equation may be used to calculate the average interstitial velocity (𝑉𝑠𝑖) 

in cm/sec for fluid flow in porous rocks (Kuo, 2014). 

 
𝑽𝒔𝒊 =

𝑸 

𝑨 ∗ 𝝋
 

7 

where, 𝑄 is fluid flow rate (cm3/sec), 𝐴 the core cross sectional area (cm2) and 𝜙 the porosity 

(fraction) of the rock sample.Lastly, the following equation is used to calculate the interstitial 

Reynold’s number (𝑅𝑒𝑖) , which corresponds to the ratio of inertial forces to the viscous ones 

(Montillet et al., 1992). This equation is used to determine the fluid flow regimes in porous 

rocks.  

 
𝑹𝒆𝒊 =

𝝆 𝒅 𝑸

𝝁 𝝋 𝑨
 

8 

where, ρ and μ are the density (g/cm3) and the dynamic viscosity (Pa-s) of the fluid, 

respectively, d is the pore equivalent diameter (cm) and parameters 𝑄, 𝐴 and 𝜙 have the same 

meaning and units as that in Equation 7.  

 

3.3 Results and Discussions 

Presented in Table 3-4 are the 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 values and their ratios for all core plugs 

examined as calculated using the results of the core-flooding experiments. Every 𝐹𝑟𝑟 value 

included in the table is the calculated average value over the 1-4 cm3/min flow rate range for 

every fluid phase. It is worth noting that, depending on their initial permeability, some rock 

samples were tested using flow rates beyond this range. However, the above mentioned range 

was common across all the rock samples making a comparison between their responses to 

the RPM treatment meaningful. The individual 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 values calculated for every 

flow rate used can be found in figures 11-12.   
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Table 3-4: The average 𝐅𝐫𝐫𝐰, 𝐅𝐫𝐫𝐠 and 𝐅𝐫𝐫𝐰/𝐅𝐫𝐫𝐠 calculated over the 1-4cc/min flow rate 

range. 

Rock 

name 

Porosity, 

% 

Initial 

Permeability, 

mD 

r, μm 

(Equation 

4) 

Permeability 

category 
Frrg Frrw 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄  

Socito 17.66 2.7 0.17 

Low 

6.20 2.35 0.40 

Gray  

Bandera 
20.0 22.7 0.58 4.60 2.00 0.45 

San Saba 19.5 66.4 1.10 7.60 1.44 0.20 

Berea1 21.0 350.0 4.20 
Moderate 

0.928 2.86 4.20 

Berea2 21.0 385.0 4.10 0.90 2.3 2.6 

Bentheimer1 23.0 3001 5.80 

High 

1.00 1.75 1.75 

Bentheimer2 24.0 3488 11.40 1.17 1.21 1.04 

Boise 29.0 5035 16.00 1.32 1.38 1.05 

For visual elaboration, the 𝐹𝑟𝑟𝑤, 𝐹𝑟𝑟𝑔 and then their ratio are plotted in Figure 3-3 and 

Figure 3-4, respectively, against rock permeability.  

 

Figure 3-3 Behaviour of water and gas residual resistance factors (FrrwandFrrg) versus initial rock 

permeability (Socito (2.7 mD); Gray Bandera (22.7 mD); SanSaba (66.4 mD); Berea1 (350 mD); Berea2 (385 

mD);  Bentheimer1(3001); Bentheimer2(3488)  and Boise (5035 mD). 



65 

 

 

Figure 3-4: Behaviour of residual resistance factor ratio (Frrw/Frrg) against initial rock permeability (Socito 

(2.7 mD); Gray Bandera (22.7 mD); SanSaba (66.4 mD); Berea1 (350 mD); Berea2 (385 mD); 

Bentheimer1(3001); Bentheimer2(3488)  and Boise (5035 mD). 

 

The effect of rock permeability on the RPM treatment examined in this work was 

explored by evaluating the data presented in Figure 3-3 and Figure 3-4 in the context of the 

three permeability categories defined for our rock samples in Table 3-4. As can be seen, for 

moderate permeability rocks, the water relative permeability decreases after the polymer 

treatment. However, the gas relative permeability either does not change significantly or 

improves slightly. Therefore, for all rock samples in this permeability range 𝐹𝑟𝑟𝑤 ≫ 1 and  

𝐹𝑟𝑟𝑔 ≈< 1 (Table 3-4 and Figure 3-3), with the same treatment sequence which means the 

treatment may be considered successful. According to this criteria, various literature have 

reported a similar trend with the use of different moderate permeability rocks (100-1000mD), 

various brines (salinity≥1% TDS), different types of polymers and different polymer 

concentrations (1000-8000ppm) (Mennella et al., 1998, Qi et al., 2013, Elmkies et al., 2002, 

Zaitoun and Pichery, 2001, Burrafato et al., 1999, Jinxiang et al., 2013, Alshajalee et al., 

2019, Chiappa et al., 1997). A summary of such findings is included in Table 3-5. 

 

 

 

 



66 

 

Table 3-5: Literature review on the outcome of RPM treatment in moderate permeability 

rocks (100-1000mD). 

 Literature 

Non-

wetting 

phase  

Wetting 

phase 

Rock 

type  

Permeability, 

mD 

RPM agent and 

concentration 
Frrw Frrg 

(Elmkies et 

al., 2002, 

Burrafato et 

al., 1999) 

Gas Brine Sandstone 318  

Polyacrylamide, 

Non-ionic, 2500 

ppm  

 

21 1.7 

(Burrafato et 

al., 1999) 
Gas Brine Sandpack 

203 Polyacrylamide, 

Cationic, 2000 

ppm 

5.1  1.3 

380 7.1 1.1 

(Chiappa et 

al., 1997) 
Gas Brine Sandstone 

120 

Polyacrylamide, 

Cationic, 2000 

ppm 

5.6 2.1 

330 

Polyacrylamide, 

Non-ionic, 2000 

ppm 

3.8 1.5 

690 

Polyacrylamide, 

Cationic, 2000 

ppm 

4.5 1.3 

However, in the high permeability rocks the water and gas relative permeability 

reductions are almost the same resulting in 𝐹𝑟𝑟𝑤 ≈ 1 and 𝐹𝑟𝑟𝑔 ≈ 1. Similarly, experimental 

results by Mennella et al. and Qi et al. show dramatic decrease in RPM’s performance when 

the initial rock permeability increases from medium (100-1000mD) to high (>1000mD) 

(Mennella et al., 1998, Qi et al., 2013) especially for the gas-water system  (Table 3-6). 

Therefore, using higher polymer concentration may help to increase permeability reduction 

(Chiappa et al., 1997, Chiappa et al., 1999, Grattoni et al., 2001a, Mennella et al., 1998, 

Ogunberu and Asghari, 2004a, Mishra et al., 2014, Zheng et al., 1998, Qi et al., 2013). 

However, beyond a certain concentration no further adsorption takes place due to saturation 

of the adsorption capacity of the active adsorption sites (Qi et al., 2013, Chiappa et al., 1997, 

Zheng et al., 1998, Tekin et al., 2005, Tekin et al., 2010). Therefore as indicated in the 

literature, using gels to treat high (and even moderate) permeability rocks may be more 
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effective than using polymers (Burrafato et al., 1999, Lockhart and Burrafato, 2000, Kalfayan 

and Dawson, 2004, Zaltoun et al., 1991, Karimi et al., 2014b).  

 

Table 3-6: Outcome of literature review on treating moderate (100-1000mD) to high 

(>1000mD) permeability rocks. 

Literature 

Non-

wetting 

phase  

Wetting 

phase 

Rock 

type 

Permeability, 

mD 

RPM agent and 

concentration 
Frrw Frro/Frrg 

 

 

(Mennella 

et al., 

1998) 

Gas 

Brine Sandstone 

900 
 

Plyacrylarnide, 

cationic, 2000 

ppm 

 

10 1.2 

2000 1.9 1.1 

Oil 

600 2.6 1.1 

2000 1.8 1 

(Qi et al., 

2013) 
Oil Brine Sandstone 

263  

 

Plyacrylarnide, 

cationic, 2000 

ppm 

 

7.7 1.84 

578 6.8 1.49 

1,139 5.3 1.41 

2,300 5 1.35 

In the low permeability category (Table 3-4), consistently across all samples 𝐹𝑟𝑟𝑔 ≫1, 

𝐹𝑟𝑟𝑤 > 1 resulting in 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄ ≪ 1 (Figure 3-3) meaning that the RPM treatment has 

reduced the relative permeability to both fluid phases. However, since for all samples (Figure 

3-4), such reductions would be much more pronounced for the gas phase than the water 

phase. In other words, the treatment is considered unsuccessful in this category of rocks. 

However, Chiappa et al. and Tielong et al. reported a different trend using rocks that may be 

classified as having low permeability (k<100mD) where they indicate that an RPM treatment 

may affect the permeability to the non-wetting hydrocarbon phase (gas) to a lesser extent 

(Chiappa et al., 1997, Tielong et al., 1996). It is worth mentioning that Tielong et al. used a 

brine with about 0.2% TDs in their study (Tielong et al., 1996). Sharifpour et al. and Zaltoun 

et al. showed that brine salinity would play an important role in water shutoff treatment 

especially in low permeability rocks (Sharifpour et al., 2016, Zaltoun et al., 1991). Zaltoun 

et al. reported that the polymer layer thickness depends on brine salinty (Zaltoun et al., 1991). 

Increasing the brine salinity may increase the polymer layer thickness and eventually this  
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may decrease the gas phase accessibility to small pores in low permeability media 

(Sharifpour et al., 2016). Therefore the low permeability candidates may require special RPM 

technology since the treatment of such formations may be associated with several problems 

such as plugging, loss of injectivity and limited depth of pentration (Ranjbar and Schaffie, 

2000, Noik and Audibert, 1993). 

The results presented above may find support in the pre- and post-treatment pore-size 

and fluid distributions of the different rock samples. As naturally expected and revealed by 

the calculated values in Table 3-4, as the permeability of a rock increases, its overall pore 

sizes become larger. This is also visually demonstrated in Figure 3-5, noting that our rock 

samples to be water-wet in the presence of nitrogen gas. Before the treatment small pores 

(Figure 3-5-A1) would be fully saturated with the wetting phase (water) and inaccessible to 

the non-wetting gas phase for reasons of capillarity (Equation 6). On the other hand, in the 

moderate and large pores (Figure 3-5-B1&C1) the non-wetting phase flows in the center, and 

the wetting water phase is present in the form of a film covering the pore walls (Zaitoun and 

Kohler, 1988, Grattoni et al., 2001c). In summary the pore size distribution of a porous 

medium and hence capillarity in conjunction with wettability control the way fluids are 

distributed in the pore space of a porous medium.  

As pointed out earlier Grattoni et al. have shown that after a polymer treatment, the 

induced changes in the pore sizes of a porous medium by the RPM and the subsequent 

redistribution of the wetting and non-wetting fluids are the main cause of DPR(Grattoni et al., 

2001c). As a common phenomenon across all rock samples, the adsorbed polymer on the 

surface of the water-wet grains (Figure 3-5-A2, B2& C2) alters the effective pore size 

distribution by reducing their actual sizes. However, the relative pore size change (i.e. 
𝑒

𝑟
) 

would be a function of rock’s initial pore sizes and therefore would be different in different 

rock samples.  
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Figure 3-5: The effect of pore sizes distribution on fluid phases distribution before (B) and after (A) the RPM 

treatment.  

As can be seen in Figure 3-5, after treatment, the very small pores that were previously 

filled with water (Figure 3-5-A1) may become plugged by immobile polymer (Figure 3-5-

A2). The moderate pores, that were previously occupied by water and non-wetting phase 

simultaneously (Figure 3-5-A1 &B1), now have a smaller size (i.e. higher capillary pressure 

(Equation 6)) and therefore, becomes filled only by water (Figure 3-5-A2 &B2). The largest 

pores, however, may still remain relatively large so that they would be filled by both of water 

and gas phases simultaneously (Figure 3-5-A2, B2&C2).  

The immediate conclusion from the above is that the amount of pore space available for 

each fluid to flow through reduces during the post-treatment stage. However, the nature of 

this reduction is different in samples with different permeabilities. In other words generally 

after treatment, the relative permeabilities to both of the wetting and non-wetting phases may 

be reduced. However, in the high permeability rocks, given its relatively larger pores, such a 

relative reduction is the lowest. This would mean that, as also revealed by our results 

presented earlier, with such a permeability range the effect of an RPM treatment would be of 

similar order on the wetting and non-wetting fluids relative permeabilities. Unlike high 

permeability media, the relative permeability reduction effect would be highly pronounced 

in low permeability rocks where the relative pore size reduction (i.e. 
𝑒

𝑟
) would be the greatest. 
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In such media, gas (i.e. the non-wetting phase) cannot access a range of pore sizes at all 

initially due to their very small sizes and this range extends to even more pores after 

treatment. This means the gas relative permeability reduction may be the highest in a low 

permeability situation. This conclusion is supported by the experimental results as presented 

and discussed earlier. Judged based on the discussion presented so far, the best outcome from 

an RPM treatment may be expected in moderate permeability media. As seen from some of 

the results for moderate permeability rocks the gas relative permeability may even improve 

as attributed to influencing factors such as the lubrication effect induced by the adsorbed 

polymer(Zaitoun and Kohler, 1988, Alshajalee et al., 2019).  

In general, the polymer layer thickness (𝑒), as calculated using Equation 3, may increase 

with increasing rock permeability (i.e. increasing pore sizes). As can be seen from Figure 3-6 

and Figure 3-7, the highest polymer layer thickness is observed in the highest permeability 

sample (i.e. Boise). As discussed earlier, the samples with moderate permeability (i.e. Berea 

Sandstone) exhibits an exceptionally favorable response to the RPM treatment. As seen from 

Figure 3-6 and Figure 3-8, this rock reveals negative polymer thickness at low gas flowrate 

meaning improvements in gas relative permeability during post RPM treatment. In addition, 

as revealed by Figure 3-3, these rocks show high water relative permeability reduction that 

would not follow the way the curves for all other rocks are arranged with respect to their 

permeability.  

The low permeability rocks witness the highest effect of polymer layer since, as also 

indicated in our earlier discussions, the ratio between the polymer thickness and the original 

pore radius (
𝑒

𝑟
) decreases with increasing the rock permeability. Such a general trend can be 

seen in the data plotted in Figure 3-8 and Figure 3-9. In Figure 3-8, for low permeability 

rocks and at the lowest gas flow rate, the average 𝑒/𝑟 ratio is about 42% while it is in the 

negative region for the lowest flow rate tested in the moderate permeability samples. Similar 

results about low permeability rocks have also been reported by other researchers (Park et 

al., 2015). Park et al. treated low permeability sandstone samples (41-56mD) with 1,500 ppm 

of a polymer. This treatment resulted in 3.34 𝜇𝑚 of polymer layer thickness, where, 

approximately, 59.8% of the pre-treatment pore radius was blocked. As discussed earlier 

these researchers also indicate that such an effect would result in a large permeability 

reduction to the non-wetting phase in particular. One overall conclusion from these results is 

that the the efficiency of an RPM treatment may strongly depend on the ratio of the adsorbed 

polymer layer thickness to original effective pore radius of the treated rock which on its own 
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is one of the major parameters controlling the rock permeability. Eventually this may affect 

the relative permeability of water and gas differently in each permeability range.   

 

Figure 3-6: Change in polymer layer thickness versus gas flow rate in different rock samples (eg: the adsorbed 

polymer layer thickness calculated for the gas injection stage). 

 

Figure 3-7: Change in polymer layer thickness versus water flow rate in different rock samples (el: the 

adsorbed polymer layer thickness calculated for the water injection stage). 
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Figure 3-8: Change in the polymer thickness ratio versus gas flow rate. 

 

Figure 3-9: Change in the polymer thickness ratio versus water flow rate. 

 

One more observation can be made from the data plotted in Figure 3-8 and Figure 3-9. 

As the gas flow rate increases the polymer thickness ratio (
𝑒

𝑟
) changes sharply in low 

permeability rocks. However, in moderate and high permeability rocks this trend in much 
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less steep. This behavior may be attributed, in general, to the fact that, at a fixed flow rate, 

the interstitial fluid velocity is higher in lower permeability rock which also has lower 

porosity. The higher velocity would tend to induce a higher force and cause the polymer layer 

to compress and therefore decrease in thickness. A similar behavior to that observed from the 

plots of polymer layer thickness ratio versus flow rate can be transcribed for the more 

commonly used treatment parameter of  𝐹𝑟𝑟𝑔 and  𝐹𝑟𝑟𝑤 which are plotted in Figure 3-10 and 

Figure 3-11, respectively. 

 

Figure 3-10: Variation in the gas residual resistance factor (Frrg ) versus gas flow rate (Qg). 

 

 

Figure 3-11: Variation in the water residual resistance factor (Frrw ) versus water flow rate (Qw). 
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3.4 Summary and conclusions  

The major objective of this study is to add to the limited existing data and knowledge 

around the application of RPMs for the gas/water system in sandstone media. In this work, 

the effects of initial rock permeability on potential changes to the gas and water relative 

permeabilities due to an RPM treatment have been studied experimentally. In doing so, the 

traditional parameters of 𝐹𝑟𝑟𝑤, 𝐹𝑟𝑟𝑔 and 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄  have been used to evaluate the 

performance of the treatment. What is more, an attempt has been made to explain and 

interpret the observed trends between the above parameters and rock permeability using 

possible pore-scale events/mechanisms (e.g. relative pore size changes, redistribution of 

fluids, steric effect, lubrication effect, etc.) that may come to existence due to the RPM 

treatment.  

 According to our results and under the experimental conditions explored in this work, 

in the high permeability rocks (3001, 3488 and 5035mD), the treatment may have no 

significant effect on either of the water and gas relative permeabilities. In low permeability 

rocks (2.7, 22.7 and 66.4mD), the treatment results in high gas relative permeability 

reductions which are even greater than that induced to the water phase. This may imply that 

an RPM treatment using our particular polymer solution may be considered strongly 

unsuccessful in such rocks. In the moderate permeability rocks (350 and 385 mD) however, 

the polymer treatment reduces water relative permeability significantly but either does not 

have much of effect on the gas phase or results in an improvement to the gas relative 

permeability at low gas flow rates.  

The above trends may be attributed to the way an RPM treatment may alter the pore size 

distribution of a rock which then impacts on how the wetting (water) and non-wetting (gas) 

phases may redistribute and flow in the newly modified pore system. The polymer layer 

thickness (𝑒), in general, may increase with increase in the rock permeability but the more 

important ratio of (
𝑒

𝑟
) is expected to decrease as it is a relative parameter whose value depends 

on the initial rock permeability. The results obtained in this work may be insightful in 

pointing out that the initial rock permeability may be used as an important screening 

parameter in planning an RPM treatment for gas producing wells.  
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Chapter 4:  Low-Salinity-Assisted Cationic Polyacrylamide Water Shutoff in Low-

Permeability Sandstone Gas Reservoirs   

 

4.1 Introduction  

Natural gas remains to be an important geo-energy resource for the rest of the 21st century, 

which also has a far less pronounced global carbon footprint compared to coal and oil (Chen 

et al., 2019a, Cascio et al., 2018, Ahmed and Rezaei-Gomari, 2019).   However, one of the 

main technical and economic challenges to produce natural gas from the low permeability 

reservoirs is to mitigate the water production. This is because increasing water production 

during gas production leads to a decrease of gas relative permeability thus lowering gas 

production rate (Elmkies et al., 2002, Tielong et al., 1996, Chiappa et al., 1997, Ranjbar et 

al., 1995, Ranjbar and Schaffie, 2000).To reduce the water production from gas wells, 

production engineers and field operators have been paying attention to chemical water 

control strategies (Seright, 1992, Seright and Martin, 1993, Hajilary et al., 2015b). The 

chemical water control techniques aim to reduce the water relative permeability nearby the 

wellbore by injecting a chemical, namely relative permeability modifier (RPM), which would 

have a minimal effect on relative permeability of the hydrocarbon phase (i.e. gas or oil).  

Published work shows that RPM treatments can successfully mitigate water production from 

moderate and high permeability rocks (Mennella et al., 1998, Qi et al., 2013, Elmkies et al., 

2002, Zaitoun and Pichery, 2001, Burrafato et al., 1999, Jinxiang et al., 2013, Al-shajalee et 

al., 2019b). For example, Burrafato et al. treated sandstone rock samples with permeablity 

ranging from 203 to 380mD with cationic polyacrylamide (CPAM). These treatments 

resulted in favorable outcome with relatively high residual resistance factors to water 

(Frrw=5.1 and 7.1) but minimal effect on the gas phase (Frrg=1.3 and 1.1). Chiappa et al 

treated similar sandstone rock samples (120 and 690 mD) with CPAM, which demonstrated 

comparable results (Frrw=5.6 and 4.5, Frrg=2.1 and 1.3). To interpret the controlling factor(s) 

of the performance of RPM treatment, a few physical mechanisms have been proposed such 
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as the wall effect, swelling/shrinking effects, and fluid redistribution. The wall effects 

(especially steric effects) are considered as the primary mechanism, which originate from the 

hydrodynamic thickness of the adsorbed polymer layer at the pore surfaces of a rock (Nieves 

et al., 2002, Tielong et al., 1996, Zaitoun et al., 1998, Zaitoun and Kohler, 1988, Elmkies et 

al., 2002, Dovan and Hutchins, 1994, Grattoni et al., 2001c, Alshajalee et al., 2019). 

However, the application of RPMs to low permeability media remains unsuccessful due to 

the potential plugging or phase trapping issues after the treatment in such samples. Such 

issues may arise because in low permebility media the induced polymer layer thikness at the 

pore surfce by an RPM treatment may take up a much higher proporation of the radius of the 

pores and throats impeding the effective passage of fluids through them. In other words, in 

low permeability porous media, the ratio of the adsorbed polymer layer (e) to original pore 

sizes (r) is expected to be much larger than that in high permeability media (Al-shajalee et 

al., 2019b, Park et al., 2015). In effect, not only the post-treatment permeability the medium 

would reduce considerably, the substabtial relative reduction in its pore and throat sizes 

would result in a noticable increase in the capillary pressure, which would make them 

effectively inacecssible to the gas phases hence very large Frrg (Pusch et al., 1995, Ranjbar 

and Schaffie, 2000, Zaitoun et al., 1990, Dovan and Hutchins, 1994, Tielong et al., 1996, 

Chiappa et al., 1997, Park et al., 2014, Park et al., 2015, Grattoni et al., 2001d, Kalfayan and 

Dawson, 2004, Zaitoun and Kohler, 1988, Al-shajalee et al., 2019b).  

It has been proven that the polymer hydrodynamic thickness also depends on the electrostatic 

interactions between the polymer/brine/rock. These interactions in turn depend on the ionic 

strength of the brine (Chiappa et al., 1999, Pusch et al., 1995, Ranjbar and Schaffie, 2000, 

Zaitoun and Pichery, 2001, Nieves et al., 2002, Sydansk, 1993, Karimi et al., 2014b, Qi et 

al., 2013, Zaltoun et al., 1991, Kalfayan and Dawson, 2004, Mishra et al., 2014, Al-Hashmi 

and Luckham, 2010, Tekin et al., 2005, Tekin et al., 2010). It has been tested that the 

adsorption of an anionic/non-ionic polymer on negatively charged sandstone increases when 

increasing the positively charged ionic strength of a brine due to reducing the electrostatic 
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repulsion in the polymer solution. Moreover, this causes reducing the hydrodynamic radius 

of polymer molecule. However, the opposite will occur if the polymer is cationic (i.e. the 

adsorption of cationic polymer increases when decreasing the positively charged ionic 

strength of a brine) (Mishra et al., 2014, Al-Hashmi and Luckham, 2010, Tekin et al., 2010, 

Tekin et al., 2005, Chiappa et al., 1999, Zaltoun et al., 1991).  

With reference to polymer flooding in low permeability sandstones, Moghadasi et al.(2019) 

emphasized on the importance of low salinity-polymer synergy, which keeps the polymer 

adsorption thickness sufficiently low increasing the flood’s chance of success (Moghadasi et 

al., 2019). In addition, it has been shown that decreasing the amount of monovalent positive 

charged ions in a positively charged polymer solution reduces the electrostatic repulsion in 

the polymer solution. Consequently, the hydrodynamic thickness of the adsorbed polymer 

would reduce (compressed) (Mishra et al., 2014, Zaltoun et al., 1991, Tekin et al., 2010, 

Tekin et al., 2005, Chiappa et al., 1999, Grattoni et al., 2004, Al-Hashmi and Luckham, 

2010). Overall, an important factor determining the successful application of a particular 

RPM in low permeability rocks is achieving a low thickness of the adsorbed polymer, which 

may be controlled using brine salinity.  

Moreover, owing to the alterations in particle surface physicochemical properties after 

polymer coating, wettability of particles coated with polymers differs from that of uncoated 

particles (Moen and Richardson, 1984b, Jańczuk et al., 1991, Bae and Inyang, 2001, Terry 

and Nelson, 1986, Helalia and Letey, 1989, Tekin et al., 2010, Tekin et al., 2005).  

Furthermore, we note that the low salinity water flooding technique has generated significant 

interest in improving hydrocarbon recovery (Myint and Firoozabadi, 2015, Alotaibi et al., 

2011, Sheng, 2014, Al Shalabi et al., 2014, Rezaei Gomari and Joseph, 2017). A number of 

mechanisms are responsible for enhanced oil recovery due to low salinity brine, which 

include, but are not limited to, double layer effect, wettability alteration towards more water-

wet, and increased pH and reduced IFT (Al Shalabi et al., 2014, Sheng, 2014). Note that 
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while this work focuses on polymer-augmented low-salinity EOR, it may be considered as 

an extension to the applications of low-salinity EOR.  

We thus hypothesize that lowering salinity may expand the application of the cationic 

polyacrylamide (CPAM) in low permeability gas reservoirs due to the favorable polymer-

polymer interaction at pore surfaces. To be more specific, lowering salinity may increase the 

interaction between the negatively charged sandstone rock and the positively charged 

polymer, meanwhile, decreasing effective polymer hydrodynamic thickness at pore surface 

by decreasing the repulsion between polymer/polymer. It is also expected that treating the 

negatively charged sandstone rocks with the positively charged CPAM and lowering salinity 

would induce electrochemical alteration to rock pore surfaces (Tekin et al., 2005, Tekin et 

al., 2010). Such a change may cause render the pore surface less water wet, to some extent, 

thus decreasing water layer thickness at the rock surface (Zaltoun et al., 1991, Mishra et al., 

2014, Xie et al., 2016, Myint and Firoozabadi, 2015, Alotaibi et al., 2011, Arif et al., 2017a, 

Nasralla et al., 2013).  

To test the hypothesis, we performed core flooding experiments using three type of sandstone 

rocks (e.g., Socito, Gray Bander and San Sab) with permeabilities ranging from 2.7 to 80mD 

using KCl aqueous ionic solutions with two different salinities (e.g., 0.2 and 2%wt). The rock 

permeability range selected in this work (i.e. 2 mD to 80 mD) has been categorized as ‘low’ 

in accordance with the recent investigations on this subject (e.g. (Al-shajalee et al., 2019b, 

Zhang et al., 2019, Guetni et al., 2020, Zhao et al., 2019)). Note that a ‘low’ permeability 

rock does not mean ‘tight or unconventional’ as the latter is more rigorously defined by a 

rock having permeability less than 0.1 mD (Smith et al., 2009, Bennion and Thomas, 2005).  

We then examined the relative permeabilities to water and gas before and after CPAM 

treatment. We also calculated the polymer layer thickness to account for the variation of 

relative permeabilities for each phase. Moreover, we measured the zeta potentials of the 

polymer-polymer, rock-polymer and brine-rock (for each rock type) as a function of salinity 
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before and after the treatment. Furthermore, we measured the contact angles for glass/brine 

before and after the CPAM treatment as a function of salinity.  

4.2 Experimental 

4.2.1 Materials 

Rocks: Three relatively low permeability sandstone core samples with a nominal diameter 

and length of 3.8 cm and 7.6 cm, respectively, were used (Table 4- 1). The major objective 

of the current study is to study the possibility of using CPAM as an RPM agent in relatively 

low permeability rocks. Therefore, we used the results obtained in our previous study (Al-

shajalee et al., 2019b, Al-Shajalee et al., 2019a) to choose a range of sample permeabilities 

included in this study. The X-Ray Diffraction (XRD) results (Table 4- 2) show a typical 

sandstone mineralogy for these rocks.  

Petrophysical parameters of core samples used in the core-flooding experiments 

Table 4- 1 Petrophysical parameters of core samples used in the core-flooding experiments 

Sample 

# 

Sample 

name 

Porosity 

(%) 

Klinkenberg corrected nitrogen 

permeability (mD) 

KCl 

concertation 

(%) 

1 
Socito1 17.7 2.7 2.0 

Socito2 18.2 3.7 0.2 

2 

Gray Bandera 

1 
20.0 22.7 2.0 

Gray Bandera 

2 
19.7 23.0 0.2 

3 
San Saba 1 19.5 66.4 2.0 

San Saba 2 21.0 80.0 0.2 

  

Table 4- 2: Rock samples mineralogy 

Mineral groups Phase 
Socito Gray Bandera     San Saba 

Weight (%) 

Silicates  
Quartz 88.3 57.7 91.6 

Microcline  1.8 1.3 2.3 

Albite 2.7 18.8 1.9 
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Sum= 93 78 96 

Clay 

Kaolin 5.2 5.4 3.3 

Illite/Muscovite 1.2 10.2 0.9 

Chlorite 0.8 2.5 - 

Sum= 7.2 18 4.2 

Carbonate 
Dolomite - 3.9 - 

Calcite - 0.2 - 

Sum= 0 4.1 0 

 

Brine and gas phases: We aimed to test the hypothesis that lowering salinity may compress 

polymer layer thickness, therefore, to avoid the effect of clay swelling on absolute 

permeability of rocks, we selected KCl brine (0.2 and 2wt %) as an aqueous ionic solution 

because KCl can serve as a temporary clay stabilizer to mitigate the clay swelling effect. 

Moreover, we used KCl here since the adsorption of cationic polymer is not strongly 

influenced by different concentrations of KCl brine as reported by Chiappa (Chiappa et al., 

1999). High purity nitrogen was used as non-wetting fluid phase.  

Chemicals: Polymer solutions with concentration of 1000 mg/L were prepared by dissolving 

the positively charge Polyacrylamide (acrylamide-co-diallyldimethylammonium chloride) in 

either 0.2 or 2wt% KCl brine. We used polyacrylamide since it is the most commonly utilized 

polymer in oil-gas fields (Uranta et al., 2019). In addition, we used a cationic polymer rather 

than an anionic/non-ionic one due to its positively charged ions that could adsorb better onto 

the negatively charged sandstone pore surfaces (Chiappa et al., 1999).  

4.2.2 Core-flooding procedure  

To examine the relative permeabilities of water and gas before and after the RPM treatment 

in all three rocks as a function of salinity (0.2 and 2% wt KCl), we conducted six core 

flooding experiments. The core flooding instrument used in this work is shown schematically 

in Figure 4-1.  
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Figure 4-1: Core flooding setup. 

First, the samples were dried in an oven at 65 ºC until their weights stabilized (usually 24 

hours). The permeability and porosity of core plugs were then measured using the AP-680 

Automated Permeameter Porosimeter (Core test Systems Inc., US) under net effective stress 

using nitrogen gas. Subsequently, similar to our previous research work (Al-Shajalee et al., 

2019a), the following procedure was followed to examine the performance of the RPM 

treatment in modifying the gas and water relative permeabilities.  

1. The pre-treatment stage included vacuuming the rock sample and saturating it with the 

brine. Then, using different gas or brine injection flow rates (0.1-100 cm3/min), the 

following pre-treatment parameters were determined: absolute brine permeability, 

relative gas permeability at residual brine saturation [krgb(Swirr)]Qg (primary drainage) 

and relative brine permeability at residual gas saturation [krwb(Sgr)]Gw (primary 

imbibition).   

2. Subsequently, to treat a rock sample, three pore volumes (PV) of the 1000ppm polymer 

solution were injected at constant injection rate (0.1 cm3/min). The polymer 

concentration and the injection flow rate used to deliver the RPM agent were chosen 

according to some preliminary injectivity tests performed. This was done to avoid 

exceeding rock fracturing pressure of the exerting excessively high differential 

pressures across rock samples. This also can help with devising a suitable injection 
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procedure for field applications. Then the sample was left to age in contact with the 

solution for 48 hours. At the time of injecting the polymer solution (which is a product 

of dissolving our polymer agent in water), much of the rock pore space would be 

occupied by water and the rest by residual gas. Given the strongly water-wet nature of 

our rock samples, the residual gas would only occupy the centre of the pores. Therefore, 

upon injection, the water-based polymer solution would displace the water phase out 

(and maybe some of the residual gas too) and result in the effective treatment of pore 

surfaces. To the best of our knowledge, this is the procedure followed in other 

previously completed research work in this area  (Zaitoun and Pichery, 2001, Elmkies 

et al., 2002, Chiappa et al., 1997, Al-shajalee et al., 2019b, Al-Shajalee et al., 2019a).  

3. The post-treatment stage included removing, at a constant brine injection rate of 0.1 

cm3/min, any free polymer from the porous media of the rock sample.  

4. Afterward, the gas and brine relative permeabilities were measured at different injection 

flow rates (0.1-100 cm3/min). This included the post-treatment relative gas permeability 

at residual brine saturation [krwa(Sgr+polymer)]Qg (primary drainage) and relative brine 

permeability at residual gas saturation [krwa(Sgr+polymer)]Qw (primary imbibition).  

5. Finally, to assess the performance of the polymer treatment, we used the measured data 

from pre-treatment and post-treatment stages to calculate the critical parametric values 

of water and gas residual resistance factors (𝐹𝑟𝑟𝑤 and𝐹𝑟𝑟𝑔). 

 
𝐹𝑟𝑟𝑤= 

𝐾𝑏 (𝑆𝑔𝑟)

𝐾𝑎(𝑆𝑔𝑟𝑝)
     

8 

 
𝐹𝑟𝑟𝑔= 

𝐾𝑏(𝑆𝑤𝑖)

𝐾𝑎(𝑆𝑔𝑟𝑤)
 

9 

where Kb and Ka are the end-point effective permeability of water or gas before and after-

treatment, respectively. An RPM treatment is considered successful if 𝐹𝑟𝑟𝑤 > 1 and   
Frrw  

Frrg
> 1.  
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To interpret the Frrw and Frrg in terms of the steric effect, we calculated the effective hydrodynamic 

thickness of the polymer layer onto the sample’s pore surfaces using equation 3 as under 

(Zaitoun and Kohler, 1988):  

 
e = r (1 −

1

Frr0.25
) 

10 

where, 𝑒 is the effective hydrodynamic thickness of the polymer layer (μm), 𝐹𝑟𝑟 is the 

residual resistance factor of water or gas as defined by equations 1 or 2, respectively, and 𝑟 

is the average pore radius (μm) of the rock porous media, given as under: 

 
𝑟 = (

8𝐾𝑤

∅
)

0.5

  
11 

Where, 𝐾𝑤 is the absolute permeability of brine (using Darcy equation) and ϕ is rock sample 

porosity. Since e value (Equation 3) depends on either Frrw or Frrw, two different values of 𝑒 

(𝑒𝑤 or 𝑒𝑔) may be considered for imbibition and drainage floods separately.  Subsequently, 

the effective polymer layer thickness ratio after the RPM treatment (
𝑒𝑤

𝑟
  and 

𝑒𝑔

𝑟
 ) is calculated 

using Equation 5. As briefly discussed previously, this ratio is a critical factor influencing 

the outcome of an RPM treatment in low permeability rocks.  

 EHR𝑤 =
𝑒𝑤

𝑟
     and     EHR𝑔 =

𝑒𝑔

𝑟
 12 

Where, EHRw and EHRg are the effective polymer layer thickness ratios of water and gas, 

respectively,  𝑒𝑤  and 𝑒𝑔 are the effective polymer layer thickness for the water (imbibition) 

and gas (drainage) floods, respectively. The capillary pressure is related to IFT, contact angle 

and rock pore size using the Young-Laplace equation: 

 
𝑃𝑐 =

2 𝜎 cos 𝜃 

𝑟
 

13 

Where𝑃𝑐, 𝜎, 𝜃 and 𝑟 are the capillary pressure, interfacial tension, contact angle and pore 

radius, respectively. As mentioned previously, change in the pore sizes of a rock due to the 
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adsorption of the polymer layer would alter the capillary pressure behaviour of the rock 

impacting on the accessibility of the non-wetting phase (here, the gas phase) to pores.  

Note that equation 5 provides estimates of effective polymer thickness ratio and it involves 

parameters ‘e’ and ‘r (from equations 3 and 4) which in turn are based on bundle-of-capillary-

tubes model. However, these equations are still valid to evaluate the effect of pore size 

(including a layer of adsorbed polymer) on fluid distribution in porous media both 

qualitatively or quantitatively (Stavland and Nilsson, 2001, Anokwuru, 2015, Zhang et al., 

2017, Liu et al., 2019, Letham and Bustin, 2018, Yuan et al., 2019).  

 

4.2.3 Zeta potential tests 

To interpret the effect of brine salinity on the RPM treatment at the molecular level (-NH+/-

SiO- and K+Cl/ NH+), and understanding how salinity and mineralogy of rocks govern the 

treatment, we measured zeta potential for three systems using a Zetasizer –Nano-Zs Malvern. 

The evaluated systems included polymer-polymer, rock-polymer and rock-brine before and 

after the treatment across all rock types, and the procedure is as under: 

1. Each rock sample was grinded initially to fine powder form (size: 1-40 microns) (Sari et 

al., 2019, Mahani et al., 2015, Alotaibi et al., 2011). 

2. A 0.2 gm sample of particles was aged in 2 cm3 of KCl solution (2 and 0.2%wt) in capped 

vial placed in an oven for 48 hours at 60 oC followed by measuring the zeta potential of 

these samples.  

3. Similar to Step 2, another 0.2 gm of particles was aged in 2 cm3 of polymer solution 

prepared using the earlier mentioned brines (2 and 0.2%wt) and then their zeta potential 

was measured.  

4. Similar to Step 2, another 0.2 gm of particles was aged in 2 cm3 of polymer solution 

prepared using the earlier mentioned brines (2 and 0.2%wt). Then these particles were 

dried in an oven for 48 hours at 60 oC. The treated particles were rinsed with distillated 

water. Then again, the treated particles in the KCl solution (2 and 0.2%wt, respectively) 
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were aged in oven for 48 hours at 60 oC prior to measuring the zeta potential of these 

samples. It is worth noting that polymer solutions (1000 mg/L) were prepared using the 

earlier mentioned brines (2 and 0.2%wt) before zeta potential measurements. 

4.2.4 Contact angle measurements 

In order to determine the wetting characteristics of samples before and after the treatment, 

contact angle measurements were conducted on sandstone rock samples to determine their 

natural wettability (results in Table 4- 4). Furthermore, to evaluate the influence of salinity 

on wettability, the contact angles were measured using a clean pure glass substrate by using 

the sessile-drop method(Arif et al., 2019). Essentially, a brine droplet (of 2 wt% or 0.2%wt 

KCl) was added onto the substrate via a needle in the presence of air at ambient conditions 

(results in Figure 4-16). Note that the glass substrate was used in place of real rock surface 

to avoid the additional complexities associated with reliable contact angle measurements on 

rock samples (Arif et al., 2020).  

In addition, pure glass (silicate) surface is a representative of sandstone rocks owing to the 

dominant quartz mineral (Arif et al., 2016, Arif et al., 2019). The glass samples were initially 

cleaned using a plasma cleaner (Diener electronic-Zepto one). Then, after undergoing brine 

(2-0.2%wt. KCl) contact angle measurement, they were submerged in the polymer solution 

prepared using the earlier mentioned brines (2 and 0.2%wt KCl) for 48 hours to assure the 

polymer adsorption. Then the treated glass samples were removed from the solution and 

rinsed with distilled water. Afterwards, they were dried in an oven at 60 oC for an hour. 

Finally brine contact angle was measured for treated and untreated glass samples as a function 

of brine salinity (2-0.2%wt. KCl brine). 

While the contact angle measurements in the presence of air are not realistic since the fluid 

distribution during measurements is different than that in porous media, still this is the well-

known/only method to measure contact angle of two-phase flow. In addition, since in this 

study we are looking for qualitative trends rather than quantitative data, these results give a 

good indication to the effect of salinity on contact angle before and after the treatment. 
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4.3 Results  

4.3.1 The 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 in high salinity brine 

We used the calculated values of 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 to evaluate the performance of the polymer 

treatments in high salinity brine (2wt% KCl). Figure 4-2-Figure 4-4 present 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 as 

a function of flow rate under this salinity. As can be seen from these Figures, we found that 

Frrg clearly decreased with increasing flow rates for the case of 2wt% KCl brine for all types 

of rocks, while the Frrw showed distinct behavior i.e. Frrw decreased with flow rate for Gray 

sandstone and remained almost constant for the other two sandstones. The decrease in Frrg 

with increasing gas flow rate is attributed to the ease of gas flow in reservoir which causes 

the residual resistance factor to reduce. 

In addition, we also found that regardless of flow rate and rock type, in all experiments, 

𝐹𝑟𝑟𝑔 >1 and 𝐹𝑟𝑟𝑤 > 1. This shows that the polymer treatment decreases the relative 

permeability to both water and gas phases. This is largely due to the steric effects, which 

decreases relative permeabilities for both water (wetting) and gas (non-wetting) relative 

phases as a result of adsorbed polymer layer at the pore walls (Al-shajalee et al., 2019b, 

Zaitoun and Kohler, 1988). Furthermore, based on the data presented in Figure 4-2-Figure 4-

4, we find that for all rock samples 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄ < 1, meaning that the CPAM treatment in 

these low permeability rocks can be considered unsuccessful. For example, at 0.1 cm3/min, 

 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄  is equal to 0.24, 0.7 and 0.14 for Socito, Gray Bandera and San Saba rocks, 

respectively.  

Figure 4-2-Figure 4-4 also show that increasing gas flow rate decreases 𝐹𝑟𝑟𝑔 (in primary 

drainage process) across all rock types. However, the minimum value of 𝐹𝑟𝑟𝑔 remains to be 

above 1 for all rock samples. For example, Figure 4-2 (for Soctio rock) shows that with 

increasing flow rate from 0.02 to 6 cm3/min the  𝐹𝑟𝑟𝑔 decreases from 18.5 to 1.5. This is 

because the greater gas velocity would induce a greater force and cause the polymer layer 

thickness to lessen due to compression.  However, a similar consistent relationship cannot be 



87 

 

established between 𝐹𝑟𝑟𝑤 and water flowrate. As apparent from Figure 4-2-Figure 4-4, 

𝐹𝑟𝑟𝑤 decreases with flow rate for Gray Bandera rock while for Socito and SanSaba samples 

only slight variations in 𝐹𝑟𝑟𝑤 can be observed over the flow rate range. This discrepancy is 

likely attributed to the mineralogy of the core plugs, which may play a certain role in 

controlling the polymer adsorption during the treatment. For example, a treatment in Gray 

Bandera results in higher water permeability reduction than that of Socito and SanSaba rocks 

due to the higher percentage of clay minerals in Gray Bandera rock (Table 4- 2). However, 

the effect of rock mineralogy on the dependency of Frr on flow rate needs more investigation 

and will be the subject of future publications because that is a standalone study. 
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Figure 4-2: The relationship between the water 

(wetting) and gas (non-wetting) residual resistance 

factors (Frrw & Frrg) vs. water and gas flow rate, 

respectively, in presence of 2% KCl for Socito rock. 

 

Figure 4-3: The relationship between the water 

(wetting) and gas (non-wetting) residual resistance 

factors (Frrw & Frrg) vs. water and gas flow rate, 

respectively, in presence of 2% KCl for Gray Bandera 

rock. 

 

Figure 4-4: The relationship between the water (wetting) and gas (non-wetting) residual resistance factors (Frrw & 

Frrg) vs. water and gas flow rate, respectively, in presence of 2% KCl for SanSaba rock. 

 

4.3.2 The 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 in low salinity brine 

To test our hypothesis that lowering brine salinity may improve the performance of CPAM 

treatment, we repeated the same experimental procedure as in previous section on similar 

rock samples (Gray Bandera2, 3.7mD; Socito2, 23.0mD and SanSaba2, 80mD), but with the 

low salinity brine (0.2 wt% KCl). Figure 4-5-Figure 4-7 show 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 as a function of 

flow rate. Results show that lowering salinity to 0.2% wt. KCl, 𝐹𝑟𝑟𝑔 remains close to unity 

and 𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄ > 1, suggesting a successful treatment in these low permeability rocks 

regardless of rock type. For instance, at water and gas flow rate of 0.1 cm3/min,  𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄  
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is equal to 1.2, 6.4 and 1.6 for the Socito, Gray Bandera and San Saba rocks, respectively. In 

other words, in all rock samples the water relative permeability reduction in presence of low 

salinity brine (0.2%wt. KCl) was higher than that obtained for the same rocks under high 

salinity (2%wt. KCL). For example, at water flow rate of 0.1 cm3/min, the Frrw was calculated 

to be 2.7, 3.7 and 1.1 for Socito, Gray Bandera and San Saba rocks, respectively, in presence 

of 2%wt. KCl brine.  Yet, for the same flow rate and in presence of 0.2%wt. KCl brine, the 

Frrw increased to 4.7, 27.4 and 1.8 for the Socito, Gray Bandera and SanSaba rocks, 

respectively.   

Thus, our results imply that lowering salinity may lead to a reduction of the adsorbed polymer 

layer thickness (𝑒) at pore surfaces. This physiochemical process would trigger a reduction 

in 𝑒, which in turn enhances the flow of the non-wetting gas phase through pore channels by 

reducing the capillary entry pressure and making more pores accessible to gas compared with 

the high salinity case. Similar observation was made by Sharifpour et al, who report that 

lowering salinity could significantly decrease the gas flow rate threshold into low 

permeability porous media (Sharifpour et al., 2016). On the other hand, Figure 4-5 to Figure 

4-7 indicate that flow rate would significantly affect the Frrw by reducing it from very high 

values at low flow rate to low values comparable to Frrg at high flow rates. This may be 

attributed to the fact that increasing flow rate reduces polymer layer thickness as a result of 

increasing compression force or the ability of polymer layer to hold the water decreases.  
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Figure 4-5: The relationship between the water 

(wetting) and gas (non-wetting) residual resistance 

factors (Frrw and Frrg) vs. water and gas flow rates 

respectivelys in presence of 0.2% KCl for Socito rock. 

 

Figure 4-6: The relationship between the water 

(wetting) and gas (non-wetting) residual resistance 

factor (Frrw and Frrg) vs. water and gas flow rate, 

respectively, in presence of 0.2% KCl for Gray 

Bandera. 

 

Figure 4-7: The relationship between the water (wetting) and gas (non-wetting) residual resistance factor (Frrw 

Frrg) vs. water and gas flow rate, respectively, in presence of 0.2wt% KCl for SanSaba rock. 

4.4 Discussion 

4.4.1 Effect of brine salinity on the effective polymer layer thickness   

Figure 4-8 and Figure 4-9 show the calculated effective polymer layer thickness ratio 

(including the associated water layer) during imbibition flood (EHRw) as a function of brine 

salinity (2 and 0.2%wt KCl, respectively) using Eq.5. Results show that lowering salinity 

increases EHRw. For instance, at water flow rate of 0.1 cm3/min, the EHRw values are 

approximately 22, 28 and 3.7% in Socito, Gray Bandera and San Saba rocks, respectively, in 

presence of 2%wt. KCl brine.  Yet, at the same flow rate and in presence of 0.2%wt KCl 
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brine, the EHRw ratios are approximately 32, 56 and 14% for Socito, Gray Bandera and San 

Saba rocks, respectively.  

Figure 4-10 and Figure 4-11 show the calculated effective polymer layer thickness ratio 

(including the associated water layer) during gas flooding (EHRg) as a function of brine 

salinity (2 and 0.2%wt KCl, respectively). The most important conclusion we can draw from 

these figures is that overall EHRg decreases with decreasing brine salinity for all rock 

samples. For example, at the gas flow rate of 0.1 cm3/min, the EHRg values are approximately 

42, 41 and 34% for Socito, Gray Bandera and San Saba rocks, respectively, in presence of 

2%wt. KCl brine.  Yet, at same flow rate and in presence of 0.2%wt. brine, the EHRg values 

are approximately 28, 18 and 9% for Socito, Gray Bandera and San Saba rocks, respectively.  

The results support the hypothesis that lowering the monovalent cation (K+) concentration 

may improve CPAM’s performance in low permeability sandstone rocks. The potential 

mechanisms that are responsible for this improvement include:  rock-polymer and polymer-

polymer physiochemical interactions, and wettability changes at the interface. The next 

sections will evaluate these mechanisms.  



92 

 

 

Figure 4-8: the effective polymer layer thickness ratio 

during water flooding (imbibition), ew /r, in presence of 

2wt% KCl for Socito, Gray Bandera and SanSaba rocks. 

 

Figure 4-9: the effective polymer layer thickness ratio 

during water flowing (imbibition), ew/r, in presence of 

0.2wt% KCl for Socito, Gray Bandera and SanSaba 

rocks. 

 

Figure 4-10: the effective polymer layer thickness ratio 

during gas flooding (draining) eg /r, in presence of 2wt% 

KCl, Socito for Gray bandera and SanSaba rocks. 

 

Figure 4-11: the effective polymer layer thickness ratio 

during gas flooding (draining), eg/r, in presence of 

0.2wt% KCl for Socito, Gray bandera and SanSaba 

rocks. 

Rock-polymer interactions: In this section we will discuss the effect of brine salinity on 

rock/polymer interactions. Figure 4-12-Figure 4-14  present the measured zeta potential 

values of the three rock particle types (Gray Bandera, Socito and San Saba) suspended in the 

polymer solution (rock/polymer) as a function of brine salinity (2 and 0.2wt% KCl). As can 

be seen, with decrease in brine salinity, the zeta potential becomes less negative (Gray 

Bandera) or even positive (Socito and San Saba). This means that as the brine salinity 

deceases, the more positively charged polymer is attached onto the surface of the rock 

particles. Similar observation has also been reported by Tekin et al. (2005, 2010)(Tekin et al., 

2010, Tekin et al., 2005). These researchers indicate that in their experiments the adsorption 

of positively charged CPAM onto negatively charged expanded perlite (EP) increased with 

decreasing NaCl concertation due to decreasing salt screening effect (Tekin et al., 2005, 
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Tekin et al., 2010). To summarize, it seems that reducing the concentration of the monovalent 

cation (K+) in the CPAM solution (NH+) decreases the salt screening effect and increases the 

rock (-SiO-)-polymer electrostatic attraction, which in turn leads to increase the adsorption 

of CPAM on the rock surfaces. 

Polymer-polymer interactions: To measure the effect of brine salinity on polymer-polymer 

interactions (repulsion/ attraction), we conducted zeta potential measurements for the 

polymer solution as a function of brine salinity (2 and 0.2%wt KCl brine) with the results 

presented in Figure 4-15. This figure indicates that as the salinity deceases, the zeta potential 

becomes positive which means increasing polymer/polymer attraction (reducing the 

repulsion). This eventually leads to reduced hydrodynamic polymer/polymer layer thickness 

at the rock pore surface. Similar observation has been reported by a number of other 

researchers who state that decreasing the concentration of monovalent positive charged ions 

in a positively charged polymer reduces the electrostatic repulsion in the polymer solution.  

We further note that the zeta potential is measured at the slipping plane and so can include 

ions that are complexed or move with the polymer. Ionic strength is known to impact the zeta 

potential as increasing ionic strength can screen this charge. Thus, at the lower ionic strength 

we see a positive zeta potential, which is in line with the expected charge of the polymer. As 

ionic strength increases, it would be expected that the zeta potential would get closer and 

closer to zero. The fact that this does not happen implies the specific interaction of chloride 

ions with the polymer-polymer structure. For both these zeta potentials however, they are so 

close to zero that repulsion would not be significant. 

Consequently the polymer adsorption capacity increases, however, this also causes the 

hydrodynamic radius of polymer molecules to reduce (Mishra et al., 2014, Zaltoun et al., 

1991, Tekin et al., 2010, Tekin et al., 2005, Chiappa et al., 1999, Grattoni et al., 2004, Al-

Hashmi and Luckham, 2010). This may also explain why Frrg reduces as brine salinity 

reduces from 2 to 0.2%wt.KCl (Figure 4-2-Figure 4-7) as attributed to reduction in EHRg 

(Figure 4-10 and Figure 4-11). Sharifpour et al. also show that decreasing brine salinity 
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significantly decreases the threshold gas flow rate for the gas to accesses into low 

permeability porous media, i.e. increasing gas mobility (Sharifpour et al., 2016).   

 

Figure 4-12: Zeta potential of brine/particles, polymer-

particles and brine-coated particles in presence of 0.2-

2wt% KCl for Socito rock. Error bars are also shown. 

 

Figure 4-13: Zeta potential of brine/particles, polymer-

particles and brine-coated particles in presence of 0.2-

2wt% KCl for Gray Bander rock. Error bars are also 

shown. 

 

Figure 4-14: Zeta potential of brine/particles, polymer-

particles and brine-coated particles in presence of 0.2-

2wt%   KCl for SanSaba rock. Error bars are also 

shown. 

 

Figure 4-15: Zeta potential of the polymer-polymer as a 

function of brine salinity (2 and 0.2%wt. KCl%). Error 

bars are also shown. 

4.4.2 Effect of brine salinity on rock surface wettability   

We also hypothesized earlier that treating a negatively charged sandstone rock with a 

positively charged polymer (e.g. CPAM) plus lowering the monovalent cation (K+) in the 

polymer solution may change the rock surface wettability. To confirm the above, we can look 

into the results of our zeta potential measurements for the rock-brine system before and after 

polymer treatment as a function of brine salinity (2 and 0.2wt% KCl) across the all rock types 

used (Figure 4-12-Figure 4-14). Regardless of the brine salinity, these figures show that 
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before the treatment the sandstone particles (rock/brine before) exhibit negative zeta potential 

values across all rock particles. For example, the zeta potential values of Socito, GrayBandera 

and SanSaba particles in 2wt% KCl brine solution are -4.6, -13 and, -17, respectively. 

Similarly, the zeta potential values of Socito, GrayBandera and SanSaba particles in 2wt% 

brine solution are -9.7, -20 and -21 respectively. However, these figures also show that for 

both salinities, after the treatment (rock/polymer/brine), the zeta potential shifts towards less 

negative (Gray bandera) and even positive values (Socito and San Saba). For instance, the 

zeta potential values of Socito, Gray Bandera and SanSaba particles in 2wt% of KCl brine 

solution are equal to 0.8, -6.9 and -1.7, respectively. Similarly, the zeta potential values of 

Socito, Gray Bandera and SanSaba particles in 0.2wt% of KCl brine are equal to 3.8, -6.0 

and 2.3, respectively. This observation indicates that the particle surfaces become less 

negative or even positively charged when treated with CPAM. Similar observations have also 

been made by Tekin when a cationic polymer was adsorbed on negatively charged kaolinite 

and expanded perlite, respectively. Their results show that such a treatment could change the 

interface charge of these surfaces from negative to positive as indicated by a shift in zeta 

potential towards more positive (Tekin et al., 2005, Tekin et al., 2010, Besra et al., 2002, 

Besra et al., 2003).  

The overall conclusion drawn from the above is that (regardless of salinity level) after 

polymer treatment, the zeta potential shifts to less negative values.  Similar reports can be 

found in the literature where coating rock particles with polymers would alter the 

physicochemical properties of their surfaces (Tekin et al., 2005, Moen and Richardson, 

1984a, Jańczuk et al., 1991, Bae and Inyang, 2001, Terry and Nelson, 1986, Helalia and 

Letey, 1989, Myint and Firoozabadi, 2015, Xie et al., 2016, Alotaibi et al., 2011, Arif et al., 

2017a, Nasralla et al., 2013). 

Moreover, to further analyze the wetting behavior with respect to salinity, we measured 

contact angle of glass (silicate)/brine system, at ambient conditions, before and after polymer 

treatment as a function of brine salinity (Figure 4-16). We used a glass substrate since it is a 
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proxy mineral of sandstone (as used by recent investigations e.g. (Arif et al., 2019), and also 

eliminates the effect of surface roughness to some extent (Arif et al., 2020)). Regardless of 

the brine salinity, this figure illustrates that after the treatment, contact angle increases. For 

example, for 2%wt. brine/glass the contact angle shifted from 18 to 20o after the polymer 

treatment. Similarly, for 0.2%wt. brine/glass the contact angle shifted from 16 to 32o after 

the treatment. In terms of relating contact angle variation to the corresponding zeta potential 

variations, a few studies report that with a shift in zeta potential from negative to less negative 

(or positive), the system shifts towards less water-wet state (e.g. (Arif et al., 2017b, Arif et 

al., 2017a, Xie et al., 2016)). However, these studies were carried out using simple 

mineral/brine systems, while in our present case, we have inclusion of complex polymer. 

Thus, a relation between wettability and zeta potential may not be directly concluded and 

requires further investigations.  

 

Figure 4-16: Contact angle measurements for brine/glass interface before (B) and after (A) CPAM treatment 

as a function of brine salinity (2 and 0.2%wt. KCl). Error bars are also shown. 

 

Presented below are discussions around further observations that can be made from our zeta 

potential and contact angle results as related to the effects of the high and low brine salinity. 

Figure 4-12-Figure 4-14  show that before the CPAM treatment as the brine salinity decreases 

from 2 to 0.2%wt, the zeta potential values of rock/brine system shift to more negative across 

all rock samples (e.g. from -4.6 to -9.7 for Socito rock particles). Contact angle measurements 
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indicate a wettability alteration towards more water-wet with the decreasing salinity before 

the treatment (Figure 4-16, condition: B). Essentially, as brine salinity decreases from 2 to 

0.2%wt, contact angle decreases from 18o to 16o implying a shift toward more water-wet 

(though the shift is only minor, i.e. a change of contact angle of only 2o). However, after the 

treatment, we note that the rock surface becomes less water-wet when in contact with the 

lower salinity brine as indicated by contact angles (for case A) in Figure 4-16.  This trend in 

contact angle variation with salinity after the treatment implies that polymer treatment 

rendered the surface less water-wet. In summary, the salinity effect on contact angle observed 

here after polymer treatment is that decreasing salinity has resulted in reduced water-

wettability of the system. One possible explanation of this trend may be that decreasing 

salinity from 2 to 0.2%wt after polymer treatment may be causing a reduction in the water 

film thickness. However, more investigations are required to confirm this observation.  

Due to the mechanisms responsible for the RPM effect (as outlined in earlier sections of this 

manuscript), this type of treatment may be successful in a water-wet systems. Following on 

from the aforementioned discussion, the salinity induced wettability alteration of the rock 

samples to a less water-wet state after the polymer treatment may apparently contradict the 

effective RPM principles. However, an RPM treatment would remain effective as long as a 

rock remains water-wet regardless of the level of water-wetness.  

Overall, taking into account the discussions presented, the polymer and the accompanied 

water layer thicknesses would be both reduced with the reduction in the KCl concertation 

from 2 to 0.2wt%. Both of these changes would create a favorable environment to optimize 

the performance of the CPAM treatment in low permeability reservoirs.  

4.4.3 Proposed Mechanism 

As discussed earlier, the likely reason behind the observed variation in the performance of 

the RPM treatment with change in brine salinity (Figure 4-3-Figure 4-8) lies in the 

rock/polymer/brine physiochemical interactions as controlled by the brine salinity (Gomari 

et al., 2020). Figure 4-17 shows a schematic illustration of the interactions of 
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rock/polymer/brine and their influence on the polymer and water thicknesses as a function to 

brine salinity (0.2-2%wt KCl). These interactions can be divided to three groups of rock-

polymer, polymer-brine-polymer and polymer-brine-brine interactions.  With reference to 

the above-mentioned interactions, the polymer layer thickness and the thickness of the 

associated water layer covering the polymer layer are both functions of brine salinity.  

It has been stated in the literature that the adsorbed polymer layer consists of two sub-layers 

(Grattoni et al., 2004, Ranjbar et al., 1995, Cohen and Christ, 1986, Al-Sharji et al., 2001b). 

The first one is called the dense layer made of loops-trains close to the rock surface which is 

responsible for the polymer adsorption (Rock-Polymer: Figure 4-17). Grattoni et al., explain 

that the arrangement of polymer molecules onto the rock surface and their interactions 

depend on brine salinity. They state that brine salinity plays an important role in controlling 

the hydrodynamic size of the polymer molecules and when the size increases,  the polymer 

surface coverage would decrease. The second sub-layer is called the dilute layer containing 

of stable tails extending into polymer solution that help the adsorbed polymer layer to grow 

by the entanglement of flowing polymer molecules (Polymer-Brine-Polymer: Figure 4-17) 

decreasing the pore size (Al-Sharji et al., 2001b).  

Overall, reducing the KCl concentration in the polymer solution increases the attraction of 

first (i.e. dense) polymer layer (rock-polymer) while compressing the second (i.e. dilute) 

polymer layer (polymer-brine-polymer). In general, the above decreases the water relative 

permeability as intended, but results in minimal effect on gas productivity. Moreover, it has 

been shown that the water layer thickness (covering the polymer layer in our case) is salinity 

dependent (Brine-Brine: Figure 4-17) (Arif et al., 2017a, Myint and Firoozabadi, 2015, Xie 

et al., 2016).  
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Figure 4-17: The interactions of rock/polymer/brine and their influence on the polymer and water thicknesses 

as a function to brine salinity (0.2-2%wt KcCl) 

Therefore, it may be better to consider the polymer layer thickness and water layer thickness 

separately which may then be combined in the calculation of the effective polymer layer 

thickness ratio (HER) as set out in the following equations. 

 
EHR𝑤 =

𝑒𝑤

𝑟
=

𝑃𝐻𝑤 + WH𝑤

𝑟
     or  EHR𝑔 =

𝑒𝑔

𝑟
=

𝑃𝐻𝑔 + WH𝑔

𝑟
 

   14 

where, EHRw is the effective polymer layer thickness ratio during water flooding 

(imbibition), EHRg is the effective polymer layer thickness ratio during gas flooding 

(drainage), PH is the polymer layer thickness and WH is the associated water layer thickness. 

Finally, to further elaborate on the results reported in Figure 4-2-Figure 4-7, in the upcoming 

sections of the manuscript, we will look into the pore size distribution of a rock samples and 

how it may be altered by the RPM treatment. As will be discussed, such an alteration would 

result in differing wetting and non-wetting fluid distributions in a rock sample before and 

after the treatment. We will also explain how this overall phenomenon would be salinity 

dependent.   

4.4.4 The pore size distribution and gas-water distribution in water-wet porous media 

As mentioned previously, the adsorption of the polymer layer on the pore surfaces of a rock 

would alter its pore size distribution. Such an alteration would then impact on the 
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accessibility and distribution of the non-wetting gas phase in the post-treatment pore space 

and as a result control the eventual outcome of the RPM treatment.  In this section, the impact 

of the effective polymer layer thickness ratio (EHR) on the performance of CPAM (as 

characterized by 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔) in low permeability sandstones as a function of brine salinity 

will be discussed.  

Interfacial tension (IFT) tests were carried out for the 2%KCl/Nitrogen and 

0.2%KCl/Nitrogen systems (Table 4- 3) to find out if brine salinity has an effect on brine-

gas flowing (Equation 6). This table shows that the ionic strength of the brine (0.2 and 2wt%) 

has negligible effect on the interfacial tension (σ) of N2/brine systems.  

Table 4- 3: The IFT measurement results for the KCl brine/Nitrogen systems.   

 0.2% KCL 2% KCL 

IFT, mN/m @1000psi 19.72 19.8 

Note that the IFT was measured with a polymer-free solution. This is because the fluid system 

present in the rock pores after the treatment would generally consist of water and gas and we 

believe the polymer layer adsorbed onto pore surfaces would not affect the IFT. 

In addition, the contact angle values reported in Table 4- 4 show that, in the presence of both 

brine solutions, the samples are strongly water-wet (i.e. 𝜃 ≈ 0) in the presence of nitrogen 

that forms our non-wetting phase in the core flooding experiments. Note that the contact 

angle in Table 4- 4 represent the natural wettability of the sandstone samples at 1000 psia 

and 25 oC.  

 

 

Table 4- 4: contact angle measurements. 

Sample # Sample name 
KCl concertation 

(%) 

Contact angle (degree) 
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1 
Socito1 2.0 2.9 

Socito2 0.2 2.8 

2 
Gray  Bandera1 2.0 0.7 

Gray  Bandera2 0.2 0.7 

3 
San Saba1 2.0 1.3 

San Saba2 0.2 1.1 

 

This would simplify the Young-Laplace capillary pressure equation (Equation 6) by 

decreasing the term cos 𝜃 to 1.  

𝑃𝑐 =
𝑐  

𝑟
 

15 

Where c is a constant and 𝑟 the pore radius. Therefore, for our case, the only factor affecting 

the capillary values in presence of different brine salinity is the pore radii. Zaitoun and 

Kohler, Grattoni et al. and Al-shajalee et al state that the pore size distribution regulates the 

way wetting and non-wetting fluids are distributed in the pore spaces of a rock porous media 

(Zaitoun and Kohler, 1988, Grattoni et al., 2001c, Al-shajalee et al., 2019b) . In general, we 

can divide the pore sizes into three categories of small, moderate and large (Figure 4-18).   
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Figure 4-18: The effect of pore sizes distribution on water (wetting) and gas (non-wetting) distribution during 

draining process.  (A) before RPM treatment, (B) after RPM treatment (2%KCl), (C) after RPM treatment 

(0.2wt%KCl) 
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Before the treatment (Figure 4-18A), since all of our rock samples were water-wet and due 

to capillary force (Equation 8), the small pores would be filled with water (as wetting phase) 

and are unreachable to gas (as non-wetting phase). However, in the moderate and large pores 

the water film covers the pore walls while the gas phase occupies the centre (Al-shajalee et 

al., 2019b, Grattoni et al., 2001c, Zaitoun and Kohler, 1988). As mentioned earlier, after a 

polymer adsorption (treatment), the resultant variation in the pore sizes of a rock porous 

medium by the adsorbed polymer layer and the consequential redistribution of the wetting 

phase (water) and non-wetting phase (gas) fluids is the main source of RPM effect (Grattoni 

et al., 2001c, Al-shajalee et al., 2019b). In other words, for all the rock samples studied, the 

adsorbed polymer onto the water-wet grain surface changes the effective pore size distribution 

by decreasing their real sizes (Figure 4-18B and Figure 4-18C). Therefore, as illustrated in 

Figure 4-18B, after treatment due to relatively high effective polymer layer thickness ratio in 

the presence of 2wt% KCl, the small pores that were formerly occupied by water may turn 

out to be plugged by immovable polymer. The moderate pores, that before treatment were 

filled with both water and gas phases together, now have a reduced size (i.e. greater capillary 

force (Equation 8) and thus, turn out to be occupied by only water. However, the largest pores 

may stay comparatively large and therefore remain accessible to both water and gas.  

Therefore the treatment under higher salinity would reduce the relative permeability to gas 

more than that to water (recall Figure 4-2-Figure 4-4). As schematically demonstrated by 

Figure 4-18C, due to the reduced effective polymer layer thickness ratio (HER) with the use 

of lower salinity brine, the accessibility of the non-wetting phase to the pore space would 

improve, which may enhance the performance of the RPM treatment.   

4.5 Conclusions 

 The use of polymer for water shutoff in low permeability sandstone reservoirs is significant 

for successful applications of polymer treatment, however the factors that control rock-gas-

brine interactions and polymer layer thickness are still not well understood. In this paper we 
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conducted core flooding experiments to study the impacts of brine concentration (0.2% and 

2% KCl) on possible variations to the water and gas relative permeabilities due to cationic 

polyacrylamide treatment (CPAM) on three sandstones of varying permeabilities (from 2 to 

80 mD). Zeta potential measurements were also conducted for polymer-polymer system and 

rock-brine system before and after the treatment as a function of salinity for all rocks 

investigated. In addition, we measured the contact angles for silicate/brine/gas systems before 

and after the treatment as a function of salinity.  

The overall results showed that decreasing brine salinity (KCl) improved the performance of 

cationic polyacrylamide in sandstone rocks by decreasing water relative permeability, while 

the effect on gas relative permeability was relatively low. This is because decreasing the 

monovalent cation in brine (K+), increases the rock-/polymer+ electrostatic attraction. Zeta 

potential of rock-/polymer+ confirmed that as brine salinity deceases (from 2 wt% KCl to 

0.2wt% KCl), the zeta potential becomes less negative or even becomes positive. In addition, 

a decrease in monovalent cation concentration leads to a reduction in the effective polymer 

layer thickness (compressing) as confirmed by zeta potential measurements.  Furthermore, 

zeta potential of polymer+/polymer+ measurements show as well that as brine salinity 

deceases the zeta potential becomes positive suggesting an increase in the  

polymer+/polymer+ attraction (reducing the repulsion). 

Overall, reducing the KCl concentration in the polymer solution increases the attraction of 

first polymer layer (rock-polymer) while compressing the second polymer layer (polymer-

brine-polymer). In general, the above decreases the water relative permeability as intended, 

but results in minimal effect on gas productivity. Moreover, and importantly, it was seen that 

before treatment the system showed a small increase in water wettability with decreasing 

salinity. However, after the treatment of sandstone rocks with positively charged polymer, 

and lowering the brine salinity, rock surface wettability altered towards less water-wet. This 

effect was related to a shift in zeta potential towards more positive value at lower salinity 
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after the treatment. However more investigations are required to relate wettability to zeta 

potentials.   

Altogether, polymer and the accompanied water layer thicknesses will be both reduced 

(compressed/shrink) with reducing KCl concertation. Under such conditions, the treatment will be 

suitable as seen by a decline in relative permeability to water and an unaltered gas relative permeability.  
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Chapter 5:  A Multiscale Investigation of Cross-Linked Polymer Gel Injection in 

Sandstone Gas Reservoirs: Implications for Water Shutoff Treatment 

 

5.1 Introduction 

Oil and gas  which are still the major fuel resources  face the problem of excess water 

production(Al-Shajalee et al., 2020d, Song et al., 2018b, Amir et al., 2019). Such water 

production can be controlled by mechanical, chemical, or biological methods(Karimi et al., 

2014b), chemical methods being most effective and cheapest(Amir et al., 2019, Karimi et al., 

2014b). Technically, polymer is injected into the vicinity of producing wells to limit relative 

water permeability(Broseta et al., 2000). However, it has been shown that the polymer’s 

water shutoff efficiency is reduced dramatically in moderate-to-high permeability 

rocks(Mennella et al., 1998, Qi et al., 2013, Elmkies et al., 2002, Zaitoun and Pichery, 2001, 

Chiappa et al., 1999, Jinxiang et al., 2013, Al-shajalee et al., 2019b, Khamees and Flori, 

2018).  

There is thus a need to develop better polymer shut-off techniques. The application of a cross-

linked polymer gel has shown promising efficiency in these more permeable rocks(Karimi et 

al., 2014b, Hajilary et al., 2015b). Where cross-linked polymer gels are expected to hold 

themselves inside the porous media by forming 3D-network(Zaltoun et al., 1991, Amir et al., 

2019, Zhu et al., 2017, Nguyen et al., 2012). Moreover, El-Karsani et al. (2014) state that all 

legitimate available studies prove that once the crosslinking take place, which has larger size 

than pore throats, it will not propagate through the porous media (El-Karsani et al., 2014). 

However, the efficiency of cross-linked polymers (gels) were found to vary with gas, oil and 

water flow rate(Al-Sharji et al., 2001b, Al-Sharji et al., 1999a, Song et al., 2015, Mishra et 

al., 2014). In addition, the relative permeability modifier (RPM) performance decreases as 

the fluid flow rate increases, posing a risk of overestimating the water-cut reduction potential. 

Therefore, the influence of fluid flow rate needs to be included in RPM design(Stavland, 

2010).  
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Furthermore, it was previously shown that the efficiency of a water shutoff treatment strongly 

depends on the gel quality (i.e. the gel’s rigidity and stability)(Jia et al., 2010, Wassmuth et 

al., 2004, Zhao et al., 2011, Sharifpour et al., 2016). Moreover, while there have been recent 

insights into the mechanism of gel deformation and the associated disproportionate 

permeability reduction(Hajilary and Shahmohammadi, 2018, Yadav et al., 2020, Salehi et 

al., 2019, Song et al., 2015, Liang et al., 2017), still further scientific understanding of gel 

behaviour in relation to injection rates is required to guarantee successful gel placements in 

gas wells. The previous literature mostly focused on the use of gels to mitigate water 

production in oil wells. It is well known that gas wells have dissimilar physical characteristics 

compared to the oil wells, for example distinct fluid properties variations with pressure (e.g. 

low density and viscosity of gas) and higher flowrates due to gas expansion. Consequently, 

the disproportionate tendency of the gels to decrease water permeability will not be as simple 

as that anticipated for oil reservoirs. Thus, there is a need for studies concentrating on gas 

reservoirs. 

Therefore, this work investigates the effect of gel rheology and residual fluid saturation on 

gas and water permeabilities in moderately permeable rocks as a function of gas/water flow 

rate.  The present study therefore adds to our current understanding of the gel/water/gas 

interactions in porous media, and aids in the reduction of excess water production. 

5.2 Materials and Methods   

5.2.1 Materials 

Three cylindrical Berea sandstone core samples were used in this study for the core flooding 

experiments. Porosity and permeability of the rock samples were measured using an 

automated permeameter and porosimeter [Coretest Systems (USA), model: AP-680], Table 

5-1. Prior to the core flooding experiments, the clean rock samples were kept in an oven at 

338K for 24 h.  
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Table 5-1: Petrophysical characteristics of Berea core samples and polymer gels used. 

Sample Material 
Length 

(cm) 

Diameter 

(cm) 

Porosity 

(%) 

 Permeability 

(mD)* 

Gel formulation 

Polymer 

(ppm) 

Cr3+ 

(ppm) 

Berea 1 Sandstone 7.61 3.81 18.7 140 20,000 200 

Berea 2 Sandstone 7.60 3.80 19.0 166 20,000 300 

Berea 3 Sandstone 7.60 3.80 18.6 149 20,000 400 

Berea 4 Sandstone 7.61 3.79 20 170 20,000 600 

Micromodel Glass 2 1 (width) 48 2500 20,000 300 

Capillary1 Pure glass 15 0.05 - - 20,000 600 

* Klinkenberg-corrected absolute Nitrogen permeability  

 

2 wt. % KCl brine, high purity Nitrogen gas (99.99%, BOC Gas Australia), Chromium (III) 

acetate hydroxide and Poly (acrylamide-co-acrylic acid) partial sodium salt (P(AAM‐co‐

AA)Na, compare Table 5-2 for details) were procured from Sigma Aldrich (Australia). KCl 

brine was selected in this work due to a notable clay content in sandstone samples(Al-

Shajalee et al., 2020d). 

 

Table 5-2: Relative permeability modifiers (RPM) agents used in this study. 

Name 
Chromium (III) acetate hydroxide*  Poly (acrylamide-co-acrylic acid) partial sodium salt 

Mol. wt. 603.31 g mol–1 520,000 g mol–1 

Formula (𝐶𝐻3𝐶𝑂2)7𝐶𝑟3(𝑂𝐻)2 
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* Abbreviated as Cr3+ in the script 

** Abbreviated as P(AAM‐co‐AA)Na in the script 

Methylene blue and activated charcoal particles (100 mesh) were procured from Sigma 

Aldrich and used in the micromodel experiments, see below. 

 

5.2.2 Rheological analysis  

The rheological behavior of the P(AAM‐co‐AA)Na  chromium cross-linked solution was 

examined.  It has been reported that high salinity brine and high temperature may affect the 

behaviour of such gels(Yi et al., 2017, Zhu et al., 2017). However, Karimi et al. (2014) and 

Zhu et al. (2017) report that chromium cross-linked polyacrylamide  gels can be utilized in 

the reservoirs with high temperatures (≈ 127 oC) and salinity (Karimi et al., 2014b, Zhu et 

al., 2017). In addition, to make such polymer gel systems more tolerant to thermal and salinity 

effects it is suggested to be combined with nanoparticle technology or some additives (Zhu 

et al., 2017, El-Karsani et al., 2014). It can also improve gels rheological properties and 

lubricity for different applications, and also making gels more environmentally friendly by 

reducing its toxicity(Zhu et al., 2017, El-Karsani et al., 2014, Ismail et al., 2016). Moreover, 

these cost-effective polyacrylamide and chemical additives such as a Chromium (III) acetate 

has been successfully applied in lab-scale and reservoir-scale sandstone oil/gas-fields 

operations(Liang et al., 2017, Liang et al., 2018, Karimi et al., 2014b, Ehsan et al., 2017, Jia 

and Chen, 2018, Zhang et al., 2014, Alvand et al., 2017, Aftab et al., 2016, Heidari et al., 

2019, Yi et al., 2017, Zhu et al., 2017, Al-Sharji et al., 1999a, Al-Sharji et al., 2001b, Grattoni 

et al., 2001b, Dai et al., 2017b, Dovan and Hutchins, 1994, Xindi and Baojun, 2017, Seright, 

1995).  

 P(AAM‐co‐AA)Na concentration was constant throughout the study (i.e., 20,000 

ppm). Experimentally, P(AAM‐co‐AA)Na  powder was added to the brine and stirred (at 300 
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rpm) by a magnetic stirrer at 333 K till the solution became homogeneous. Later, prescribed 

amounts of chromium(III) acetate hydroxide powder (i.e., 200, 300, 400, and 600 ppm) were 

added to the P(AAM‐co‐AA)Na  solution, followed by continuous stirring for 10–12 h. The 

top of the beaker was sealed throughout the sample preparation procedure to avoid any water 

evaporation.    

A rheometer [Thermofisher (USA), model: Haake Mars] with concentric cone geometry 

(diameter: 27 mm) was used for the study, and the flow behaviour of the samples was 

investigated over a wide shear rate range (0.01–100 s–1). In addition, the impact of both the 

concentration of the cross-linking agent and the temperature were also examined. Thus 

amplitude, frequency, and temperature sweep tests were performed to study the viscoelastic 

behaviour of the polymer solutions. Note that the energy accumulated and dissipated in the 

polymer solutions under oscillatory stress are quantified by the storage modulus (G) and loss 

modulus (G), respectively(Larson, 1999). Furthermore, the linear viscoelastic (LVE) region 

was determined by amplitude sweep tests [at a 0.1 – 100% strain and 1 Hz frequency]. 

Frequency sweep tests were carried out to gain further insight into the viscoelastic properties 

of the polymer solutions at a 0.01 – 100 Hz frequency and 5% strain. Finally the influence of 

temperature on G’ and G’’ was analyzed over a temperature range of 298 – 338 K at a 

constant frequency (1 Hz) and constant strain (5 %). 

5.2.3  Core flooding experiments  

Gas and water permeabilities of the rock samples were measured before and after polymer 

treatment to assess the gel performance. The samples were thus placed inside a core flooding 

apparatus and vacuumed for 24 hours under 3.45 MPa confining pressure at room 

temperature (Figure 5-1). Brine was then injected at 1 cm3/min, and both pore and confining 

pressure, were simultaneously and gradually increased (keeping the effective stress constant 

at 3.45 MPa) to 6.90 and 10.35 MPa, respectively. The samples were then left for 24 h at 60 

oC temperature to guarantee full saturation. 
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  The absolute brine permeability was then measured (at a different brine injection rates of 

0.2-160 cm3/min). Subsequently gas was injected at a constant flow rate, until no water was 

produced, and a constant pressure differential across the sample was achieved. This step was 

repeated for different successively increasing flow rates (0.2–160 cm3/min) and the 

differential pressures were recorded for each flow rate. A similar procedure was followed 

when measuring the water permeability. Finally, three pore volumes (PV) of crossed-linked 

polymer solution were injected through the rock sample at a constant flow rate of 1 cm3/min. 

The polymer solution was then left to form a gel inside the core for 48 h at 60 C and 6.90 

MPa pore pressure. In the post-treatment stage, three PV of brine were injected at 1 cm3/min 

flow rate, thus removing the free polymer solution from the pore space. Subsequently, as in 

the pre-treatment stage, gas and then water were successively injected at the same flow rates 

as before. 

 

 (a) (b) 
 

Figure 5-1: Experimental setup of (a) the core flooding apparatus and (b) micromodel and capillary tube. 

 

From the measured data, the water and gas residual resistance factors (𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔) 

before and after polymer treatment were calculated as follows(Al-Shajalee et al., 2019a):  

 𝐹𝑟𝑟𝑤 =
∆𝑃𝑎𝑓𝑡𝑒𝑟

∆𝑃𝑏𝑒𝑓𝑜𝑟𝑒
 (1) 
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𝐹𝑟𝑟𝑔 =
∆𝑃𝑎𝑓𝑡𝑒𝑟

∆𝑃𝑏𝑒𝑓𝑜𝑟𝑒
 (2) 

where; ∆Pbefore and ∆Pafter are the constant pressure differentials across the sample during 

water or gas injections (at constant flow rate). Note that the ratios in equations 1 and 2 can 

alliteratively be written as relative permeability before-treatment over relative permeability 

after-treatment(Al-shajalee et al., 2019b, Al-Shajalee et al., 2020d).  RPM treatment is 

considered successful if Frrw > 1 and  Frrg ≈1 (resulting in w

g

Frr

Frr
>>1)(Al-Shajalee et al., 

2020d).  

Finally the shear rate 𝛾 in the porous medium was calculated via equation 3(Wei, 2015): 

 
𝛾 = (

𝑄

𝐴(8𝐾∅)0.5
) 

(3), 

where Q is the flow rate, and A, K and   are the porous medium’s cross-sectional area, 

permeability and porosity, respectively.  

5.2.4 Two-dimensional (2D) Micromodel Flow Experiments 

To interpret the core flooding results and to visualize the flow behavior of the gel and how it 

influenced gas flow at pore scale, a set of systematic visualization experiments were 

conducted on a transparent 2D-micromodel using borosilicate glass and a capillary tube 

which both mimic the sandstone. The 2D-micromodel flooding experiments were performed 

using the setup shown in Figure 5-1b, and the glass micromodel is shown in Figure 5-2. A 

0.1 wt% methylene blue powder (Sigma Aldrich Australia) was dissolved in the brine to 

improve the visual observation during micromodel and capillary tube experiments(Dehshibi 

et al., 2019).  To ensure full dissolution of the dye particles, the brine-dye mixture was 

sonicated (using an UNiSOiCS FXP10M sonicator at 40 kHz for 5 h). A Leica microscope 

(model: MZ6) and high-speed high-resolution camera (iDS Imaging Development Systems 
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GmbH (Germany), model: UI-3140CP Rev. 2) connected to a computer recorded the various 

flow patterns. These were further analysed, see below.  

The glass micromodel experiment started with brine injection at 0.02 cm3/min until the model 

was fully saturated with the brine; the pore pressure was then gradually increased to 3.45 

MPa. The subsequent steps were similar to those used in the core-flooding procedure; first 

the absolute brine permeability was measured (at constant flow rate, 0.02 cm3/min), gas was 

injected at different but constant flow rates (0.1-15 cm3/min), followed by brine injection at 

constant flow rate (0.02 cm3/min). 1 cm3 of the crossed-linked polymer solution was then 

injected through the micromodel at constant flow rate (0.02 cm3/min), and the micromodel 

was left in a water bath for 48 h at 60 oC and 6.90 MPa to allow polymer gelation inside the 

porous medium. Next, 1 cm3 of brine was injected at 0.02 cm3/min flow rate, thus removing 

the free polymer solution from the pore space. Subsequently, as in the pre-treatment stage, 

gas and then water were injected. 

 

 

Figure 5-2: Photo of the 2D micromodel used. 

5.2.5  Capillary tube tests 

To further enhance understanding of the fundamental physics observed in the 2D 

micromodels, experiments were conducted in a transparent circular capillary tube (Figure 3). 

Note that as such a tube can be rotated by 360o, a 3D demonstration can be achieved. 

However, since the diameter of the capillary tube was higher than the average pore diameters 

in the core samples (≈ 4 𝜇𝑚,(Al-shajalee et al., 2019b)) or the micromodel, a higher cross-

linker concentration was used to produce a stronger gel and to thus hold the gel inside the 
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capillary tube (600 ppm Cr3+) during the flow experiment. Activated charcoal particles (0.1 

wt. %) were mixed with the gel to assist the visual observation and to confirm the presence 

of the transparent gel inside the tube during the flow experiments. Note that since the main 

purpose of this test was to visually observe the flow behavior of water and gas in presence of 

the gel, a constant flow rate of 0.1 cc/min was used for water and gas injection, before and 

after treatment. Note that this flow rate value is within the shear rate range used in core 

sample (middle value), please see Table 5-3. 

 

A polymer solution (600 ppm Cr3+ in 20,000 ppm P(AAM‐co‐AA)Na formulation) solution 

was injected into the capillary tube (at ambient conditions). The capillary tube was then kept 

in an oven for 48 h at 60 Co to assure RPM solution gelation. The gel layer had a non-uniform 

thickness and covered almost the whole surface area of the inside wall of the capillary tube.  

Table 3 summarizes the flow and shear rates used in the various flow experiments. 

 

 

Figure 5-3: Circular capillary glass tube used. 

Table 5-3: Flow and shear rates used in the various experiments.   

Core sample Micromodel Capillary tube 

Q, cm/min Shear rate, s-1 Q, cm/min Shear rate, s-1 Q, cm/min Shear rate, s-1 

0.2 6.77924 0.1 2604.52443 0.1 319.4571* 

0.4 13.55848 0.15 3906.78664   
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0.6 20.33772 0.2 5209.04886   

0.8 27.11696 0.3 7813.57329   

1 33.8962 0.4 10418.0977   

2 67.7924 0.5 13022.6221   

4 135.5848 1 26045.2443   

6 203.3772 2 52090.4886   

8 271.1696 5 130226.221   

10 338.962 10 260452.443   

20 677.924 12 312542.931   

40 1355.848 15 390678.664   

60 2033.772     

80 2711.696     

100 3389.62     

120 4067.544     

140 4745.468     

160 5423.392     

*The micromodel was exposed to the allowable maximum gas shear (within the 

manufacturing limit of 10.3 MPa maximum operational pressure). 

 

5.3 Results and Discussion 

5.3.1 Rheological analysis  

To improve RPM performance, it is important to understand the gel’s rheological 

properties(Grattoni et al., 2001d, Karimi et al., 2014b, Idahosa et al., 2014, Zaitoun and 

Pichery, 2001, Al-Sharji et al., 2001b, Salehi et al., 2019, Yadav et al., 2020, Pereira et al., 

2020). Therefore, viscosity measurements were conducted using steady shear flow tests, and 

the viscoelastic properties of the polymer solutions were examined via oscillation shear flow 
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tests. Temperature sweeps mimicking true reservoir temperatures were also conducted. The 

subsequent sections describe the results obtained.  

5.3.1.1 Steady shear flow test 

At constant shear rate, the viscosity of the aqueous P(AAM‐co‐AA)Na –Cr3+ gel clearly 

increased with increasing cross-linker concentration (Figure 5-4). For instance, at a shear rate 

of 10 s–1, the viscosity of the 200 ppm Cr3+ gel (a constant 20,000 ppm P(AAM‐co‐AA)Na 

concentration was always used) was 23.68 mPa s, which drastically increased to 1775.8 mPa 

s, when Cr3+ concentration  increased to 600 ppm, consistent with literature data(Alvand et 

al., 2017, Audibert et al., 1993, Grattoni et al., 2001b). This drastic viscosity increase is 

caused by the additional cross-links created in the gel (by the additional Cr3+). Note that 

carboxyl and amide groups in the P(AAM‐co‐AA)Na chemically react with the Cr3+. This 

leads to the cross-linked polymer network and electrostatic interactions between 

polyacrylamide and Cr3+(Han et al., 1995, Burrafato et al., 1990, Wiśniewska et al., 2015).  

We also observed shear thinning behavior, i.e. viscosity decreased with increasing 

shear rate (Figure 5-4), which is also consistent with literature data(Zhang et al., 2007, Karimi 

et al., 2014b). The decrease in viscosity with increasing shear rate is caused by the disruption 

of the polymers’ carbon–hydrogen bonds(Xiong et al., 2018), and devaluation in 

intermolecular interaction between P(AAM‐co‐AA)Na and Cr3+(Alvand et al., 2017, 

Machale et al., 2019). Such shear thinning ensures reduction in the local drag force during 

polymer injection in the field(Harrison et al., 1999). However, small augmentations in 

viscosity at lower shear rates (i.e. 0.01–0.1 s–1) are attributed to the resistance offered by the 

polymeric solution to the deformation and is coherent with recent investigations(Dimi-Misic 

et al., 2019, Umerova and Ragulya, 2017).  
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Figure 5-4: Viscosity of aqueous P(AAM‐co‐AA)Na gels as a function of chromium concentration and shear 

rate (P(AAM‐co‐AA)Na  concentration =  20,000 ppm, temperature = 298 K; pressure = atmospheric; salinity 

= 2 wt% KCl). 

5.3.1.2 Oscillation shear flow tests 

Figure 5-5(a) demonstrates the measured moduli as a function of strain (0.1–1000 %) at 

constant frequency (1 Hz) for varying Cr3+ concentrations (at a fixed P(AAM‐co‐AA)Na 

concentration, 20,000 ppm). It is clear that G was higher than G over the full strain range 

tested. This indicates gel-like characteristics of the P(AAM‐co‐AA)Na –Cr3+ solution. G 

increased with increasing Cr3+ concentration. The only exception however observed for a 

Cr3+ concentration of 200 ppm, when G’’ was higher than G’. This implies mainly viscous 

behavior at 200 ppm Cr3+ concentration(Pereira et al., 2020); which is due to fewer network 

cross-links in the gel. One more note that a sharp decrease in the G’ demonstrates the strain-

thinning behavior of P(AAM-co-AA) Na–200 ppm Cr3+ solution. This behavior generally 

demonstrates the destruction of the samples’ internal structure while retorting to an 

externally-applied stimulus. 
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(a) 

 

 

(b) 

 

Figure 5-5: G and G as a function of (a) strain (0.01–1000%) at constant frequency (1 Hz) and (b) frequency 

(0.01-100 Hz) at constant strain (5 %) for the aqueous P(AAM‐co‐AA)Na –Cr3+ solution. (Temperature = 298 K; 

pressure = atmospheric; salinity = 2wt% KCl). 

After identifying the LVE region, frequency sweep tests were carried out to determine 

the viscoelasticity of the samples. Figure 5-5(b) demonstrates that the linear viscoelastic 

behavior of the samples was governed by the elastic component as G > G. This confirms 

the gel–like structure of the samples(Song et al., 2006). Notably, the viscous liquid-like 

behavior of the polymer solution for the 200 ppm Cr3+ case (in 20,000 ppm P(AAM‐co‐

AA)Na solution) was again confirmed with these frequency sweep tests. 

Importantly, all solutions (except 200 ppm Cr3+) demonstrated a predominantly 

elastic behavior, while the transition from elastic to viscous regions (i.e., 𝐺″ > 𝐺′ )occurs at 

a relatively higher frequency, as depicted by the crossover point in Figure 5-5b. This elastic 

behavior also suggests that characteristic three-dimensional gel network was formed(Pereira 

et al., 2020). Thus, the addition of chromium ions promoted the elastic behavior of the 

polymer gel possibly due to the attractive intermolecular interactions between polymer and 

cross-linker.  

 

5.3.1.3 Temperature sweep tests 

Temperature sweep studies were also carried out on the Cr3+ cross-linked P(AAM‐co‐AA)Na 

solutions over a temperature range of 298–338 K at constant frequency (1 Hz) and strain (5 
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%) (see Figure 5-6). Similar to the other oscillation shear flow tests, a dominance of elastic 

behavior was observed (i.e. G was greater than G) over the whole temperature range tested. 

Moreover, nominal variations in G with respect to oscillation shear rate and temperature 

suggests mechanical and temperature stability of the P(AAM‐co‐AA)Na –Cr3+ solution. The 

mean velocity of the polymer solution molecules is directly proportional to temperature 

(Samanta et al., 2010). Consequently, the average intermolecular force between molecules 

declines. However, the addition of Cr3+ cross-linking agent (chromium acetate) in lower-

molecular-weight polymer solution results in strong intermolecular interactions and 

subsequently, the formation of a network structure. In addition, the temperature-dependent 

rheological properties of polyacrylamide solution could enhance the convective heat transfer 

(Shin and Cho, 1994, Hartnett and Kostic, 1989).  Therefore, a plateau trend has been 

observed in Figure 5-6. 

 

Figure 5-6(b) demonstrates the complex viscosity of P(AAM‐co‐AA)Na –Cr3+ solutions over 

a range of temperatures. The complex viscosity of the gel increased with temperature for Cr3+ 

concentrations of 300 ppm and higher, while it decreased for a 200 ppm Cr3+ concentration. 

The interaction between molecules in the solution and the tendency of Cr3+ for the 

development of aggregates with P(AAM‐co‐AA)Na are functions of temperature(Wang et 

al., 2011). 

 

In the P(AAM‐co‐AA)Na –200 ppm Cr3+ solution, the intermolecular interactions between 

P(AAM‐co‐AA)Na and Cr3+ are limited due to the lower Cr3+ concentration. However, the 

probability of aggregate formation and also intermolecular interaction increases with 

increasing concentration. 
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(a) 

 

(b) 

 

Figure 5-6: (a) Storage G’ and loss G’’ moduli and (b) complex viscosity of various P(AAM‐co‐AA)Na –Cr3+ 

gels as a function of temperature. (Brine salinity: 2 wt% KCl, Pressure = Atmospheric).  

 

5.3.2 Core flooding results  

We then performed core flooding experiments at reservoir conditions to evaluate the 

effectiveness of the gel treatment, with a focus on its performance to reduce the relative water 

permeability. Figure 5-7 shows the relationship between 𝐹𝑟𝑟𝑤, 𝐹𝑟𝑟𝑔 , and 𝐹𝑟𝑟𝑤/𝐹𝑟𝑟𝑔 and 

(water and gas) flow rate as a function of cross-linker concentration. The gel with the higher 

cross-linker concentration (600 ppm Cr3+) had significantly higher viscosities, especially at 

low shear rates. Note that the results for the 20,000 ppm P(AAM‐co‐AA)Na –600 ppm Cr3+  

solution (in Berea 4 samples) have not been included after the aging time.  
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(a) 

 

(b) 

 

 (c) 

Figure 5-7: Relationships between (a) Frrw versus water flow rate, (b) Frrg versus gas flow rate and (c) Frrw/Frrg 

versus water flow rate as a function of cross-linker concentration for Berea sandstone ( Pressure = 6.9 MPa, 

Temperature = 333 K, Salinity = 2%wt. KCl, P(AAM‐co‐AA)Na concentration = 20,000 ppm). 

5.3.2.1 Water residual resistance factor, 𝐹𝑟𝑟𝑤 (imbibition) 

The water residual resistance factor (Frrw) was highest for the largest Cr3+ 

concentration (Figure 5-7a). For example, for a water flow rate of 1 cm3/min, Frrw was ~ 5 

at 400 ppm Cr3+, while it was ~3 at 200 ppm Cr3+ concentration. This suggests that stronger 

gels retain more water in the porous medium. This again can be attributed to the solid-like 

nature of the gel (see Figure 5-5), which is less deformable during water flow.  
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Furthermore, and importantly, it was found that as the water flow rate (0.1–160 cm3/min) 

increased, 𝐹𝑟𝑟𝑤 decreased, irrespective of the cross-linker concentration (Figure 5-7a). 

Moreover, the minimum 𝐹𝑟𝑟𝑤 remained greater than unity for all cross-linker concentrations 

over the whole water flow rate range tested. For example, the 20,000 ppm P(AAM‐co‐AA)Na 

and 200 ppm Cr3+ system, as flow rate increased from 0.1 to 160 cm3/min,  𝐹𝑟𝑟𝑤 decreased 

from 3.8 to 1.7 (i.e. Frrw depends on the flow and shear rate). This could be mainly caused 

by two effects, namely a) polymer layer deformation (thinning), and/or b) residual gas 

saturation (Sgr) reduction. Indeed, shear thinning behavior of the polymer –Cr3+ solutions has 

been observed in the rheological measurements (see Section 3.1.1 above), it has also been 

previously reported by numerous researchers(Barrufet and Ali, 1994, Liang and Seright, 

1997, Zaitoun and Kohler, 1988, Hajilary and Shahmohammadi, 2018, Nguyen et al., 2006, 

Song et al., 2015, Yadav et al., 2020, Stavland et al., 2011).  

 

Furthermore it was observed that increasing water flow rate liberated more gas from the core 

sample (i.e. a lower Sgr was achieved). These liberated bubbles were observed in the effluent 

container which was filled with water (compare Figure 5-1a). Zhang et al. (2016) suggest 

that as gas saturation decreases, the potential of gel to limit water relative permeability 

sharply decreases(Zhang et al., 2016). Moreover, recent investigations(Yadav et al., 2020, 

Liang et al., 2017, Liang et al., 2018, Prado Paez et al., 2009, Connolly et al., 2017) state that 

significant trapping of residual non-wetting saturation due to RPM treatment results in a  

greater restriction to water (wetting) flow, and eventually significantly increases Frrw 

Considering all above, we conclude that the reduction in Frrw with increasing water flow rate 

is due to both, the deformation of the gel layer and decreasing Sgr.  

5.3.2.2 Gas residual resistance factor (drainage) 

We then analysed how the gel influences the drainage (displacement of brine by gas) 

behaviour in the core. As for imbibition (see Figure 5-7a), the gas residual resistance factor 

(Frrg) was highest for the highest Cr3+ concentration (Figure 5-7a). For instance, for a gas 
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flow rate of 1 cm3/min, Frrw was ~ 0.9 for a 400 ppm Cr3+, while it was ~0.1 for a 200 ppm 

Cr3+ concentration. However, in contrast to the imbibition process (see Figure 5-7a), the gas 

flow rate (Qg) increased, when 𝐹𝑟𝑟𝑔  increased for a given Cr3+ concentration (see Figure 5-7 

b). This implies that the gel is shear thickening when gas is flowing. Similar behaviour was 

reported by Song et al. (2015) during the second and third water-gas injection cycles, while 

shear thinning behaviour was observed during the first cycle (Song et al., 2015). However, 

the majority of published works on the effect of fluid flow rate on gel performance were 

performed on oil/water systems, and show either shear independency(Nguyen et al., 2006, 

Hajilary and Shahmohammadi, 2018, Liang et al., 1995, Liang and Seright, 1997, Barrufet 

and Ali, 1994, Zaitoun and Kohler, 1988) or shear thinning behaviour(Song et al., 2018b) 

with increasing  oil shear rate.  Moreover, and interestingly, there is a critical gas flow rate 

Qgc1 (which is different for each Cr3+ concentration) below which 𝐹𝑟𝑟𝑔  < 1 and above which 

𝐹𝑟𝑟𝑔 > 1 (see Figure 5-7b). Note that Frrg < 1 indicates an increase in gas permeability due 

to RPM lubrication effect(Al-shajalee et al., 2019b, Al-Shajalee et al., 2019a). For example, 

at a Cr3+ concentration of 400 ppm, the critical gas flow rate was ~ 1 cm3/min, while at 200 

ppm Cr3+ concentration, the critical gas rate was ten times higher (~ 10 cm3/min; Figure 

5-7b). It is thus clear that Frrg depends on Qg and Cr3+ concentration. Figure 7 b may also 

suggest that stronger gels have a smaller lubrication effect (i.e. as gel strength increased, Frrg 

increased).  

Our results aligning with literature show that gels showed shear thickening behaviour during 

gas flow and shear thinning during water flow. However, the opposite is requested by oil 

industry. Therefore we recommend that more studies are needed to be done in this regard.  

5.3.2.3 Frrw / Frrg ratio  

Previous studies showed that gel efficiency and water reduction both significantly increase 

with gel strength(Nguyen et al., 2006).  However, a stronger gel decreased the gel lubrication 

effect (i.e. Frrg increased, Figure 5-7b). We therefore analyzed the Frrw / Frrg ratio, Figure 

5-7c. Clearly the 200 ppm Cr3+ gels showed optimum behavior. For instance, for a water flow 
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rate of 1 cm3/min, Frrw/Frrg was ~ 29 for 200 ppm Cr3+, while it was ~5 for a 400 ppm Cr3+ 

concentration. This suggests that weaker gels retain less water in the porous medium, yet 

they increase the gas permeability. This is an important observation which indicates that there 

are two counteracting mechanisms (water retention versus lubrication effects) which both 

determine DPR performance, although in our study the lubrication effect dominated (see also 

Al-Sharji et al., 2001a(Al-Sharji et al., 2001a), Al-Shajalee et al., 2019a(Al-Shajalee et al., 

2019a)).  

As mentioned earlier, irrespective of the cross-linker concentration, it was observed that 

higher water flow rates decreased Frrw (Figure 5-7a), while higher gas flow rates decreased 

Frrg (Figure 5-7b). Therefore, when fluid (water and gas) flow rate increased, Frrw/Frrg 

decreased, also irrespective of the cross-linker concentration (Figure 5-7c). For example, at 

200 ppm Cr3+ concentration,  as the fluid flow rate increased from 0.1 to 160 cm3/min,  

Frrw/Frrg  decreased from 35.0 to 0.8 (i.e. Frrw / Frrg depends on the flow and shear rates). 

Similar trends were observed elsewhere (Song et al., 2018b, Hajilary and Shahmohammadi, 

2018). Moreover Figure 5-7c shows that for all gels there is a critical flow rate (~ 30 cm3/min) 

above which the treatment becomes unsuccessful (Frrw/Frrg <1). It is thus clear that Frrw / 

Frrg depends on fluid flow rate and Cr3+ concentration. 

 

5.3.3  Micromodel flooding tests  

We then performed 2D micromodel flooding tests (at 3.45-8.9 MPa and 298 K). The key 

objectives here were to a) analyse the effect of Swir on Frrg (when Qg < Qgc1), and to b) provide 

novel insights into the gel shear thickening behaviour (inside a porous medium) at high gas 

flow rates. The subsequent subsections describe these results. 

5.3.3.1 Micromodel flooding results  

The core flooding results show that as Qg increased, 𝐹𝑟𝑟𝑔 increased (Figure 5-8b), consistent 

with the core flooding results (see Figure 5-7b). Moreover, there is a critical gas flow rate 

Qgc1 (~1 cm3/min) below which 𝐹𝑟𝑟𝑔 < 1 (improving gas permeability) and above which 𝐹𝑟𝑟𝑔 
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> 1 (gas permeability reduction). Sharifpour et al. (2016) pointed out that during low gas 

flow rates,  gel performance is mainly controlled by the ability of the polymer to fill-up the 

rock space, while at higher gas flow rates the gel rigidity controls gel performance 

(Sharifpour et al., 2016). We thus hypothesized that (for our particular conditions), two 

factors control the gel behaviour during drainage (as gas flow rate increases), namely: a) the 

reduction in the irreducible water saturation (Swir), and/or b)  polymer layer expansion; these 

factors were thus examined, and the results are discussed below in sections 3.3.2 and 3.3.3.  

 

(a) 

 

 

(b) 

 

Figure 5-8: a) Relationship between gas flow rate and gas permeability before and after gel treatment, b) 

relationship between Frrg and gas flow rate after gel treatment (300 ppm Cr3+concentration,  pressure = 3.4 MPa, 

temperature = 298 K, P(AAM‐co‐AA)Na concentration = 20,000 ppm, salinity = 2 wt% KCl).  

5.3.3.2 The effect of irreducible water saturation (Swir)  

To understand the pore-scale mechanisms occurring during core flooding observations 

during increasing gas injection rate, we conducted micromodel experiments for different gas 

injection rates. Clearly, as gas injection rate increased, Swir decreased across the entire 

micromodel (Figure 5-9). Furthermore, and consistent with the core flooding results (see 

Figure 5-7b), as the gas flow rate (Qg) increased, 𝐹𝑟𝑟𝑔  also increased (see Figure 5-8b). 

Moreover, there was also a critical gas flow rate Qgc1 (~ 0.4 cm3/min) below which 𝐹𝑟𝑟𝑔  < 1 

(gas permeability increase) and above which 𝐹𝑟𝑟𝑔 > 1 (gas permeability reduction). Thus 

when the gas flow rate increased, Swir decreased and in turn the lubrication effect towards the 
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gas phase decreased, similar to the results reported previously (Al-shajalee et al., 2019b, Al-

Shajalee et al., 2019a). Such lubrication effects are one of the main reasons for DPR when 

RPM’s are used (Alfarge, 2016, Alfarge et al., 2017, Alfarge et al., 2018, Zaitoun et al., 1990, 

Zaitoun and Kohler, 1988, Dovan and Hutchins, 1994, Scott et al., 2020, Norouzi et al., 2017, 

Al-Sharji et al., 2001a). Mechanistically, the gel layer on the rock reduces the pore surface 

roughness, further, it forms a water film on the pore surface, and both effects increase krg 

(Zaitoun and Kohler, 1988, Zaitoun et al., 1998).  

Outlet 

 

 

 

 

 

Inlet 

      

 0.1 cc/min 0.5 cc/min 1 cc/min 2 cc/min 10 cc/min 15 cc/min 

 a)     b)     c) d)           e)           f) 

 

Figure 5-9: Micromodel images of the fluid distribution in the porous medium after gel treatment as a 

function of gas flow rate. (Pressure = 3.4 MPa, temperature =298 K, salinity = 2 wt% KCl, P(AAM‐co‐

AA)Na concentration = 20,000 ppm, Chromium concentration = 300 ppm). 

 

5.3.3.3 Effect of polymer rheology  

Previous studies showed that the reduction in relative oil permeability (oil was non-wetting) 

after gel treatment is independent of shear rate (Barrufet and Ali, 1994, Zaitoun and Kohler, 

1988, Hajilary and Shahmohammadi, 2018, Nguyen et al., 2006). However, the core flooding 
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and micromodel results presented here clearly show that the reduction in gas (non-wetting 

phase) permeability after gel treatment is rate dependent. Moreover, gas permeability 

decreased due to gel treatment when Qg increased (shear thickening behaviour, see above).  

To examine this further we performed additional micromodel experiments at very high gas 

flow rates ( 10 cc/min), Figure 5-9 e and f, and Figure 5-10 a to f). At a critical Qg value 

(Qgc2 =10 cc/min), gas bubbles were trapped in the gel and some of these bubbles totally 

dissolved in the gel over time (Figure 5-10 a to f). Moreover, at Qgc2 the gel layer on the glass 

surface expanded (Figure 5-10 d to f). This caused a further gas permeability reduction (i.e. 

𝐹𝑟𝑟𝑔 increased). We conclude that the gel layer deformation was the underlying mechanism 

of the shear thickening (dilatant) behaviour. Such dilatant behaviour is caused by the 

elongation of the adsorbed coiled polymer molecules in the converging flow (Liang et al., 

1992). For gas flow rates greater than the critical flow rate, the gel layer underwent a 

sequential deformation, i.e. first gas bubbles were trapped in the gel, followed by the 

dissolution of the gas bubbles in the gel, and finally gel layer expansion. 

Note that the gas flow rate range used in the micromodel experiments (0.1-15 cc/min) 

induced higher shear rates (2600-39,000 s-1; equation 3) than those occurring in the core 

sample (7-5,000 s-1; equation 3). Despite this difference, similar trends between the gas flow 

rate and Frrg were observed (shear thickening and gradual increase of Frrg as gas flow rate 

increased). This suggests that such shear thickening also occurred in the rock sample, yet to 

a lesser extent.  

In summary, during low gas flow rates gel performance is mainly controlled by the gel 

lubrication effect, while at higher gas flow rates gel rigidity is the dominant factor. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

 (e) 

 

(f) 

Figure 5-10: Visual pore scale micromodel observations (gas flow rate = 10 cm3/min, pressure = 3.4 MPa, 

temperature = 298 K, salinity =2 wt% KCl, P(AAM‐co‐AA)Na concentration = 20,000 ppm , Chromium 

concentration = 300 ppm). Blue rectangles = trapped gas; red circles = gel expansion.  

5.3.4 Capillary tube experiments  

Capillary tube experiments were then performed at ambient conditions to further examine 

the rheological gel behaviour, and to investigate the gel formation at pore walls, and water 

and gas flow. The subsequent subsections describe the results.   

5.3.4.1 Water flooding  

Figure 5-11a shows that the 3D-network of gel holds itself(Grattoni et al., 2001b, 

Amir et al., 2019, Zhu et al., 2017)  onto all pore surfaces after 48 h aging period.  After one 

minute of water flooding two separate regions developed (Figure 5-11b-d). In the first region, 

water flowed through a rapture in the gel (convective flow), while in the second region water 

flowed through the gel layer (by diffusion). 
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(a) 

 

(b) 

 

 (c) 

 

(d) 

Figure 5-11: Flow visualization images during water injection into gel placed in the  capillary tube. Water 

(blue) flowed convectively  through the transparent gel (20,000 ppm P(AAM‐co‐AA)Na -600ppm Cr3), and 

also diffused into the gel (a) transparent gel filling the tube at t = 0 (After ageing  the gel inside the 

capillary tube for 48 h the gel entirely filling the tube), (b) water flowing at time t = 1 min, (c) water 

flowing and diffusing at time t = 10 min, and (d) water totally diffused in the gel at t = 17 min.  

 

5.3.4.2  Gas flooding   

During gas injection, gas slugs migrated through the non-uniform flow channel 

formed in the raptured gel by the water flood (Figure 5-12). The gas slugs deformed and then 

split up when they flowed through a narrower constriction in the flow path; beyond the 

constriction, the split gas slugs sometimes coalesced again. Due to the non-uniform thickness 

of the gel, this process was repetitive and caused pressure fluctuations. Precisely, as gas 

flowed through a constriction, the pressure increased until the gas deformed the gel; at this 

point the gas slugs became elongated and moved further downstream through the gel. The 

pressure then decreased again, and the gel layer returned to its original state (as before the 

deformation), thus the elongated gas slug split again into smaller bubbles.  
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(a) 

(b) 

 

(c) 

 

(d) 

 

(e) 
 

(f) 

 

(g) 

 

(h) 

 

 (i) 

Figure 5-12: Gas slugs flowing through the non-uniform channel in the gel (created by the waterflood) (a) gas 

slug deformed by the thick gel, (b) gas slug enlarged in the thin gel, (c) another gas slug moving  in, (d) the 

second gas slug deformed, too, (e) gas slugs flowing, (f) gas slugs coalescing, (g) gas slug separation and gas 

slugs coalesce at the same time, (h) gas slug elongation and (i) elongated gas slug separation.   

 

These observations are considerably different to those reported previously, where the gel 

formed only in the edges and crevices of grains (Liang et al., 2017, Sharifpour et al., 2016, 

Al-Sharji et al., 2001b). Most likely in these previous studies gel layer formation was not 

observed as the layer was too thin and totally transparent (but still existed, see above).  

5.4 Conclusions 

This work investigated the rheological behaviour of P(AAM‐co‐AA)Na -chromium gels for 

a broad range of shear rates (0.01-100 s–1), chromium concentrations (200-600 ppm Cr3+ in 

20,000 ppm P(AAM‐co‐AA)Na) and temperatures (298-338 K), followed by core scale and 
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pore scale flow experiments, to determine the gel performance in terms of reducing water 

production. A clear increase in viscosity of the P(AAM‐co‐AA)Na gel with increasing cross-

linking agent concentration was measured and shear thinning  was observed.  Oscillation 

shear flow tests indicated that all solutions (except for 200 ppm Cr3+ concentration) exhibited 

a predominantly elastic behaviour (with transition from elastic to viscous behaviour 

occurring at a relatively high frequency). Likewise, a temperature sweep confirmed the 

dominance of elastic behaviour over viscous behaviour throughout the temperature range 

tested. 

Furthermore, it was found that higher gel strength increased the water retention inside the 

porous media. Two counteracting mechanisms were responsible for the observed 

disproportionate permeability reduction (DPR), namely (a) water retention and (b) 

lubrication (both being functions of gel rheology). While the lubrication effect was the main 

mechanism behind the DPR especially at low gas flow rates, gel rigidity was prominent at 

higher flow rates. This was associated with gas diffusion and dissolution in the gel, which in 

turn expanded the gel layer thickness and reduced gas permeability. Moreover, irrespective 

of the cross-linker concentration, it was observed that higher water flow rates (during 

imbibition) decreased Frrw. This was attributed to: a) gel shear thinning behaviour and b) Sgr 

reduction. However, increasing gas flow rates (during draining) decreased the Frrg (i.e. shear 

thinking behaviour). Moreover, there was a critical fluid flow rate above which the treatments 

became unsuccessful, as both effects (i.e. water retention and lubrication) were significantly 

reduced.   

The micromodel results showed that at high gas flow rate (Qgc2), the gel layer expanded on 

the glass surface after trapping and dissolving gas bubbles in the gel or water. This in turn 

increased 𝐹𝑟𝑟𝑔, as the gas flow path became more restricted. In the capillary tube experiment 

gas slugs pushed themselves through the non-uniform channel without diffusion. The gas 

slugs repetitively deformed and split up and coalesced again when the gas flowed through 

the thicker gel layers, also causing pressure fluctuations. 
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In summary, the results of this study improve our fundamental understanding of the 

mechanisms associated with gel treatment for water permeability reduction. These results 

thus aid in the implementation of gel placements for reducing excess water production. 
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Chapter 6:  A New Dimensionless Approach to Assess Relative Permeability 

Modifiers 

 

6.1 Introduction 

Currently many hydrocarbon fields are nearing their maturity and excessive water production 

from production wells have become a major challenge to the oil and gas industry. Chemical 

approaches are broadly utilized to reduce water production. This can include polymer gels or 

inorganic cements but these are only applicable when the water producing zone can be 

treated. In the case where water producing zones cannot be identified, polymers can be 

injected in the area around the producing wells. Some classes of polymer can selectively 

reduce the production of water whilst having a minimal impact on hydrocarbon. These 

materials are known as relative permeability modifiers (RPMs). To date, a number of 

experimental investigations and field trials have been carried out to understand the behavior 

of RPMs with the oil/water system. However, there is very limited data available regarding 

the gas/water systems. 

All the existing literature agrees that by increasing the concentration of the injected polymer 

the adsorption is enhanced so that the thickness of the adsorbed polymer layer increases on 

the internal pore walls of a porous medium. This may eventually decrease the permeability 

to all fluids flowing in the medium (Grattoni et al., 2001a, Mennella et al., 1998, Ogunberu 

and Asghari, 2004b, Mishra et al., 2014, Zheng et al., 1998, Qi et al., 2013). However, there 

is no universal consensus about the effect of pre-treatment absolute permeability of the 

medium on the eventual permeability reduction. Mennella et al. (Mennella et al., 1998) and 

Qi et al. (Qi et al., 2013) claim that permeability reduction decreases with increasing absolute 

permeability whereas Jinxing et al. (Jinxiang et al., 2013) have concluded the opposite. Zheng 

et al. (Zheng et al., 1998) results show both increasing then decreasing of permeability 

reduction with increasing absolute permeability of their rock samples.   
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As indicated before, many researchers(Zaitoun and Kohler, 1988, Mennella et al., 1998) 

indicate that the presence of the adsorbed polymer layer on the pore wall is expected to lessen 

the flow pore size for all phases in the same way and ultimately modify their permeabilities. 

However, Mennella et al. (Mennella et al., 1998) claim that assuming the polymer layer 

thickness not to be constant and depend on every flowing fluid phase would yield a more 

consistent interpretation of the experimental data. Grattoni et al. (Grattoni et al., 2001a), 

Mishra et al. (Mishra et al., 2014) and Mennella et al. (Mennella et al., 1998) report that the 

post-treatment effective pore size would depend on the spatial distribution of expanded and 

shrunken regions of polymer layer which depends on the flowing fluid phase considered.  

Using capillary tubes and sand packs, the measured gas, oil and water permeabilities in the 

presence of a polymer/gel were found to vary with flow velocity (shear rate) according to a 

power-law (Al-Sharji et al., 2001b, Al-Sharji et al., 1999c, Song et al., 2015, Mishra et al., 

2014). For a non-deformable porous medium, the power-law model can only be attributed to 

the elastic properties of the non-Newtonian or deformable fluid (polymer/gel), something 

that may not be expected from a Newtonian fluid (oil, water and gas) (Al-Sharji et al., 1999c, 

Al-Sharji et al., 2001b, Cohen and Christ, 1986, Saphiannikova et al., 1998)  . Zaitoun and 

Kohler(Zaitoun and Kohler, 1988) and Mishra et al. (Mishra et al., 2014) also report that the 

adsorbed polymer molecules in a porous medium deform under hydrodynamic forces (shear 

stress) exerted on it and ultimately this would affect the permeability.  

Grattoni et al. (2001a), Ali and Barrufet (2001) and Zaitoun and Pichery (2001) emphasize 

the importance of shear dependency or the deformation of the adsorbed polymer layer on 

permeability reduction(Grattoni et al., 2001a, Ali and Barrufet, 2001, Zaitoun and Pichery, 

2001). They show in their results that this dependency, which is a function of polymer 

concentration, would eventually affect flow behaviour of different fluid phases. Zaitoun and 

Kohler(Zaitoun and Kohler, 1988) imply that the presence of the adsorbed polymer layer, 

which attracts wetting phase to it, brings about several effects including reduction of the flow 

of the wetting phase as well as inducing lubrication effect towards the non-wetting phase. 
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They also state that this lubrication influence increases with increasing the viscosity contrast 

between the non-wetting and wetting phases and decreases with increasing the viscosity 

contrast in the case of using a non-wetting phase.  

The mechanisms behind the ‘Disproportionate Permeability Reduction (DPR)’ of RPMs on 

fluid phases is still a matter of controversy. Wall effect of the adsorbed polymer layer on the 

inner walls of a porous medium may induce one or all of the four effects of wettability, steric, 

lubrication and swelling/shrinking. The wall effect is considered a primary mechanism 

behind the relative permeability modification(Zaitoun and Kohler, 1988, Tielong et al., 1996, 

Zaitoun et al., 1998, Elmkies et al., 2002, Nieves et al., 2002, Dawe and Zhang, 1994, Dovan 

and Hutchins, 1994, Zaitoun and Pichery, 2001). Moreover, the polymer layer thickness may 

change as affected by many parameter such as the phase that is being flowed, flow rate (shear 

rate) and polymer rheology(Zaitoun and Kohler, 1988, Mennella et al., 1998, Grattoni et al., 

2001a, Mishra et al., 2014, Al-Sharji et al., 2001b, Al-Sharji et al., 1999c, Song et al., 2015, 

Cohen and Christ, 1986, Saphiannikova et al., 1998). Therefore, reporting experimental 

results in term of polymer thickness or pore radius may be more meaningful.  

The first aim of this research was to experimentally study the effect of an RPM agent (i.e. a 

cationic polymer) and its concentration on water and gas permeability reductions in a number 

of sandstone rock samples of different permeability. A new dimensionless parameter called 

the dimensionless effective pore radius (𝑟𝑒𝑓𝑓
− ) that can help to interpret and compare the 

resulting experimental data in a more insightful, streamlined and objective manner is also 

outlined. If looked at as a final quantitative figure to evaluate the effectiveness of an RPM 

treatment, 𝑟𝑒𝑓𝑓
−  may seem similar to the commonly used residual resistance factor (𝐹𝑟𝑟). 

However, this newly developed parameter explicitly reflects the effect of a number important 

parameters of the rock-fluid-polymer system(e.g. pore sizes, permeability, porosity, 

thickness of the adsorbed polymer layer,) on the final results of the treatment. Finally, 

Forchheimer equation has been also used here to observe gas flow regimes changes.   
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6.2 Experimental work  

6.2.1 Materials 

Four cylindrical water-wet Berea Sandstone core plugs, with similar porosities were used in 

this study (Table 6-1).  The permeability of each rock varied to some degree across the study. 

To determine the mineral composition of this Berea Sandstone, X-Ray Diffraction (XRD) 

was used on an offcut of a sample whose results are shown in Table 6-2 which reveal a 

mineralogy typical of sandstones. The brine used in core-flooding experiments was a 

synthetic brine (2wt% KCl) prepared by dissolving an analytical grade KCl (Sigma-Aldrich) 

in distilled water. The gas phase was a high purity bottled nitrogen gas (99.99wt%, BOC 

Gas). We also used a cationic Poly(acrylamide-co-diallyldimethylammonium chloride) 

solution(Table 6-3) with four different concentrations as our RPM agent (Table 6-1). The 

earlier mentioned synthetic brine was used to dilute the polymer and arrive at the 

concentrations listed in Table 6-1. The reason behind using a cationic polymer was due to its 

positively charged ions that can be adsorbed well on the negatively charged Berea Sandstone 

pore surfaces. As discussed in the earlier sections of the manuscript, adequate adsorption of 

an RPM agent is essential for achieving the possible relative permeability modification effect 

of the agent.  

Table 6-1: Characterization of the rock samples used and the polymer concentration used to 

treat each during core flooding. 

# L, 

cm 

D,  

cm 

∅, 

% 

K,  

mD 

Polymer concentration,  

ppm 
1 4.881 3.798 21 350 1000 

2 4.947 3.792 22 375 2000 

3 4.82 3.779 21 410 4000 

4 4.77 3.789 21 426 8000 
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Table 6-2: Berea Sandstone mineral composition as obtained from XRD analysis  

Phase Weight% 

Quartz 81.2 

Microcline (max) 4.8 

Kaolin 5.7 

Illite/Muscovite 4.5 

Albite, low 3 

Dolomite 0.5 

Calcite 0.3 

 

Table 6-3: Characteristics of the polymer used in this study as the RPM agent.  

Name   Poly(acrylamide-co-diallyldimethylammonium chloride) 

Molecular 

Structure 

 

Formula (C8H16ClN)n.(C3H5NO)m 

Molecular 

Weight 

75000 

Viscosity 9,000-25,000 cP(25 °C) 

Density 1.02 g/mL at 25 °C 

Manufacture

r 

Sigma-Aldrich 

https://www.sigmaaldrich.com/catalog/product/aldrich/409081?lang=en&region=

AU 

 

6.2.2 Rheological properties 

A series of rheological tests were conducted using a HAAKE RheoWin rheometer on 

different concentrations of the polymer solution to determine its behavior and the effect of 

shear stress on shear rate (Figure 6-1). According to the results obtained, these solutions show 
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non-Newtonian shear thickening behavior so the viscosity varies depending on the applied 

stress or force. The polymers also show enhanced shear thickening behavior with increasing 

solution concentration so the increasing shear rate and polymer concentration would lead to 

increase in polymer rigidity.  

 

Figure 6-1: Results of the rheology tests: the effect of shear rate on shear stress. 

6.2.3 Core-flooding Tests 

A schematic of the core-flooding setup used in this work is presented in Figure 6-2. The 

flooding experiments were conducted at a room temperature with a confining pressures of 

10.35 MPa and a pore pressure of 6.90 MPa. 

 

Figure 6-2: Core flooding test equipment. 
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After petrophysical characterization of the core samples they underwent a core-flooding 

experiment that consisted of three major steps as outlined below. The basic preliminary 

characterization included drying the samples in an oven at 65℃ for 24 hours or until their 

weights stabilized. Subsequently, they underwent nitrogen porosity and permeability 

measurements whose results are included in Table 6-1.  

 Before Polymer Treatment: 

1. Installing a core sample inside the core holder. Vacuuming the sample for 24 hours. Then 

saturating the sample with the 2%KCl brine under constant pressure for another 24 hours.  

2. Injecting brine at different flow rates to measure the sample’s absolute permeability (k). 

3. Injecting gas under constant flow rate until no more brine would be produced and 

achieving constant differential pressure across the sample (i.e. establishing irreducible 

water saturation (Swirr)). Calculating the relative permeability to gas at irreducible water 

saturation krg1(Swirr) using the final measured differential pressure. Repeating this step 

with different gas flow rates (1-70 cc/min). 

4. Injecting brine with constant flow rate until no more gas would be produced and 

achieving constant differential pressure across the sample (i.e. reaching residual gas 

saturation Sgr.). Calculating relative permeability to brine at residual gas saturation krw1 

(Sgr) using the final measured differential pressure. Repeating this step with different 

brine flow rates (1-4 cc/min). 

 Polymer Treatment: 

5. Injecting three pore volumes of a polymer solution with a specific concentration (Table 

6-1) through the core sample.  

6. Aging the sample in contact with the polymer solution for 48 hours.  

 After Polymer Treatment: 

7. Injecting brine at constant flow rate to displace free/unreacted polymer solution from 

sample.  
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8. Injecting gas under constant flow rate until no more brine would be produced and 

achieving constant differential pressure across the sample (i.e. reaching irreducible water 

saturation Swirr). Calculating the relative permeability to gas at irreducible water 

saturation and adsorbed polymer krg2(Swirr+ polymer) using the final measured differential 

pressure. Repeating this step with different gas flow rates (1-70 cc/min). 

9. Injecting brine under constant flow rates until no more gas would be produced and 

achieving constant differential pressure across the sample (i.e. reaching residual gas 

saturation (Sgr)). Calculating the relative permeability to brine at residual gas saturation 

and adsorbed polymer krw2(Sgr+polymer) using the final measured differential pressure. 

Repeating this step with different water flow rates (1-4 cc/min). 

 

The data measured or calculated from the above outlined experimental procedure was 

subsequently used to calculate a number of important parameters using specific equations 

that will be presented and discussed in the next section of the manuscript.  

6.2.4 Dimensionless Parameters 

The residual resistance factor (𝐹𝑟𝑟) is a critical parameter introduced in the literature to 

evaluate the performance of an RPM agent (White et al., 1973). This parameter is calculated 

separately for each of the fluid phases whose permeability is to be modified. The general 

equation used to calculate 𝐹𝑟𝑟 is provided below.  

  

𝐹𝑟𝑟 =
∆𝑃𝑎

∆𝑃𝑏
 

16 

 

Where; Pa and Pb are the decreases in pressure during injection which is recorded across 

a core sample for a fluid phase after and before the RPM treatment, respectively. 

As indicated earlier, it is expected that DPR effect of an RPM agent would be realized by 

leaving a very thin layer (~μm) on the internal pore surfaces of the treated porous medium.   

Since the polymer layer thickness is not always constant and affected by many parameter 
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such as flowing phase, flow rate (shear rate), polymer rheology and concentration, pore sizes, 

etc. (Zaitoun and Kohler, 1988, Mennella et al., 1998, Grattoni et al., 2001a, Mishra et al., 

2014, Al-Sharji et al., 2001b, Al-Sharji et al., 1999c, Song et al., 2015, Cohen and Christ, 

1986, Saphiannikova et al., 1998). Evaluating any experimental results using a parameter 

expressed in terms of polymer thickness and pore radius may be more meaningful and 

insightful. The pre-treatment effective or average pore radius for the medium in combination 

with 𝐹𝑟𝑟 has been used by Zaitoun and Kohler (Zaitoun and Kohler, 1988) to estimate the 

effective thickness of the adsorbed layer of the RPM polymer/gel using the following 

equation. 

  

e = r (1 −
1

Frr0.25
) 17 

Where, 𝑒 is the estimated average hydrodynamic polymer/gel layer thickness (μm), 𝑟 is the 

average pore radius (μm) for brine flow which can be calculated using Equation 18 8 and 𝐹𝑟𝑟 

is the residual resistance factor as calculated using Equation 1. 

  

𝑟 = (
8. 𝑘𝑏𝑟𝑖𝑛𝑒

∅
)

0.5

  18 

Where, 𝑘𝑏𝑟𝑖𝑛𝑒 is the brine permeability, and 𝜙 the porosity of the porous medium as modelled 

using a bundle of capillary tubes. 

Subsequently, the post-treatment effective porous radius can be estimated using the following 

equation by taking into account the fraction of the original radius taken up by the presence 

of the adsorbed polymer/gel layer.  

  
𝑟𝑒𝑓𝑓 = 𝑟 − 𝑒   19 

Where 𝑟𝑒𝑓𝑓 is the post-treatment effective pore radius (μm). 

Dimensionless variables have been used in many technical areas, such as fluid dynamics and 

fluid flow in porous media, as simple and effective comparison tools especially when there 
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are many cases of similar nature to be evaluated in a study that have different features and 

are needed to be compared with each other. Thus, for different core samples that, for example, 

have different permeability (i.e. with different initial pore radii), and have been treated with 

different polymer concentrations (i.e. resulting in different adsorbed polymer thicknesses), 

the dimensionless form of Equation 4 would be very helpful for comparing the results 

obtained for one sample to those obtained for others. Therefore, we propose the 

dimensionless effective pore radius to be calculated using the following equation.  

  

𝑟𝑒𝑓𝑓
− =

𝑟𝑒𝑓𝑓

𝑟
  20 

 where 𝑟𝑒𝑓𝑓 and 𝑟 are defined by equations 3 and 4.  

As indicated earlier, 𝑟𝑒𝑓𝑓
−  may be regraded very similar to 𝐹𝑟𝑟 in that it is a ratio between the 

pre- and pot-treatment of a parameter impacted upon by an RPM treatment (i.e. ∆𝑃 for the 

case of 𝐹𝑟𝑟 and 𝑟𝑒𝑓𝑓 for the case of 𝑟𝑒𝑓𝑓
− ). However, the critical advantageous feature of 𝑟𝑒𝑓𝑓

−  

is that it explicitly reveals the interlink between the effectiveness of the treatment and 

important properties of the rock-fluid-polymer system through utilizing outputs of equations 

1-4. The 𝐹𝑟𝑟 may only be explicitly related to permeability of the porous medium under 

investigation through ∆𝑃 as it may be calculated from the Darcy’s equations.  

6.2.5 Forchheimer Equation 

The Forchheimer Equation, as presented in Equation 6, is in the form of an equation for a 

straight line and has been widely used to interpret the experimental data that show inertial 

effects (i.e. non-Darcy flow). However Zimmerman et al. (Zimmerman et al., 2004) state that 

this equation can be also utilized over any range of flow rates as it produces similar results 

to those obtained from the Darcy’s equation at low values of flow rate.  

  

𝑌𝑔 =
1

𝑘
+ 𝛽𝑋𝑔 6 

Where; β is inertial resistance coefficient (m-1) and also: 
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𝑌𝑔 =
(𝑃1

2 − 𝑃2
2)

2𝜇𝑔𝐿𝑃1 (
𝑄𝑔1

𝐴 )

 
7 

and 

  

𝑋𝑔 =
𝑃1𝑀

𝜇𝑔𝑅𝑇
(

𝑄𝑔1

𝐴
) 8 

Where 𝑌𝑔 and 𝑋𝑔 are the Forchheimer-Y (m-2) and Forchheimer-X (m-1) functions, 

respectively, Qg1 is the gas volumetric flow rate at the inlet (m3/sec), A the cross sectional 

area (m2), L the length (m), and P1 and P2 the measured pressures at the inlet and outlet of the 

porous medium, respectively. 

6.3  Results and Discussion 

This section of the manuscript presents and discuss the experimental results obtained in the 

current study. Initially, the results are interpreted and discussed in the context of the 

commonly used 𝐹𝑟𝑟. Subsequently, in order to demonstrate its effectiveness, the same 

experimental data are analyzed, interpreted and discussed using the newly developed 𝑟𝑒𝑓𝑓
− . 

Another objective of this section is to interpret the results obtained in this work using the 

Forchheimer equation to determine the possible flow regimes that may be encountered within 

the porous media as the gas injection flow rate changes with and without the presence of the 

adsorbed polymer layer.   

6.3.1 The effect of rock permeability and polymer concentration 

Table 6-4 shows the residual resistance factors of water and gas as obtained from the 

experiments and the calculated ratio between them along with the rock permeabilities and 

polymer concentrations used. It is worth noting that each 𝐹𝑟𝑟 value reported in this table for 

each fluid phase is the average value calculated across all phase injection flowrates explored 

(i.e. 1-4cc/min). For visual inspection, the 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 values are then plotted in Figure 

6-3 and Figure 6-4  against polymer concentration and rock permeability, respectively. As 

revealed by the figures, 𝐹𝑟𝑟𝑤 decreases initially with increase in both rock permeability (from 
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350 to 410mD) and polymer concentration (from 1000 to 4000ppm), but then increases with 

further increase in the rock permeability to 426 mD and the polymer concentration to 

8000ppm. All the reviewed literature report an ever increasing 𝐹𝑟𝑟𝑤 with an increase in the 

polymer concentration as attributed to the increase in the thickness of the adsorbed polymer 

layer(Mennella et al., 1998, Qi et al., 2013, Jinxiang et al., 2013, Zheng et al., 1998).  

The apparent contradiction between our results and previously published data is believed to 

have been caused by the increase in rock permeability at the same time as the increase in the 

polymer concentration. In other words, the final value of 𝐹𝑟𝑟𝑤 resulted from every 

experiment would be dictated by the competing and opposite effects of pore radius (which 

increases with increase in permeability) and adsorbed polymer layer (which increases with 

increase in polymer concentration). With regards to the trend observed in 𝐹𝑟𝑟𝑤 versus sample 

permeability, similar behaviour has been reported in the literature(Mennella et al., 1998, Qi 

et al., 2013, Jinxiang et al., 2013, Zheng et al., 1998). This indicates that a uniform trend of 

ever decreasing or increasing 𝐹𝑟𝑟𝑤 versus rock permeability may not be expected. In our 

work, this trend can be explained by the discussion presented above when addressing a 

similar trend observed for variation in 𝐹𝑟𝑟𝑤 versus polymer concentration.  

With regard to the gas phase, Figure 6-3 and Figure 6-4 reveal an increasing 𝐹𝑟𝑟𝑔 with an 

increase in both rock permeability and polymer concentration. The observed trend in 𝐹𝑟𝑟𝑔 

versus polymer concentration is in agreement with those presented in all the previously 

published literature (Grattoni et al., 2001a, Mennella et al., 1998, Ogunberu and Asghari, 

2004b, Mishra et al., 2014, Zheng et al., 1998, Qi et al., 2013). The reason for 𝐹𝑟𝑟𝑔 behaving 

differently against the polymer concentration to that observed for 𝐹𝑟𝑟𝑤 could be due to the 

fact that the adsorbed polymer layer may impact on the gas flow in different ways compared 

with the water flow. Figure 6-3 reveals that 1000, 2000 and 4000ppm polymer concentrations 

have resulted in even improvement in the gas flowing behaviour as 𝐹𝑟𝑟𝑔 for these 

concentrations is less than unity. This improvement, for the polymer concentrations used and 

for the range of gas flow rates (1-4cc/min) applied, may have been induced by the lubrication 

effect of the adsorbed polymer layer facilitating the gas flow as a mechanism which is also 
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suggested by(Zaitoun and Kohler, 1988). Concerning the observed trend in 𝐹𝑟𝑟𝑔 versus rock 

permeability, as discussed for the water phase before, similar trends have been reported in 

the literature.  

 

Table 6-4: The average 𝐅𝐫𝐫𝐰, 𝐅𝐫𝐫𝐠 and 𝐅𝐫𝐫𝐰/𝐅𝐫𝐫𝐠 (Water and gas flow rate range =1-

4cc/min) 

Rock 

No. 

Porosity,  

% 

Permeability, 

mD 

Polymer 

concentration, 

ppm 

Frrw Frrg Frrw/Frrg 

1 21 350 1000 2.38 0.6 5.55 

2 22 375 2000 2.05 0.8 2.6 

3 21 410 4000 1.15 0.8 1.86 

4 21 426 8000 2.75 2 1.41 

 

 

 

Figure 6-3: The relationship between polymer concentration and 𝐅𝐫𝐫𝐰 and 𝐅𝐫𝐫𝐠. 
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Technically, for the evaluation of the effectiveness of an RPM treatment, the ratio of 

𝐹𝑟𝑟𝑤/𝐹𝑟𝑟𝑔 is often more insightful than individual 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 on their own. The best 

treatment is that with 𝐹𝑟𝑟𝑤/𝐹𝑟𝑟𝑔 values of more than unity and, in general, the higher the 

value the better the outcome of the treatment. Figure 6-5 and Figure 6-6 show the effect of 

both rock permeability and polymer concentration on 𝐹𝑟𝑟𝑤/𝐹𝑟𝑟𝑔 for the experiments 

conducted in this work. According to these figures, the ratio decreases with an increase in 

concentration and permeability. Most importantly these data reveal that the concentration of 

1000ppm is the best treatment concentration for our polymer solution and 8000ppm is the 

worst.  

 
Figure 6-4: The relationship between rock permeability and 𝐅𝐫𝐫𝐰 and 𝐅𝐫𝐫𝐠. 
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Figure 6-5: The relationship between polymer concentration and 𝐅𝐫𝐫𝐰/𝐅𝐫𝐫𝐠. 

 

 

 

Figure 6-6: The relationship between rock permeability and 𝐅𝐫𝐫𝐰/𝐅𝐫𝐫𝐠. 
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6.3.2 Dimensionless Effective Pore Radius 

As discussed earlier a primary objective of this section of the manuscript is to put the earlier 

developed dimensionless effective pore radius (𝑟𝑒𝑓𝑓
− ) into use. The use of this parameter 

would yield similar final conclusions as those obtained by analyzing 𝐹𝑟𝑟. However using 

𝑟𝑒𝑓𝑓
−  would be more insightful for the same reasons presented and discussed previously. 

Figure 6-7 shows the combination effect of rock permeability and polymer concentration and 

gas flow rate on 𝑟𝑒𝑓𝑓
− . Overall, this figure indicates that 𝑟𝑒𝑓𝑓

−  decreases with increasing 

polymer concentration. Generally, for all polymer concentrations, with increase in gas 

injection flowrate, the calculated 𝑟𝑒𝑓𝑓
−  would eventually approach unity. At relatively low gas 

flow rate (0.2-1cc/min) and for polymer concentrations of 1000-4000ppm, 𝑟𝑒𝑓𝑓
−  is greater 

than one. This outcome implies improvement in gas permeability after treatment which, as 

indicated before, may be attributed to the lubrication effect of the adsorbed polymer. 

Improvement in post-treatment gas permeability have also been obtained by  Zaitoun and 

Kohler(Zaitoun and Kohler, 1988), Zaitoun et al.(Zaitoun et al., 1990) and Dovan and 

Hutchins (Dovan and Hutchins, 1994).The concentration of 8000ppm results in a reduction 

in effective permeability to gas which may be caused by the high thickness and increased 

rigidity of the polymer layer formed under this polymer concentration. With gas flow rates 

higher than 2cc/min, and across all concentrations, 𝑟𝑒𝑓𝑓
−  is almost equal to one which may 

imply that the polymer layer has lost its effects on flow behavior. This effect may be 

attributed to increase in polymer layer rigidity because of increase in the shear rate.  

Figure 6-8 presents the same data as Figure 6-7 but for the water phase. As can be seen, all 

the calculated 𝑟𝑒𝑓𝑓
−  values are less than one meaning, as also apparent from Figure 6-3, a 

reduction in effective permeability to water was achieved after all polymer treatments. In 

general, the less the value of 𝑟𝑒𝑓𝑓
− , the better the outcome overall. Although Figure 6-8 shows 

that all concentrations used could decrease water effective permeability, different trends are 

observed in this figure compared with Figure 6-7. This means that the parameters investigated 

have different effects on water flow compared with the gas flow. Overall, 4000ppm 
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concentration seems to have the least effect on water effective permeability followed by the 

concentrations of 2000ppm, 1000ppm and 8000ppm.  

 

Figure 6-7. The relationship between gas flow rate and 𝐫𝐞𝐟𝐟
−  with changing polymer concentration.  

 

 

Figure 6-8. The relationship between liquid flow rate and 𝐫𝐞𝐟𝐟
−  with changing polymer concentration. 
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6.3.3 Flow regime  

Since, where possible, the construction of a linear relationship is the easiest way to 

graphically model and interpret a data set, we have chosen the Forchheimer equation, as 

characterized by equations 6-8, to discuss the occurrence of different flow regimes that may 

be induced during our experiments as the fluid injection flow rate varies. Another reason for 

using this equation is that compared with the Darcy equation, the Forchheimer equation is 

considered more general in that it can be used over a much wider range of flow 

rates(Zimmerman et al., 2004).  

Figure 6-9-Figure 6-12 present the calculated Forchheimer plots for the gas flow rate range 

of 0.2-70cc/m with and without the presence of the adsorbed polymer layer whose thickness 

and behavior may change with change in the polymer concentration. In general, all these 

figures for the two states of pre- and post-polymer treatment, show three distinct flow 

regimes. The first and the third regimes show a linear profile while the middle ones may be 

regarded as a non-linear transition zone from the first linear regime to the second. In the flow 

rate range explored, treatments with polymer concentrations of 1000, 2000 and 4000ppm 

result in an improvement in gas flowing behavior over the first flow regime and the transition 

zone. As indicated before, such an improvement may be due to the lubrication effect induced 

by the adsorbed polymer layer. When gas flow rate exceeds a critical value (Qg=2cc/m) the 

polymer layer, very likely, becomes too rigid because of its shear thickening behavior and 

therefore 𝑟𝑒𝑓𝑓
−  would be reduced to a minimum (Figure 6-7) due to the loss of the lubrication 

effect of the polymer layer.  Treatment with 8000ppm show a reduction in gas permeability 

in all the identified flow regimes. This may be because 8000ppm treatment is expected to 

induce the highest adsorbed polymer layer thickness or the least 𝑟𝑒𝑓𝑓
−  (Figure 6-7) and also 

the highest thickening effect in the rheology tests (Figure 6-1).  
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Figure 6-9: Forchheimer relationship, 1000ppm polymer concentration 

 

 

 

Figure 6-10: Forchheimer relationship, 2000ppm polymer concentration 
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Figure 6-11: Forchheimer relationship, 4000ppm polymer concentration 

 

 

 

Figure 6-12: Forchheimer relationship, 8000ppm polymer concentration 
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6.4 Conclusion 

In this work we have studied the competing and opposite effects of rock permeability and 

polymer concentration on water and gas permeability reductions during the experimental 

evaluation of an RPM treatment. The results of the study have been interpreted and discussed 

initially using a common technique where 𝐹𝑟𝑟 is used as a critical parameter in evaluating 

the effectives of such a treatment. Subsequently, a new dimensionless parameter referred to 

as the dimensionless effective pore radius (𝑟𝑒𝑓𝑓
− ) was developed and used to interpret the same 

data. Finally, the Forchheimer equation was used to analyze the possible flow regimes that 

may be encountered during gas injection as the injection flow rate varies. The following 

specific conclusions may be drawn from the results obtained and the discussions presented 

earlier: 

 Rheology tests show that the polymer used here is a non-Newtonian shear thickening 

solution and its rigidity increases with increasing the shear rate and polymer 

concentration.  

 The competing and opposite effects of rock permeability and polymer concentration 

on 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 as reported in the literature were demonstrated by the results 

obtained in this study.   

 Using the ratio of 𝐹𝑟𝑟𝑤/𝐹𝑟𝑟𝑔 was found to easier to determine the effectiveness of an 

RPM treatment in the context of changing rock permeability and polymer 

concentration. As expected from an RPM treatment, this ratio was always more than 

one for all the cases explored in this work.  

 By using the more traditional technique based on the use of 𝐹𝑟𝑟 and the newly 

developed 𝑟𝑒𝑓𝑓
−  to interpret the results obtained in this work it is demonstrated that 

while 𝑟𝑒𝑓𝑓
−  can reproduce similar outcomes as those of 𝐹𝑟𝑟, 𝑟𝑒𝑓𝑓

−  may be considered a 

more insightful factor due to the way it is calculated and what it represents .   

 Interpreting the data obtained using the Forchheimer equation show three regimes of 

gas flowing behaviour with increasing injection gas flow rate. The first and third 
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phase exhibit linear relationships with the gap between the two phases bridged by a 

non-linear transition flow regime.    
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Chapter 7:   Conclusions, Recommendations and Outlook for Future 

Work 

7.1 Conclusions 

As more oil and gas reservoirs are becoming mature, water production from the reservoirs 

become a problem. Globally the water/oil ratio may reach to 3/1. Water production can cause 

many problems; reduces the well productivity, increases the costs of oil/gas treatment, 

equipment damages and environmental problems. Polymer/Gel (relative permeability 

modifiers, RPM) is injected into the vicinity of production wells to selectively reduce the 

water permeability with minimal effect on oil/gas fluids. The major objective of this thesis is 

to add to the limited existing data and knowledge around the application of RPMs for the 

gas/water system in sandstone media. The major factors were experimentally investigated in 

this thesis; high range of rock permeability (low, moderate and high), high range of fluid 

(water and gas) flow rates, RPM strength and rheology and brine salinity. Sandstone core 

samples with high permeability range were used for the flooding experiment. The main aim 

of flooding experiments were to measure the relative permeability modification due to the 

RPM treatment (i.e. RPM efficiency). Additional experiments were also conducted to clarify 

and interpret the core flooding data; micromodel and capillary flooding, fluid rheology, XRD 

analysis, Zeta potential, contact angle and IFT. 

In general, the results of the study reveal that the rock permeability can be used as an 

important screening parameter in planning an RPM treatment for gas producing wells. The 

relative pore size alteration (wall-steric effect) due to the RPM treatment impacts on how 

water-gas may redistribute and RPM performance. Brine salinity and RPM strength play a 

significant role on RPM performance. Moreover, RPM performance is significantly fluid 

(water and gas) flow rate dependent. Therefore, flow rate should be considered during RPM 

design.  The most significant findings of this work are summarized below as sorted according 

to the way various chapters are presented in this thesis: 

 

7.2 Effective Mechanisms to Relate Initial Rock Permeability to Outcome of Relative 

Permeability Modification 

 

First, the effects of initial rock permeability (low, moderate, and high) on potential changes 

to the gas and water relative permeabilities due to cationic polyacrylamide (CPAM) treatment 
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have been studied experimentally.  In doing so, the traditional parameters of 𝐹𝑟𝑟𝑤, 𝐹𝑟𝑟𝑔 and 

𝐹𝑟𝑟𝑤 𝐹𝑟𝑟𝑔⁄  have been used to evaluate the performance of the treatment. What is more, an 

attempt has been made to explain and interpret the observed trends between the above 

parameters and rock permeability using possible pore-scale events/mechanisms (e.g. relative 

pore size changes, redistribution of fluids, steric effect, lubrication effect, etc.) that may come 

to existence due to the RPM treatment.  

 

According to our results and under the experimental conditions explored in this work,  

 In low permeability rocks (2.7, 22.7 and 66.4mD), the treatment results in high gas 

relative permeability reductions which are even greater than that induced to the water 

phase. This may imply that an RPM treatment using our particular polymer solution 

may be considered strongly unsuccessful in such rocks.  

 In the moderate permeability rocks (350 and 385 mD) however, the polymer treatment 

reduces water relative permeability significantly but either does not have much of 

effect on the gas phase or results in an improvement to the gas relative permeability 

at low gas flow rates.  

 In the high permeability rocks (3001, 3488 and 5035mD), the treatment may have no 

significant effect on either of the water and gas relative permeabilities.  

 The above trends may be attributed to the way an RPM treatment may alter the pore 

size distribution of a rock which then impacts on how the wetting (water) and non-

wetting (gas) phases may redistribute and flow in the newly modified pore system. 

The polymer layer thickness (𝑒), in general, may increase with increase in the rock 

permeability but the more important ratio of (𝑒
𝑟⁄ ) is expected to decrease as it is a 

relative parameter whose value depends on the initial rock permeability.  

 The results obtained in this work are insightful in pointing out that the initial rock 

permeability can be used as an important screening parameter in planning an RPM 

treatment for gas producing wells.     

 

7.3 Low-Salinity-Assisted Cationic Polyacrylamide Water Shutoff in Low-

Permeability Sandstone Gas Reservoirs 
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The use of polymer for water shutoff in low permeability sandstone reservoirs is significant 

for successful applications of polymer treatment, however the factors that control rock-gas-

brine interactions and polymer layer thickness are still not well understood. In this paper we 

conducted core flooding experiments to study the impacts of brine concentration (0.2% and 

2% KCl) on possible variations to the water and gas relative permeabilities due to cationic 

polyacrylamide treatment (CPAM) on three sandstones of varying permeabilities (from 2 to 

80 mD). Zeta potential measurements were also conducted for polymer-polymer system and 

rock-brine system before and after the treatment as a function of salinity for all rocks 

investigated. In addition, we measured the contact angles for silicate/brine/gas systems before 

and after the treatment as a function of salinity.  

The overall results showed that  

 Decreasing brine salinity (KCl) improved the performance of cationic polyacrylamide 

in sandstone rocks by decreasing water relative permeability, while the effect on gas 

relative permeability was relatively low. This is because decreasing the monovalent 

cation in brine (K+), increases the rock-/polymer+ electrostatic attraction.  

 Zeta potential of rock-/polymer+ confirmed that as brine salinity deceases (from 2 

wt% KCl to 0.2wt% KCl), the zeta potential becomes less negative or even becomes 

positive. In addition, a decrease in monovalent cation concentration leads to a 

reduction in the effective polymer layer thickness (compressing) as confirmed by zeta 

potential measurements.  Furthermore, zeta potential of polymer+/polymer+ 

measurements show as well that as brine salinity deceases the zeta potential becomes 

positive suggesting an increase in the  polymer+/polymer+ attraction (reducing the 

repulsion). 

 Overall, reducing the KCl concentration in the polymer solution increases the 

attraction of first polymer layer (rock-polymer) while compressing the second 

polymer layer (polymer-brine-polymer). In general, the above decreases the water 

relative permeability as intended, but results in minimal effect on gas productivity.  
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 Moreover, and importantly, it was seen that before treatment the system showed a 

small increase in water wettability with decreasing salinity. However, after the 

treatment of sandstone rocks with positively charged polymer, and lowering the brine 

salinity, rock surface wettability altered towards less water-wet. This effect was 

related to a shift in zeta potential towards more positive value at lower salinity after 

the treatment. However more investigations are required to relate wettability to zeta 

potentials.   

 Altogether, polymer and the accompanied water layer thicknesses will be both 

reduced (compressed/shrink) with reducing KCl concertation. Under such conditions, 

the treatment will be suitable as seen by a decline in relative permeability to water 

and an unaltered gas relative permeability.  

 

7.4 A Multiscale Investigation of Cross-Linked Polymer Gel Injection in Sandstone 

Gas Reservoirs: Implications for Water Shutoff Treatment 

The impact of cross-linked polyacrylamide gel as an RPM for a moderate permeability 

sandstone/gas/water system was also investigated. This work investigated the rheological 

behaviour of P(AAM‐co‐AA)Na -chromium gels for a broad range of shear rates (0.01-100 

s–1), chromium concentrations (200-600 ppm Cr3+ in 20,000 ppm P(AAM‐co‐AA)Na) and 

temperatures (298-338 K), followed by core scale and pore scale flow experiments, to 

determine the gel performance in terms of reducing water production.  

 A clear increase in viscosity of the P(AAM‐co‐AA)Na gel with increasing cross-

linking agent concentration was measured and shear thinning  was observed.  

Oscillation shear flow tests indicated that all solutions (except for 200 ppm Cr3+ 

concentration) exhibited a predominantly elastic behaviour (with transition from 

elastic to viscous behaviour occurring at a relatively high frequency). Likewise, a 

temperature sweep confirmed the dominance of elastic behaviour over viscous 

behaviour throughout the temperature range tested. 
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 Furthermore, it was found that higher gel strength increased the water retention inside 

the porous media.  

 Two counteracting mechanisms were responsible for the observed disproportionate 

permeability reduction (DPR), namely (a) water retention and (b) lubrication (both 

being functions of gel rheology). While the lubrication effect was the main 

mechanism behind the DPR especially at low gas flow rates, gel rigidity was 

prominent at higher flow rates. This was associated with gas diffusion and dissolution 

in the gel, which in turn expanded the gel layer thickness and reduced gas 

permeability.  

 Moreover, irrespective of the cross-linker concentration, it was observed that higher 

water flow rates (during imbibition) decreased Frrw. This was attributed to: a) gel 

shear thinning behaviour and b) Sgr reduction. However, increasing gas flow rates 

(during draining) decreased the Frrg (i.e. shear thinking behaviour). Moreover, there 

was a critical fluid flow rate above which the treatments became unsuccessful, as both 

effects (i.e. water retention and lubrication) were significantly reduced.   

 The micromodel results showed that at high gas flow rate (Qgc2), the gel layer 

expanded on the glass surface after trapping and dissolving gas bubbles in the gel or 

water. This in turn increased 𝐹𝑟𝑟𝑔, as the gas flow path became more restricted.  

 In the capillary tube experiment gas slugs pushed themselves through the non-

uniform channel without diffusion. The gas slugs repetitively deformed and split up 

and coalesced again when the gas flowed through the thicker gel layers, also causing 

pressure fluctuations. 

7.5 A New Dimensionless Approach to Assess Relative Permeability Modifiers 

Finally, we have also studied the competing and opposite effects of rock permeability and 

polymer concentration on water and gas permeability reductions during the experimental 

evaluation of an RPM treatment. The results of the study have been interpreted and discussed 

initially using a common technique where 𝐹𝑟𝑟 is used as a critical parameter in evaluating 

the effectives of such a treatment. Subsequently, a new dimensionless parameter referred to 
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as the dimensionless effective pore radius (𝑟𝑒𝑓𝑓
− ) was developed and used to interpret the same 

data. Finally, the Forchheimer equation was used to analyze the possible flow regimes that 

may be encountered during gas injection as the injection flow rate varies.  

The following specific conclusions may be drawn from the results obtained and the 

discussions presented earlier.  

 Rheology tests show that the polymer used here is a non-Newtonian shear thickening 

solution and its rigidity increases with increasing the shear rate and polymer 

concentration.  

 The competing and opposite effects of rock permeability and polymer concentration 

on 𝐹𝑟𝑟𝑤 and 𝐹𝑟𝑟𝑔 as reported in the literature were demonstrated by the results 

obtained in this study.   

 Using the ratio of 𝐹𝑟𝑟𝑤/𝐹𝑟𝑟𝑔 was found to easier to determine the effectiveness of an 

RPM treatment in the context of changing rock permeability and polymer 

concentration. As expected from an RPM treatment, this ratio was always more than 

one for all the cases explored in this work.  

 By using the more traditional technique based on the use of 𝐹𝑟𝑟 and the newly 

developed 𝑟𝑒𝑓𝑓
−  to interpret the results obtained in this work it is demonstrated that 

while 𝑟𝑒𝑓𝑓
−  can reproduce similar outcomes as those of 𝐹𝑟𝑟, 𝑟𝑒𝑓𝑓

−  may be considered a 

more insightful factor due to the way it is calculated and what it represents.  

 As the polymer concentration increases,  𝑟𝑒𝑓𝑓
−  decreases (i.e. lubrication decreases). 

 At low flowrates and low polymer concentration (1000-4000),  𝑟𝑒𝑓𝑓
−  > 1 (i.e. 

lubrication). 

 At higher flowrates, the 𝑟𝑒𝑓𝑓
−  ⁓ 1 across all polymer concentrations. This is possibly 

due to polymer layer losing its effects or increasing polymer rigidity caused by 

increasing shear rate).  
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 Interpreting the data obtained using the Forchheimer equation show three regimes of 

gas flowing behavior with increasing injection gas flow rate. The first and third phase 

exhibit linear relationships with the gap between the two phases bridged by a non-

linear transition flow regime.   

 Treatments with low polymer concentrations showed an improvement in gas flowing 

behaviour over the first and the transition flow regimes (i.e. lubrication effect) 

whereas no effect on the second flow regimes. 

 Treatment with high ppm showed a reduction in gas permeability in all the identified 

flow regimes, probably due to higher adsorbed polymer layer thickness and also 

higher thickening effect with increasing shear rate. 

7.6 Recommendations and Outlook for Future Work  

The experimental work and literature review conducted indicate that selecting suitable 

polymers for a reservoir candidate with certain rock characteristics plays a critical role in 

controlling the adsorption process. The current study also covers sufficient details around the 

adsorption process and the subsequent mechanisms (i.e. wall effects and fluid segregation 

pathway) that can govern the ultimate outcome of an RPM treatment. However, there is still 

a lack of detailed understanding as how some RPM effects can be controlled to further 

improve the ultimate efficiency of a treatment. In particular, the followings could be the 

subject of further investigation: 

 A suitable simulation software is recommended to be used to upscale the 

experimental results on reservoir scale. This simulation will help to understand the 

usefulness of the laboratory data for the larger near wellbore scale and also over a 

longer period of time. Different scenarios should be considered to simulate the real 

conditions of gas wells.  

 More pore scale studies (experimentally and numerically) are also need for further 

understanding to RPM mechanisms.   
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 The adsorbed RPM thickness has a significant effect on the RPM performance. 

Adjusting RPM thickness as a function of brine salinity/composition is in need of 

further studies.  

 More research is also needed to investigate the polymer adsorption/thickness as a 

function to polymer injection volume, injection rate, and aging time.  

 Moreover, in the same context, swelling agents have not yet received enough interest 

from researchers.
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