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Abstract

Vaca Mora,Andrea Vanessa; Carvalho, Márcio (Advisor); Hutin, Anthony
Pierre Jack (Co-Advisor). Influence of Polymer Degradation and
Nanoparticle Addition on the Rheology and Flow of Polymer
Solutions and Dispersions in Porous Media. Rio de Janeiro, 2024.
118p. Tese de Doutorado – Departamento de Engenharia Mecânica,
Pontifícia Universidade Católica do Rio de Janeiro.

Partially hydrolyzed polyacrylamide (HPAM) is widely employed in en-
hanced oil recovery (EOR) process. However, its effectiveness is hindered by
degradation of polymer molecules during flow through injection lines, valves
and reservoir. This degradation leads to a decrease in average molecular weight
and subsequently reduces the solution’s viscosity and viscoelastic properties,
impacting its effectiveness on displacing oil. Our research characterized the de-
gree of mechanical degradation of HPAM solutions using shear and extensional
rheology. We induced degradation by flowing the solutions through a valve with
varying constriction and flow rates and through a microfluidic porous medium
model. Our findings reveal that the addition of silica (SiO2) nanoparticles has
a negligible effect on the shear and extensional viscosities of fresh solutions
and minimizes the mechanical degradation of HPAM solutions. The rheologi-
cal properties of HPAM solutions with SiO2 nanoparticles are not significantly
affected by mechanical degradation, suggesting that incorporating nanopar-
ticles could enhance the efficiency of polymer injection in EOR processes by
stabilizing HPAM solutions. In addition, our study explored oil displacement
flow using both fresh and degraded HPAM polymer solutions in microfluidic
devices used as models of porous media. The findings suggest that fresh HPAM
is more efficient in displacing oil than degraded HPAM. Furthermore, the ad-
dition of silica nanoparticles into degraded NPs-HPAM solutions resulted in a
9-13% increase in oil recovery, highlighting the enormous potential of nanopar-
ticles in enhancing EOR processes.

Keywords
Nanoparticles; Polymer solution; Mechanical degradation; Extensional

rheometry; Rotational rheometry; Microfluidics.



Resumo

Vaca Mora,Andrea Vanessa; Carvalho, Márcio; Hutin, Anthony Pierre
Jack. Influência da degradação de polímeros e da adição de na-
nopartículas na reologia e no fluxo de soluções e dispersões de
polímeros em meios porosos. Rio de Janeiro, 2024. 118p. Tese de
Doutorado – Departamento de Engenharia Mecânica, Pontifícia Univer-
sidade Católica do Rio de Janeiro.

A poliacrilamida parcialmente hidrolisada (HPAM) é amplamente em-
pregada no processo de recuperação avançada de petróleo (EOR). No entanto,
sua eficácia é prejudicada pela degradação das moléculas do polímero durante
o fluxo através das linhas de injeção, válvulas e reservatório. Essa degradação
leva a uma diminuição do peso molecular médio e, consequentemente, reduz
a viscosidade e as propriedades viscoelásticas da solução, afetando sua eficá-
cia no deslocamento do petróleo. Para abordar essas questões, nossa pesquisa
caracterizou o grau de degradação mecânica das soluções de HPAM usando
reologia de cisalhamento e extensional. Induzimos a degradação fazendo as so-
luções fluírem por uma válvula com constrição e diferentes vazões através de
um modelo microfluídico de um médio poroso. Os resultados revelam que a
adição de nanopartículas de sílica (SiO2) tem um efeito insignificante sobre
as viscosidades de cisalhamento e extensional de soluções frescas e minimiza
a degradação mecânica das soluções de HPAM. As propriedades reológicas
das soluções de HPAM com nanopartículas de SiO2 não são significativamente
afetadas pela degradação mecânica, o que sugere que a incorporação de nano-
partículas poderia aumentar a eficiência da injeção de polímeros em processos
de EOR por meio da estabilização das soluções de HPAM. Além disso, nosso
estudo explorou escoamento de deslocamento de óleo usando soluções de polí-
mero HPAM frescas e degradadas em dispositivos microfluídicos usados como
modelos de meios porosos. Os resultados sugerem que o HPAM fresco é mais
eficiente na produção de óleo do que o HPAM degradado. Além disso, a adição
de nanopartículas de sílica em soluções degradadas de NPs-HPAM resultou
em um aumento de 9-13% na recuperação de petróleo, destacando o enorme
potencial das nanopartículas no aprimoramento dos processos de EOR.

Palavras-chave
Nanopartículas; Solução de polímero; Degradação mecânica; Reometria;

Microfluídica.
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1
Introduction

Enhanced Oil Recovery (EOR) is a critical process in oil production with
the goal of maximizing the volume of produced oil. Chemical EOR methods
have been developed and tested, with polymer solution flooding emerging as
one of the most promising alternatives, as shown in Figure 1.1. This technique
involves injecting polymer solutions into the reservoir to increase the viscosity
of the displacing fluid, and consequently reduce the mobility ratio, and reduce
the residual oil saturation. Polymer flooding is highly efficient in enhancing oil
displacement, making it one of the favored EOR methods due to its potential
to recover high volumes of oil (1).

Figure 1.1: Polymer flooding scheme adapted from (2).

The polymer hydrolyzed polyacrylamide (HPAM) is a key focus in EOR
studies due to its unique non-Newtonian behavior, shear thinning, and vis-
coelastic properties that make it suitable for EOR applications (3, 4, 5). HPAM
is effective for offering long-term stability and relatively low adsorption (6, 7).
However, HPAM has some limitations, such as its susceptibility to chemical
and mechanical degradation and poor stability under various conditions (8, 9).
To address these limitations and improve the performance of HPAM in EOR,
researchers have explored the incorporation of nanoparticles into HPAM solu-
tions (10, 11, 12).
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Recent studies (13, 14, 15) have shown that nanoparticles (NPs), partic-
ularly silica nanoparticles, have significant potential to enhance the efficiency
of HPAM in EOR. The addition of silica nanoparticles to HPAM solutions
can improve their stability and increase oil recovery rates under various con-
ditions (13, 16, 17, 18). Silica nanoparticles are highly stable, have a large
surface area, and can interact with the HPAM molecules through hydrogen
bonding and electrostatic interactions. The surface chemistry of nanoparticles
is also an important factor that can impact their interaction with HPAM, thus
influencing the overall performance of oil displacement processes (19).

To ensure effectiveness and optimize the conditions for using such solu-
tions, conducting a thorough analysis of the flow behavior in porous media
is essential. Traditionally, core flooding tests have been used for this purpose,
but they can be time-consuming and expensive, requiring significant resources
and expertise (20).

Microfluidic models have emerged as a promising alternative to core
flooding tests in recent years. These models replicate some of the features of the
pore structures of reservoir rocks at a much smaller scale, allowing for detailed
visualization and analysis of fluid flow and displacement processes. Microfluidic
devices offer several advantages over traditional core flooding tests, including
reduced sample size, faster experimentation times, and the ability to visualize
dynamic processes with high spatial resolution (21, 22).

Microfluidic models have become increasingly valuable in studying the
performance of nanoparticles in EOR processes, including their interaction
with HPAM and their impact on flow behavior in porous media (23, 24, 25, 26).
Researchers can determine optimal conditions for using chemical solutions in
EOR processes, leading to increased oil recovery rates and improved economic
viability of oil production.

1.1
Enhanced Oil Recovery Strategies

Oil reservoir production can be divided into three phases as sketched
in Figure 1.2. The primary phase has the shortest lifespan and produces
only 5-15% of hydrocarbons (27). During this phase, oil flows freely from the
reservoir due to natural pressure or well-stimulation. The secondary phase
involves injecting water or gas into the reservoir to maintain pressure. This
phase results in increased hydrocarbon recovery, but in cases where the rock
is more compact, or the oil is heavier, recovery is limited (20-40%)(1). The
tertiary phase involves using enhanced oil recovery techniques. The average
global recovery during this phase is about 40%, and further research is being
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conducted to recover the remaining 65-70% (1, 28, 29).
Notably, the application of EOR techniques has undergone a significant

change in recent times. The conventional chronological sequence of production
has been modified, and EOR techniques are now being employed earlier in the
production process. This shift is indicative of an attempt to enhance efficiency
and optimize production (30).

Figure 1.2: Oil reservoir production: primary, secondary, and tertiary phases,
adapted from (1).

EOR strategies are broadly classified into thermal and non-thermal
approaches, as presented in Figure 1.3. The thermal EOR methods involve
heating the reservoir to reduce oil viscosity and facilitate its flow; while effective
in specific situations, it presents challenges for deep reservoirs, thin pay zones,
and those with underlying aquifers due to heat loss (31).

The non-thermal methods for EOR involve injecting different substances
into the reservoir to change the conditions and improve the displacement of oil.
Some of these techniques include gas injection, where gases like carbon dioxide
or nitrogen are injected into the reservoir to enhance oil displacement; chemical
flooding, which involves injecting chemicals such as surfactants, polymers, or
alkaline solutions to modify the reservoir’s properties and improve oil recovery;
and microbial flooding (32, 33). These methods have become popular due to
their cost-effectiveness and lower environmental impact compared to thermal
methods. The oil industry is showing a growing interest in these techniques,
which are closely tied to oil prices, prompting a reevaluation of oil extraction
strategies (34).
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Figure 1.3: Enhanced Oil Recovery: a review of Thermal and Non-thermal
approaches, adapted from (30).

1.2
Historical perspectives on polymer flooding

In 1960, the Daqing field saw the first laboratory studies on the use
of polymers to enhance oil recovery. These studies aimed to understand how
effective polymers could be in achieving this goal. Later, in 1972, the first
polymer flooding pilot was conducted in the same field. This pilot involved
injecting polymers into the reservoir to evaluate their impact on oil production
(35, 36).

In 1978, Chang (37) conducted a comprehensive evaluation of polymer
flooding technology that included both historical context and new laboratory
discoveries. Through this research, Chang identified key financial and opera-
tional factors that impact the economics of polymer flooding. Additional ex-
penses, such as drilling, well interventions, and completion costs, varied de-
pending on the reservoir depth and years of operation. According to Chang’s
report, polyacrylamide polymers cost $US 1.35/1b, while Xanthan Gum was
priced at $US 2.50/1b. Chang’s review found that although polymer flooding
was relatively inexpensive, its use in commercial applications was still limited
due to various factors. Chang emphasized the simplicity and cost-effectiveness
of the polymer injection process and stressed the importance of converting
waterfloods to polymer floods early on. He also underscored the significance of
post-flood evaluation.
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In 1983, Manning et al. (38) conducted a survey on polymer floods.
They discovered 273 projects in different stages of development, ranging from
abandoned to contemplated, with many being pilot projects. Their findings
were consistent with previous surveys, except for the reported oil recovery rate
of 3.74 barrels of polymer injection. This indicates that the polymer flooding
technology had shown promising results in enhancing oil recovery at that time.

A review conducted by Needham and Doe in 1987 (39) analyzed 27 field
cases across the United States, France, and Germany regarding the technology
of polymer flood. The study discovered that polyacrylamide polymers were
the go-to choice for polymer flooding, while biopolymers were only used in
three projects. The researchers also delved into the use of aluminum citrate
as a crosslinker in some projects. Based on the Dykstra-Parson (DP) method,
the study summarized polymer flood applications and concluded that it may
not be economically feasible in cases with viscous oils with adverse mobility
ratios (M ≥ 100) and highly heterogeneous reservoirs (DP > 0.8). However,
the authors reported successful economic and technical outcomes of polymer
flooding in secondary and tertiary applications in sandstone and carbonate
reservoirs.

Du and Guan (2004) (40), based on 40 years of experience, provided
a comprehensive overview of the key factors impacting the effectiveness of
polymer flooding. They identified the mobility ratio, reservoir permeability,
DP coefficients, economic and technical successes, reservoir temperatures, and
injectivity issues as crucial factors influencing the outcome of polymer flood
projects.

In 2011, Gao (41) reviewed five cases of polymer floods in oil reservoirs
with viscosities ranging from 80 to 2,000 cP. The study demonstrated that these
floods are technically and economically viable and highlighted the importance
of factors such as brininess, degradation, and adsorption on polymer viscosity.
Gao’s observations indicate that low productivity poses a significant challenge
that demands attention in the context of field applications.

Mogollón and Lokhandwala (2013) (42) summarized three polymer floods
in highly viscous reservoirs (>150 cP) and assessed the viability of polymer
flooding in such reservoirs. They confirmed its technical and economic feasi-
bility and emphasized the effect of the polymer injection rates on the project’s
financial aspects.

In 2014, Saleh, Wei, and Bai (43) performed a detailed statistical exam-
ination of 481 polymer floods. Based on field data, they suggested updated
screening criteria for polymer flooding. Their analysis showed that polymer
flooding can be applied to low-permeability reservoirs, high reservoir temper-
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atures, and high oil viscosity reservoirs, expanding its applicability to a wider
range of reservoirs.

Renouf (2014) (44) conducted a study on 32 polymer floods in Western
Canada, focusing primarily on heavy oil fields. The research revealed that
polymer floods can recover additional oil from reservoirs. The percentage of
oil recovery ranged from 0.5% to 14%, which is an improvement. However, the
study also found that injectivity reduction is a common problem associated
with polymer floods.

In 2014, Standnes and Skjevrak (45) completed a thorough analysis of
72 polymer flooding projects, spanning from 1964 to 2014, including 6 offshore
and 66 onshore. The review revealed that HPAM polymers were the most
commonly used (92%), with a few instances of biopolymers and one project
utilizing hydrophobic associative polymer. Of the projects studied, approxi-
mately 40 were successful, while 6 were deemed discouraging. The study found
that secondary-mode polymer injection resulted in higher success rates than
tertiary injections. There were no significant differences between successful
and discouraging projects regarding polymer concentration, resistance factors,
polymer retention, well spacing, reservoir temperature, and oil viscosity.

Sheng, Leonhardt, and Azri (2015) (46) analyzed 733 polymer floods
globally and found that the average incremental cost of polymer flooding was
$US 4.35 per barrel. They also proposed new screening criteria for polymer
flooding to expand its applicability to low-permeability and high-oil-viscosity
reservoirs.

Zhang et al. (2016) (47) carried out a survey on 55 polymer floods in
China. Based on their field applications, they recommended revised screening
criteria for polymer flooding. They suggested that polymer injection should be
applied in reservoirs where the oil’s viscosity is less than 285 cP.

By December of 2017, the Daqing oil field successfully extracted 1.6
billion barrels (0.219 billion tons) of oil. Polymers have proven to be par-
ticularly effective in certain reservoirs, such as Thinly-bedded Clastic Lay-
ers (TCLs) with low-permeability layers, resulting in an impressive 4% in-
cremental oil recovery factor (IORF) of the original oil in place (OOIP).
Daqing continues to explore new methods to improve oil recovery in post-
polymer-flooding reservoirs, including field tests with high-concentration, high-
molecular-weight (HCHMW) polymers, making it the largest polymer appli-
cation to date (48, 49, 50).

The research and surveys conducted over the years have provided valu-
able insights into the effectiveness of polymer flooding in oil reservoirs. These
studies have highlighted the impact of factors such as polymer types, reservoir
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characteristics, injection rates, and environmental considerations on the suc-
cess of polymer flooding projects. The use of polyacrylamide polymers has been
predominant, with biopolymers being utilized in fewer cases. Additionally, up-
dated screening criteria for polymer flooding have expanded its applicability
to low-permeability reservoirs and those with high oil viscosity. Despite some
challenges, such as injectivity reduction and the impact of factors like water
salinity and polymer degradation on project outcomes, polymer flooding re-
mains a technically and economically viable enhanced oil recovery method,
particularly in reservoirs with favorable characteristics.

1.3
Polymer of common use in EOR: types and properties

The polymer flooding method involves injecting an aqueous solution
that contains polymers into the oil reservoir. These polymers consist of
monomers, that are bonded together by covalent bonds. Depending on the
repeating units of the monomers, different types of polymer structures can be
formed, including linear, branched, or three-dimensional networks, as shown
in Figure 1.4. Polymers are known for their high molecular weight, typically
ranging from thousands to millions of Daltons, and their polydispersity,
which is measured by the polydispersity index (PDI). A lower PDI, found
in monodisperse polymers with a narrower molecular weight distribution,
enhances mechanical strength and modulus due to uniform chain lengths.
On the other hand, polydisperse polymers with higher PDIs show a broader
distribution of molecular weights, resulting in increased brittleness due to
the presence of shorter chains that act as defects. This correlation between
polydispersity and mechanical properties extends to other physical attributes
such as optical, electrical, and thermal properties, emphasizing the importance
of understanding and managing polydispersity to customize polymer properties
for various applications.(51, 52, 53, 54, 55).
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Figure 1.4: Classification of polymers by structure, adapted from (56).

Polymers play a crucial role in the petroleum industry, where they are
used for various purposes. These polymers can be divided into two main
categories: biopolymers and synthetic polymers. Biopolymers, like Xanthan
gum, are naturally occurring, while synthetic polymers, such as HPAM, are
artificially produced. Xanthan gum and HPAM are two widely used polymers
in the oil industry. They are used for various applications, such as increasing
the viscosity of drilling fluids, reducing friction, and improving oil recovery
rates. A comprehensive overview of the various types of polymers used in the
petroleum industry is provided in Table 1.1.



Product
Name

Monomeric
Unit

Molecular
Weight[Da]

Form Price
(USD)

Properties References

Biopolymer
Xanthan gum D-mannose,

D-glucose,
pyruvic acid,
D-glucuronic
acid

2×106 to 2×107 Powder 12/kg Thickening,
cross-linking

Garcia et al.
(57)

Scleroglucan D-glucose 1.3 × 105 to 6 ×
106

Powder 50/kg Thickening Bakhshi et al.
(58)

Welan gum D-glucose, D-
glucuronic acid,
L-mannose, L-
rhamnose

6.6 × 106 Powder 1.5/kg Cross-linking,
thickening

Ai et al. (59)

Cellulose D-glucose 2 × 106 Powder 4/kg Thickening,
filtration, ad-
sorption

Gupta et al.
(60)

Guar gum D-mannose 106 to 2 × 106 Powder 2/kg Thickening,
cross-linking

Rellegadla et
al. (61)

Sesbania gum D-galactose,
D-mannose,
D-galactose

5 × 105 Powder 1.75/kg Thickening,
cross-linking,
adsorption

Tang et al.
(62)

Chitin/chitosan D-glucosamine,
N-acetyl-D-
glucosamine

2 × 103 to 106 Powder 220/kg Adsorption Abraham et
al. (63)

Synthetic polymer
HPAM Acrylamide and

acrylate
25 × 106 Powder 4/kg Thickening,

viscoelasticity
Li et al. (64)

KYPAM AM/AHPE 25 × 106 Powder 6/kg Cross-linking Li et al. (64)

Table 1.1: Overview of types of polymer used in petroleum industry. (65).



Chapter 1. Introduction 23

HPAM is a synthetic linear polymer that is more commonly used in EOR
due to its low cost and ability to be produced on a large scale, as mentioned
in several studies (66, 67, 68, 5). However, the utilization of high molecular
weight HPAM in porous media can give rise to challenges. Specifically, the
injection of this polymer into formations with low permeability may pose a
significant difficulty due to the large hydrodynamic volume of the polymer (69).
Compared to other polymers, HPAM displays properties of both elastic and
viscous materials with the highest viscosity and viscoelastic properties, which
makes it an ideal choice for EOR applications (70, 71). The high viscosity of
HPAM is a result of the long chain molecules and the negative charges present
along the polymer chains. Due to these negative charges, the polymer chains
repel each other, causing them to stretch and increase in viscosity (Figure 1.5).
According to Lee (72)., it has been reported that HPAM can attain the desired
level of viscosity even at low concentrations.

Figure 1.5: The condensed structural formula of the HPAM polymer (between
dotted lines) and a schematic diagram. In the diagram, blue spheres indicate
the chemical skeleton while red negative charges denote the carboxylic groups
(73).

The concentration of polymer in a solution affects its state, which can
range from dilute to semi-dilute or concentrated and depends on the degree
of chain entanglement (Figure 1.6). A dilute solution is characterized by well-
separated polymer chains that do not interact significantly with each other.
The concentration of the polymer is low, resulting in a low viscosity. Dilute
solutions are often studied to understand the intrinsic properties of polymer
chains, such as their conformation, dynamics, and interactions with the solvent.
They serve as a starting point before moving on to more complex systems like
semidilute or concentrated solutions.

Semidilute solutions are the intermediate stage between dilute and con-
centrated solutions. In semidilute polymer solutions, the concentration of
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chains is high enough that they start interacting with each other, leading to
entanglements and increased viscosity. Both intra-chain and inter-chain inter-
actions determine the behavior of polymer chains in semidilute solutions.

Concentrated solutions are characterized by densely packed polymer
chains that exhibit significant interactions, such as overlap and entanglement.
The high concentration of polymer chains results in collective behavior and var-
ious intermolecular interactions. Physical crosslinks may also form. Therefore,
the properties of concentrated solutions are influenced by the structure of the
polymer network, intermolecular interactions, and chain entanglements. The
interactions between polymer chains significantly impact the solution’s macro-
scopic properties, leading to unique behaviors that differ from those observed
in dilute or semidilute solutions (74, 75, 76).

Figure 1.6: Schematic illustration of polymer chains, which are long chains of
repeating units. The chains are depicted as blue spheres and are shown at
different concentration regimes, adapted from (77).

1.4
Polymer Rheological Behavior

Rheology is a subfield of physics concerned with investigating the behav-
ior of materials under the influence of external forces. It encompasses the study
of how materials deform and flow in response to these forces and has applica-
tions in various fields, including materials science, engineering, and geophysics.
Essentially, rheology seeks to understand how materials respond to mechanical
stress and how they can be manipulated or optimized for various applications
(78).
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The viscosity is a fundamental property of fluids, which characterizes
their resistance to flow. It can be visualized by imagining a fluid in a confined
space between two parallel plates, with one plate stationary and the other in
motion.

Figure 1.7: Illustration of shear stress in a flow between two parallel plates.
(79).

In this scenario, the velocity of fluid particles is highest near the moving
plate and gradually decreases as we move toward the stationary plate (78).
The rate of change of velocity with the distance between the plates is called
the shear rate γ̇, defined in Equation 1-1, while the force exerted on the moving
plate per unit area is called the shear stress defined in Equation 1-2. The ratio
of shear stress to shear rate defines viscosity η and is shown in Equation 1-3.

γ̇ = du

dy
(1-1)

τ = F/A (1-2)

η = τ

γ̇
(1-3)

There are two categories of fluids based on their viscosity behavior
and kinematic history: Newtonian and non-Newtonian fluids (Figure 1.8).
Newtonian fluids have a constant viscosity, whereas non-Newtonian fluids
exhibit viscosity that changes with the shear rate. This results in a non-linear
correlation between shear stress and shear rate. Non-Newtonian fluids display
pseudoplastic or dilatant behavior, where the former refers to a decrease in
viscosity as the shear rate increases, and the latter refers to an increase in
viscosity with an increasing shear rate (80, 81).
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Figure 1.8: Viscosity Behavior of Newtonian and Non-Newtonian Fluids from
(80).

Non-Newtonian behavior comes from unique characteristics of the liquid
like high average molecular weight (Mw), broad molecular weight distribution
(MWD), and the ability to change the configuration of polymer coils in
response to flow (82). The behavior of non-Newtonian fluids differs significantly
from Newtonian fluids that comply with Newton’s law of viscosity. This
characteristic has a significant impact on how polymer solutions behave under
different types of flow, such as porous media that involve both shear and
extensional kinematics (83).

1.4.1
Shear Viscosity of polymer solutions

To evaluate the viscosity of polymer solutions, a rheometer that applies a
simple shear flow to the solution is commonly utilized (78). The shear viscosity
curve of polymer solutions in the semi-dilute regime is commonly represented
by Figure 1.9 within a moderate concentration range.
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Figure 1.9: Shear viscosity curve of polymer solutions (84).

In an ideal scenario, if shear measurements were conducted over an
extensive and sufficient range of shear rates, three regions could be identified
over the viscosity curve. The first region is the upper Newtonian plateau or
the zero-shear viscosity (η0). At low shear rates, the viscosity of polymer
solutions is determined solely by their concentration and the size of polymer
molecules. The internal bonds between polymer coils remain unchanged,
resulting in Newtonian behavior dominating viscosity. As shear rates rise,
polymer coils separate and align with the flow direction. This alignment
disrupts the Newtonian behavior, reducing the friction between polymer coils,
which is manifested as a non-Newtonian shear thinning regime where viscosity
decreases with increasing shear. The third region commences when the shear
rate is increased even further where the shear is sufficiently high to break all
internal bonds between polymer coils, resulting in the lowest possible viscosity
of the tested polymer solution. Another Newtonian plateau is observed at this
range, called infinite-shear viscosity (η∞) (85, 86, 87).

Numerous models have been proposed to describe the relationship be-
tween viscosity and shear rate in simple shear flow (Table 1.2). These models
are used to describe the shear thinning behavior and provide insights into the
rheological properties of polymer solutions, such as their flow behavior index
and consistency index.



Chapter 1. Introduction 28

Name Viscosity equation
Power-Law (88) η = Kγ̇n−1

Carreau-Yasuda (89) η = η∞ + (η0 − η∞) (1 + (λγ̇)a)
n−1

a

Herschel-Bulkley (90) η = σyγ̇−1 + Kγ̇n−1

Table 1.2: Polymers modeling where η : Viscosity; K : Consistency index; γ̇ :
Shear rate; n : Flow behavior index; η∞ :Infinite-shear viscosity; η0 :Zero shear
viscosity; a: Transition parameter and σy: Yield stress are fitting factors.

1.4.2
Viscoelasticity and Extensional behavior of polymer solutions

A viscoelastic fluid is a material that displays a combination of elastic and
viscous characteristics (91, 92). In order to comprehend viscoelastic behavior,
it is imperative to have a clear understanding of the properties exhibited
by both elastic and viscous substances. When an ideally elastic substance
experiences slight deformation, it will naturally return to its original state
once the stress is removed. Hook’s law states that achieving complete energy
recovery in a material’s deformation during a shear process is possible without
consequential loss (93). Shear stress (τ), shear or rigidity modulus (G), and
strain (deformation) (γ̇) are related as follows:

τ = Gγ (1-4)

In contrast, an ideally viscous material completely dissipates the energy
during deformation. Once the load is removed, the material does not revert to
its original shape but stays deformed just as it was at the peak of the loading
phase. Newton’s law explains this characteristic:

τ = ηγ̇ (1-5)

where η is the viscosity of the material.
The basic mechanical models of viscoelasticity are the Kelvin and the

Maxwell models. The Kelvin model integrates both elastic and viscous behavior
by combining a spring (representing the elastic component) and a dashpot
(representing the viscous component) in parallel (Figure 1.10b). The Maxwell
model, on the other hand, represents viscoelastic behavior as a spring and
dashpot connected in series (Figure 1.10a).
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Figure 1.10: Constitutive models of viscoelastic theory: (a) Maxwell model
and (b) Kelvin model. G represents the extension modulus, and η indicates
the viscosity adapted from (94).

Extensional flows are characterized by persistent deformation of a ma-
terial element. It is classified according to the direction of the extension (95).
Uniaxial extension is sketched in Figure 1.11. The velocity components for uni-
axial extension flow with constant extension rate ε̇, in Cartesian coordinates,
are given by:

v1 = ε̇x1, v2 = −1
2 ε̇x2, v3 = −1

2 ε̇x3. (1-6)

Figure 1.11: Uniaxial extension flow with a constant extension rate along the
x1 axis.

These equations describe how the fluid’s velocity components change in
a uniaxial extensional flow, where the fluid is stretched in one direction (along
the x1 axis) and contracts in the other two perpendicular directions (along
the x2 and x3 axes) due to the extensional fluid rate (ε̇). As a result, two fluid
particles that are initially a distance L0 apart in the x1 direction are a distance
L apart after time t, where L is given by the equation:
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L = L0exp(ε̇t) (1-7)
As depicted in Figure 1.12, molecules become aligned and stretched along

the x1 direction within this flow field. Notably, in a purely extensional deforma-
tion, the fluid element undergoes only extension with no rotation or shearing
(93). The uniaxial extension is of particular interest since it allows for the in-
vestigation of the unique behavior of materials under steady extensional flow
conditions. Therefore, most extensional rheometers are designed to generate
uniaxial extensional flow to study the rheological properties of materials in
this specific flow regime (96, 97, 98).

Figure 1.12: Uniaxial extension flow with a constant extension rate along the
x1 axis.The polymer chains are depicted as blue spheres.

In order to understand the rheological behavior of materials in uniaxial
extensional flow, a material element of a specific shape is often analyzed for
deformation. As depicted in Figure 1.13, a cylindrical rod-shaped element is
commonly used for this purpose. The element with an initial diameter D0 and
initial length L0 is stretched homogeneously at a constant extensional rate
along the axial direction z, and the radius of the element decreases uniformly
along the length.
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Figure 1.13: The schematic diagram depicts the process of uniaxial extension,
where a cylindrical object is stretched in a single direction.

The strain in the z direction is given by:

ε = ∆z

z
(1-8)

and the deformation rate is

ε̇ = ε

∆t
= 1

∆t

∆z

z
= 1

z

∆z

∆t
= vz

z
(1-9)

where vz is the velocity component in the axial direction, z is the axial
position, and ∆z and ∆t are the changes in position and time, respectively.
Hence vz = ε̇z.

For an incompressible fluid, for the continuity equation

∂vz

∂z
= −1

2
∂

∂r
(rvr) = ε̇ (1-10)

from which the radial velocity is found to be vr = −2ε̇1
r
. The other component

vθ is zero. For this flow field, streamlines are given by r2z = constant.
By integrating the Equation of the velocity component in the axial di-

rection, it has been found that the length of the specimen, Lt, increases expo-
nentially from its initial length, L0, as given by Equation (1-7). Furthermore,
from the Equation of the radial velocity, the filament diameter, Dt, at any time
t decreases from its initial value, D0.
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D(t) = D0 exp
(

− ε̇t

2

)
. (1-11)

Within this equation, the variable ε signifies the Hencky strain, defined
as:

ε = 2ln

(
D(t)
D0

)
. (1-12)

In constant extensional flow, the Hencky strain can be expressed as ε̇t,
where ε̇ is the effective extensional rate.

Consider a scenario where uniaxial extension begins at t = 0, and the fluid
is initially stress-free. During this situation, the fluid opposes the extensional
motion, and this resistance to extensional deformation is known as extensional
viscosity ηe. This term is similar to the widely recognized shear viscosity, which
represents resistance to shear motion.

When discussing extensional viscosity, we’re referring to the relationship
between the applied extensional stress (denoted as σzz) and the extensional
strain rate (ε̇). It’s important to keep in mind that the total stress in the
axial direction (σzz) includes an unknown pressure component (p), which must
be subtracted to determine the extensional viscosity accurately. Do this, we
can take the difference between the normal stress in the r direction (σrr)
and the total stress in the z-direction (σzz). This difference is equivalent to
the difference between the stresses associated with deformation in the two
directions (τzz − τrr). Thus, we can define ηE as such:

ηe = τzz − τrr

ε̇
(1-13)

A comprehensive understanding of the behavior of viscoelastic fluids un-
der uniaxial extension requires careful consideration of the relationship be-
tween extensional viscosity and fundamental factors. In this context, the re-
laxation time (λ) is of particular interest as it plays a significant role in de-
termining extensional viscosity, reflecting the time taken by the polymer to
return to its original shape after undergoing deformation in porous media.
Recent studies have shown that the extensional relaxation time provides accu-
rate results, particularly in scenarios where shear forces are not predominant
(99, 100, 4, 101, 102, 103).

The extensional relaxation time provides valuable insights into how
materials respond to applied stresses and deformations over time, allowing
for a distinction between elastic and viscous behavior. This concept is crucial
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in estimating the response of viscoelastic fluids to extensional deformation,
particularly in complex flow conditions encountered in porous media and
enhanced oil recovery processes. Therefore, the method used to calculate the
relaxation time can significantly impact the ability to predict the behavior of
viscoelastic materials (104).

The upper convected Maxwell model (UCM) is commonly used to
estimate the extensional relaxation time of polymers. This model fits well
with the elastic regime of filament-diameter vs. time data, providing valuable
insights into the extensional behavior of polymers. The mathematical solutions
presented in Table 1.3 allow fits to raw diameter data and calculated viscosity
data, which is particularly beneficial as the extensional viscosity versus strain
fit is sensitive to different aspects of the data compared to just the diameter
fit (100, 4, 101).

Constitutive Model Viscosity equa-
tion

Mathematical solu-
tion

Newtonian Model τ = ηϵ̇ Rmid(t) =
0.071

(
σ
ηs

)
(tc − t)

Power Law Fluids τ = Kϵ̇n Rmid(t) = ϕest
σ
K (tc − t)n

Upper Convected
Maxwell (UCM)

τ + λDτ
Dt = ηϵ̇ Rmid(t) =

R0(GR0/σ)exp(−1/3ξ)

Table 1.3: Constitutive models and their equations.

In addition, the extensional relaxation time is important in flow of poly-
mer solutions through porous media due to the intense extensional flow caused
by significant changes in the flow cross-section as the liquid flows through the
pore throats. This environment leads to substantial polymer deformation, fur-
ther emphasizing the importance of understanding and measuring the exten-
sional viscosity and relaxation time for accurate predictions of fluid behavior
under such conditions. Overall, the extensional properties are a crucial fac-
tor in the behavior of viscoelastic fluids under uniaxial extension and require
careful consideration in research and practical applications.

1.5
Polymer Flooding Mechanisms in EOR

The success of polymer flooding in EOR can be attributed to different
mechanisms (39): reducing the water/oil mobility ratio, reducing the residual
oil saturation, and improving conformance. The mobility ratio (M), Equation
1-14, is defined as the ratio of the mobility of the displacing fluid (water) to
that of the displaced fluid (oil). The addition of polymer to water increases
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water viscosity, reducing the viscosity contrast between oil and water, therefore
leading to a lower mobility ratio which improves sweep efficiency.

M = µokw

µwko

, (1-14)

µw and µo are the viscosity of water and oil, and kw and ko are the relative
permeabilities of water and oil, respectively.

Reducing the water/oil mobility ratio enhances fractional oil flow (fo),
as defined by the Buckley–Leverett theory, and presented in Equation 1-15.
This improvement results in a more rapid oil production and delayed water
breakthrough. Early initiation of polymer flooding is often beneficial for fields
with high mobility ratios.

fo = 1
1 + M

. (1-15)
Conformance control involves managing reservoir heterogeneity to im-

prove flooding process sweep efficiency. Its effectiveness, however, depends on
various factors, including oil and reservoir properties, polymer type and con-
centration, and specific flooding conditions.

Figure 1.14 (105) illustrates the enhanced displacement front stability in
polymer flooding compared to waterflooding, contributing to increased sweep
efficiency and crude oil recovery. A comprehensive understanding of these
mechanisms is crucial for designing effective polymer flooding strategies in
EOR applications (106, 107).

Figure 1.14: Improvement of displacement front stability in oil reservoirs by
adding HPAM: (a) Waterflooding and (b) Polymer flooding (105).

The literature suggests different ways in which viscoelastic polymer
solutions can minimize residual oil saturation. These mechanisms include:

Pulling Mechanism: The polymer solution pulls out oil trapped in pore
dead ends. Following water flooding, where residual oil is fragmented into
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individual drops, the injection of viscoelastic polymer solutions pulls these
drops together to form oil threads, as shown in Figure 1.15. These threads
facilitate the movement of oil towards the downstream residual oil, leading to
the creation of an oil bank that can be more effectively recovered (68, 108, 109,
110).

Figure 1.15: After water (a), glycerin (without elasticity) (b), and HPAM
flooding (c), residual oil is found in the dead ends (79).

Stripping Mechanism: The higher shear stress along the pore walls
in the polymer solution strips continuous oil films in oil-wet cores more
effectively than waterflooding (111). This stripping mechanism has been found
to have a positive impact on oil recovery, as reported by several studies
(112, 113, 114, 115). The stripping effect also changes the wettability of the rock
surface from oil-wet to more water-wet, which further increases oil recovery.

Oil-Thread Flow Mechanism: After waterflooding, residual oil exists as
isolated droplets that are difficult to extract, as shown in Figure 1.16 (a).
Fortunately, polymer solutions can be used to capture these droplets and
form elongated columns of oil, known as "oil threads," which transport the
oil downstream, as shown in Figure 1.16 (b). The viscoelastic properties of
the polymer solution play a critical role in maintaining the cylindrical shape
of these oil threads, preventing them from breaking apart (79, 108). While
interfacial tension between the oil and polymer solution could potentially
destabilize these oil columns and break them into droplets, the elasticity of
polymer solutions can resist this deformation. As a result, the oil column may
become thinner and break up into smaller ganglia, leading to lower residual
oil saturation, or it may be broken into longer-length oil ganglia that are more
easily mobilized (116).
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Figure 1.16: (a) In a post-conventional water flooding scenario, the oil remains
as isolated drops. (b) Introducing a viscoelastic polymer solution creates an oil
thread that serves as a pathway for the oil to flow upstream. This ultimately
leads to the formation of an oil bank downstream (68).

Thickening Deformation Effect: The apparent viscosity of polymer so-
lutions increases in high-permeability zones, which redirects the solution into
low-permeability zones and improves sweep efficiency (117, 118, 119). Recent
research indicates that the extra pressure associated with the flow of viscoelas-
tic polymer solution through porous media is not only associated with the high
extensional viscosity but also to a flow instability and leads to chaotic flow, a
phenomena known as elastic turbulence. This interpretation is supported by
several studies (120, 121) which demonstrate the potential of viscoelasticity,
specifically elastic turbulence, to enhance oil recovery.

1.6
Polymer solution flow in porous media

Polymer solutions exhibit unique behavior when flowing through porous
media due to the complex kinematics of the pore scale flow. The flow in
the pore space is complex, with regions dominated by shear and regions
dominated by extensional deformation. The flow response of polymer solutions
through porous media is strongly dependent on how the solution behaves when
submitted to different deformation kinematics. The characteristics of porous
media, such as porosity and permeability, are essential to understanding the
difference between the flow behavior of HPAM polymers in shear flow and in
flow through porous media.

Figure 1.17 illustrates the typical mechanical response of HPAM polymer
solutions in flow through porous media, with regions of shear (a) and exten-
sional (b) deformation. The complex flow behavior through porous media is
represented by the apparent viscosity (ηapp) described by Darcy’s law (Equa-
tion 1-16), which results from the polymer solution’s response to both shear
and extensional deformation rates. At a very low deformation rate (flow rate),
the viscosity is constant, which represents the Newtonian plateau of the flow
curve. As the flow rate increases, the shear viscosity falls (shear thinning be-



Chapter 1. Introduction 37

havior). At an even higher flow rate, the deformation rate associated with the
extensional flow becomes high enough that the extensional thickening behavior
of the polymer solution becomes relevant, leading to an increase in the appar-
ent viscosity. At a very high flow rate, the polymer molecules break, reducing
the average molecular weight of the solution and, consequently, the apparent
viscosity of the flow (122, 123, 124, 3).

ηapp = kA

q

∆P

L
(1-16)

Figure 1.17: Influence of shear rate on the viscoelastic behavior of HPAM
solution in (a) shear flow, such as in rotational rheometer (b)extensional flow,
such as in porous media adapted from (3, 125)

The behavior of HPAM in porous media has been studied extensively,
and it has been found that its viscoelastic properties are responsible for its
thickening behavior. This behavior is characterized by increased viscosity as
the flow rate rises. This behavior is not observed in a rheometer or the flow
through a tube because these flows are only subjected to shear deformation,
whereas, in porous media, the flow is subjected to both shear and extensional
deformation(126, 127, 128, 129, 87).

Three theories in the literature explain the thickening behavior of HPAM
solutions in the flow through porous media: (a) the coil–stretch theory, (b) the
transient network theory, and (c) the presence of elastic flow instabilities.

The coil-stretch transition theory asserts that the increase in the apparent
viscosity occurs due to extensional viscosity that develops when polymer
molecules extend from a coiled state to a stretched state in response to an
elongational flow field. The transition occurs when the rate of elongational
flow exceeds a critical value that is related to the relaxation time of the
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polymer molecule. Beyond this rate, the molecules no longer have enough time
to recoil to their original conformation between successive stretching events,
leading to a stretched state. This stretching of individual molecules causes an
increase in viscosity and resistance to flow and is a critical factor in dilatant
behavior but only accounts for the behavior of individual molecules in solution
(130, 131, 132).

Transient network theory suggests that flow resistance in semi-dilute
polymers increases due to molecular interactions and entanglement formation
at high flow velocities. This behavior is particularly observable in elongational
flow systems, where the polymer chains can stretch and become entangled,
forming a transient network that affects the viscosity of the solution. This
leads to non-Newtonian flow behaviors, such as increased resistance to flow or
enhanced elongational viscosity, which highlight the role of transient entangle-
ment networks in extensional rheology. The transient network theory suggests
multiple polymer chains entangle and form temporary networks within the so-
lution. These networks are transient because they are not permanent chemical
bonds but physical entanglements that can form and reform during the flow.
The presence of these networks can significantly alter the macroscopic rhe-
ological properties of the polymer solution, leading to enhanced viscoelastic
behavior and more significant thickening effects (133, 134).

Recent studies have provided insights into the thickening behavior ob-
served during polymer transport in porous media. This phenomenon is at-
tributed to elastic instabilities resulting from polymer-induced stresses. These
instabilities generate chaotic flow fields, similar to those seen in inertial turbu-
lence, and are influenced by the rheology of the polymer solution and the flow
field’s geometry. Kawale et al. (135) conducted experiments with microfluidics
and observed two elastic instabilities when an HPAM solution flowed through
porous media in the presence of salt. The first instability occurred during
a shear-thinning regime, resulting in the formation of stationary dead zones
around obstacles. Increasing the flow rate led to the second elastic instability,
causing the dead zones to become unstable, accompanied by strong temporal
fluctuations in pressure drop and flow field. The authors attributed the on-
set of shear-thickening to the second type of elastic instability. Browne and
Datta used direct flow visualization in a 3D porous medium and showed that
shear thickening is due to the onset of elastic instability, resulting in strong
spatiotemporal fluctuations. They argued that the viscous dissipation caused
by flow fluctuations leads to the anomalous increase in the apparent viscosity
(136, 137, 138, 139, 140, 141, 142).

Understanding the thickening behavior of HPAM solutions is crucial
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for EOR applications. This is because HPAM injection can improve front
stability during polymer flooding, alleviating viscous fingering. This improved
front stability is attributed to the viscoelasticity of HPAM, including its
thickening behavior. However, problems such as high-pressure buildup due
to shear thickening behavior can affect injectivity under certain reservoir
conditions. Additionally, retention and mechanical degradation, associated
with polymer viscoelasticity, may affect injectivity under certain reservoir
conditions (143, 144, 145).

1.7
Mechanical Degradation in Polymer Flooding for EOR

The deformation thickening effect observed in the flow of polymer so-
lutions through porous media is beneficial for oil displacement. However, the
intensity of viscoelastic forces is limited due to mechanical degradation of poly-
mer molecules (3). Mechanical degradation occurs across various flow regions
during the injection process of a polymer solution into an oil reservoir. Polymer
molecules undergo high deformation rates while passing through pumps, flow
lines, constrictions, valves, and the reservoir. The deformation rate experienced
as the polymer solution flows through the reservoir rock ranges from 50,000
to 100,000 s−1 in regions close to the injection wells. These intense deforma-
tion rates cause macromolecule chains of the polymer to break, resulting in a
reduction in molecular weight distribution and, consequently, in solution vis-
cosity and viscoelastic forces. Ultimately, mechanical degradation diminishes
the mobility control potential of polymer solutions (8, 146, 147, 148, 127).

According to a study carried out by Al Hashmi et al. (8), the degradation
of HPAM in an aqueous solvent was analyzed using a capillary rheometer.
Figure 1.18 illustrates the experimental setup used. The aim of the researchers
was to determine the extent of mechanical degradation by measuring the loss
in viscosity of the solution effluent.

The researchers found that the total degradation of HPAM remained
below 20% up to a shear rate of 15,000 s−1. However, beyond this value,
the extent of degradation increased as the shear rate increased further. This
suggests that the mechanical degradation of HPAM is a non-linear process,
and it accelerates at high shear rates.
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Figure 1.18: Schematic diagram of the experimental set-up and the contraction
flow into the capillary adapted from (8).

Al-Shakry et al. (149) conducted a comprehensive study to investigate
how mechanical degradation affects the flow properties of polymers in porous
media and changes their rheology. The study involved subjecting polymer
solutions to different degrees of pre-shearing and pre-filtering, which resulted in
a significant reduction in the viscosity of the polymer solutions. These findings
suggest that mechanical degradation, especially in HPAM polymer solutions,
can have a significant impact on their viscosity and viscoelastic properties.

A similar study by Jouenne et al. (150) analyzed the behavior of HPAM
polymer solutions when injected at high flow rates into a porous medium. The
study explored various physicochemical parameters, such as salinity, polymer
concentration, molecular weight, and degradation state, and their effects on the
mobility reduction of these solutions. The authors also investigated the corre-
lation between mobility reduction and the polymer’s elasticity, which was mea-
sured using ex-situ methods like the screen-factor measurement and a newly
developed extensional viscometer. The authors argue that traditional small-
strain viscoelastic measurements may not adequately characterize the elastic
behavior of polymer solutions under the large strain conditions experienced
within a porous medium, such as during enhanced oil recovery operations.

In certain field applications, polymer solutions have demonstrated a
64% viscosity reduction in the flow from injector to producer wells (151).
One possible approach to mitigate the effect of mechanical degradation in
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enhanced oil recovery involves increasing the initial polymer concentration
(152). Between 1990 and 2002, oilfield polymer injection projects mainly used
HPAM concentrations of 1,000 to 1,300 ppm, whereas, for the period 2002-
2016, concentrations were between 2,000 and 2,500 ppm (153). Concentrations
in excess of 3,500 ppm are now commonplace in the industry (50). Some core
flooding experiments designed to study the displacement of highly viscous
crude oils (1,000 or 8,400 cp oils) used polyacrylamide concentrations ranging
from 500 to 10,000 ppm (154). Nonetheless, this approach carries several
drawbacks, such as high cost (155) and the risk of reservoir strata blockage, if
concentrations are excessively high (156).

1.8
Effects of Addition of SiO2 Nanoparticles on HPAM

In the context of EOR, nanotechnology has recently been explored
to enhance the efficiency of polymer solutions during flooding operations
(10). Figure 1.19 shows the two approaches that have been considered: one
involves incorporating nanoparticles into the polymer structure during its
synthesis process, known as Polymer Grafted Nanoparticle (PGN). The second
approach disperses particles in a previously prepared polymer solution, referred
to as Polymer Nanofluid Suspension (PNS) (157). While both approaches
show significant potential, PGN involves greater complexity in development,
potentially compromising its applicability.

NPs dispersion

Polymer solution

NPs dispersion

(b)

(a)

200 nm

in polymer solution

Figure 1.19: Schematic diagram for preparing (a) Polymer Grafted Nanopar-
ticle and (b) Polymer Nanofluid Suspension (158, 159).

Research efforts have predominantly focused on PNS due to its higher
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application feasibility, being tested in various polymeric solutions, leading to
a substantial improvement in stability and performance (160, 161, 162, 11).
Among various inorganic nanoparticles, SiO2 nanoparticles are widely used
due to their high surface area, affinity between -OH (nanoparticle) and COO-
(HPAM) groups, and cost-effective production (163).

The stability and rheological response of the solution depend on the
conformation of the polymeric chains on the nanoparticle surface. According
to Hu et al. (158), it is suggested that a three-dimensional network may be
formed due to hydrogen bonds between carbonyl groups in low molecular
weight polymers and silanol groups on the surface of SiO2 nanoparticles, as
indicated in Figure 1.20.

Figure 1.20: Schematic diagram to illustrate the three-dimensional network
interactions between SiO2 NPs and HPAM polymer solutions (158).

Molecular dynamic simulations have been employed to study aggregation
phenomenon of nanoparticles and polyacrylamide in polymer blends. Wei et
al. (131) deduced hydrogen bonding interactions and van der Waals forces be-
tween polar functional groups in polymer molecular chains and silanol groups
on the surface of SiO2 NPs from the binding energies in a reduced model of
monomer polymer molecules. The results suggest significant interactions be-
tween nanoparticles and polymers, forming a more stable NPs-HPAM network.

Several studies have investigated the effect of adding SiO2 NPs to HPAM
polymer solutions for EOR, demonstrating a significant improvement in the
percentage of oil recovery (Table 1.4). Viscosity is one of the properties that
improves with the addition of SiO2 NPs. Maghzi et al. (26) observed a 10%
increase in the volume of oil displaced with the addition of only 0.1 wt.%
of nanoparticles compared to the injection of a polymer solution without
nanoparticles. These results suggest that the presence of SiO2 NPs in HPAM
polymer can enhance its rheological properties, potentially leading to better
oil recovery efficiency.
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Further, the addition of SiO2 NPs to HPAM polymer can enhance its
stability under elevated temperatures and in high salinity environments. Ex-
perimental evidence indicates that incorporating nanoparticles into HPAM so-
lutions prevents the destruction of the polymer network structure and preserves
its extended conformation even after prolonged exposure to elevated tempera-
tures (164, 165). Despite previous investigations into SiO2 NPs dispersions in
HPAM across diverse studies, the specific impact of mechanical degradation in
NPs-HPAM systems remains unexplored. Particularly, the effect of SiO2 NPs
addition on the rheological behavior of HPAM solutions subjected to mechan-
ical degradation remains unknown.
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Authors Date Dispersion
medium

Porous
media Main findings

Extra
oil

recovery

Corredor
et al.(12)

2019 Propanol
DI water Sandstone Adding 0.2% SiO2-

OTES NPs to
HPAM solution
increased oil recov-
ery from 71.4% to
75.7% OOIP.

4.3 %

Zhang et
al.(19)

2017 DI water Sandstone The HPAM/SiO2
modified suspen-
sion improves
flooding perfor-
mance and in-
creases oil recovery
factor compared to
other HPAM-based
suspensions. It is
effective at concen-
trations of 0.5-2.0
wt%.

10.54 %

Agi et
al.(18)

2020 DI water Sandstone RH-SiO2 NPs of
0.1wt% inhibited
the precipitation
and thermal degra-
dation of HPAM

24 %

Cheraghian
et al.(166)

2016 Brine Sandstone Nanosilica polymer
solution showed
an increase in oil
recovery compared
to polymer solution
after one pore vol-
ume fluid injection.

8.3 %

Aliabadian
et al.(167)

2019 DI water - NPs maintained
HPAM network
structure at suf-
ficient concentra-
tion.

-

Kumar et
al.(168)

2020 Brine Sandstone Adding 0.5 wt%
NPs protected the
polymer chains
from damage
caused by mechan-
ical, chemical, and
thermal stresses.

39 %
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Authors Date Dispersion
medium

Porous
media Main findings

Extra
oil

recovery
Rezai et
al.(16)

2016 DI water Sandstone 0.1 wt% clay NPs
enhance polymer
solution resistance
to salinity and
temperature, im-
proving stability
and performance.

33 %

Liu et
al.(169)

2021 Ethanol Sandstone The polymer with
1.5 wt% NPs had
excellent viscoelas-
tic properties.

7.82 %

Maghzi et
at.(26)

2013 DI water Glass
micromodel Adding 0.1wt% sil-

ica NPs can en-
hance the solution’s
pseudoplasticity.

10 %

Maurya et
al.(11)

2016 DI Water
Brine - Silica NPs improve

suspension’s salt
tolerance and ther-
mal degradation,
and increasing
their concentration
strengthens net-
work structure and
improves viscosity.

-

Santamaria
et al.(170)

2021 DI water Sandstone
Micromodel The incorpora-

tion of SiO2 NPs
increases the vis-
coelasticity of the
polymer.

>30 %

Table 1.4: Overview of the results obtained from flooding tests conducted on
polymer solutions with the addition of nanoparticles, aimed at studying their
effects on oil recovery.
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1.9
Oil displacement experiment in microfluidics devices

meter cm µm

Reservoir Scale Polymer Injection Microfluidic Device

Image Processing

Figure 1.21: Simulating Reservoir-Scale Polymer Flooding Processes using
Microfluidics: An Illustrative Diagram adapted from (23).

Microfluidic devices have promising applications in petroleum engineer-
ing, particularly in the design of EOR operations. By enabling the visualization
and analysis of fluid interactions at the microscale or pore-scale level, these
devices offer precise control over fluids and can mimic the porosity and perme-
ability of reservoir rocks (Figure 1.21). Consequently, microfluidics can help us
understand the behavior of fluids within reservoir rocks. This understanding
is crucial for optimizing EOR strategies and developing more efficient tech-
niques. Moreover, experiments performed using microfluidic devices require a
very small amount of fluids and are run at much shorter time, making mi-
crofluidics ideal for fluid and process conditions optimization.

The use of microfluidic chips allows for the visualization and mimicry of
microscale processes involved in EOR, such as wettability alteration, interfacial
tension reduction, and fluid diversion. Nilson et al.(171) conducted a series
of microfluidic experiments to evaluate the potential of various fluids with
different rheological properties to enhance oil recovery. To simulate a two-
dimensional slice from a sandstone core, they used microfluidic devices, which
provided a realistic insight into fluid behavior in porous media. The initial
experiments revealed that a water-surfactant solution increased oil recovery
by approximately 15% compared to water alone, with the same flow rates.
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However, FLOPAAM ™, a viscoelastic and shear-thinning polymer solution,
proved to be more effective at displacing oil than water or the surfactant
solution, increasing oil recovery at all flow rates studied. Furthermore, the
thickening nanoparticle solutions, at a shear rate of approximately 10 s−1,
exhibited remarkable potential for oil recovery. The microfluidic sandstone
platform proved to be a quick and cost-effective method to evaluate the
performance of fluids with different rheological properties on oil recovery. By
accurately reproducing a two-dimensional slice from a sandstone core, the
microfluidic devices allowed for a realistic examination of fluid behavior in
porous media.

Lima et al.(172) conducted experiments to investigate the impact of
viscoelastic forces on oil displacement and mobilization of oil ganglia in a
microfluidic model of a porous medium. The oil in the micromodel pore space
was displaced by three different water phases: pure water, a glycerol solution
with higher viscosity than pure water, and a viscoelastic polymer solution with
the same shear viscosity as the glycerol solution. Their findings revealed that
at lower flow rates, the glycerol solution and viscoelastic polymer solution
exhibited similar flow behavior when it came to displacing oil within the
porous medium. However, at higher capillary and Weissenberg numbers, the
viscoelastic extensional flow generated additional pressure, mobilizing trapped
oil ganglia in the narrow capillaries of the porous medium. This resulted in
decreased residual oil saturation, with smaller oil ganglia remaining in the
porous medium after the injection of the polymer solution compared to those
left by pure water or glycerol solution.

Figure 1.22: Impact of capillary number on residual oil saturation following
injection of water, glycerol, and PEO solutions (172).
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Microfluidics are also used to study other EOR methods beside polymer
solution injection. As an example, De Amorin et al. (173) recently conducted
a study on the use of oil-in-water emulsions to enhance oil recovery. The study
delved into the microscale flow behavior of the emulsions and their impact
on the overall liquid flow in a 2D PDMS/glass porous media micromodel, as
shown in Figure 1.23. The research focused on the size of the emulsion drops,
the distribution of pores, and the capillary numbers. The results indicated
that the pressure difference across the pores could push the drops through and
reduce the number of trapped drops, leading to a weaker reduction in water
mobility. In contrast, a low capillary number resulted in more trapped drops,
leading to a significant increase in mobility reduction. The size distribution
of the emulsion drops played a crucial role in this phenomenon. The study
concludes that optimizing the capillary numbers and the size distribution of the
emulsion drops based on the pore throat size distribution of a given reservoir
can achieve the desired reduction in water mobility and improve oil recovery
rates.

Figure 1.23: A series of images in bright field mode demonstrates the sporadic
nature of emulsion flow through porous media. The images illustrate the
formation of distinct water flow paths as drops pass through pore throats.
The first time sequence (a) shows emulsion drops obstructing pore throats (1)
and (2), while the second sequence (b) portrays emulsion drops that can pass
through pore throats (1) and (2). A red arrow indicates the flow path in each
sequence (173).

Researchers are currently studying microfluidics-based "rock-on-chip"
systems to gain a better understanding of oil-nanoparticles-rock interactions
at a microscopic level. A recent study by Rueda et al. (24) examined how
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nanoparticles could potentially improve the efficiency of polymer flooding in
water-wet micromodels. The study found that adding silica nanoparticles to
biopolymer solutions significantly improved oil displacement efficiency and
reduced residual oil saturation compared to using biopolymers alone. These
results suggest that incorporating nanoparticles into oil recovery processes can
enhance their overall efficiency and effectiveness. The improved performance
was attributed to a more homogeneous dispersion of nanoparticles in the
solution and a reduction in polymer adsorption on the rock surface, which
resulted in improved sweep efficiency and recovery factor.

Figure 1.24: Investigation of the effect of silica nanoparticles on oil recovery
factor. The nanofluid solution represented by the yellow curve had an ultimate
recovery of 84%, while the Xanthan Gum solution with silica NPs, represented
by the green curve had an ultimate recovery of 88% (24).

Kumar et al. (174) investigate the use of surfactant-assisted functional
silica nanofluids in low-salinity seawater for enhanced oil recovery using a mi-
crofluidic chip that simulates a reservoir. The nanofluids were prepared by dis-
persing functionalized silica nanoparticles in low-salinity seawater containing
surfactants. It was observed that the injection of fluid containing low-salinity
water, surfactant, and nanoparticles resulted in higher oil recovery compared
to using only low-salinity water or surfactant alone. The increase in oil re-
covery is attributed to the ability of surfactants and nanoparticles to interact
at the solid-liquid-liquid interphase, creating a conducive environment for oil
recovery.
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1.10
Summary of Key Findings in the Literature

The study on EOR has revealed crucial insights into improving hydro-
carbon recovery. The production process involves three phases- primary, sec-
ondary, and tertiary, with the tertiary phase employing EOR techniques to
recover the remaining 65% of hydrocarbons. EOR strategies are classified
into thermal and non-thermal approaches, among which non-thermal meth-
ods are gaining popularity due to their lower environmental impact and cost-
effectiveness. Polymer flooding is an important chemical method that utilizes
polymers, such as HPAM, to improve recovery through mechanisms like re-
duced water/oil mobility ratio and reducing residual oil saturation. Several
studies have explored the complex flow behavior of HPAM in porous media,
revealing its non-Newtonian behavior and thickening properties. The use of
SiO2 nanoparticles has shown promise in enhancing the efficiency of HPAM in
EOR by improving its stability and increasing oil recovery under various con-
ditions. Furthermore, microfluidic devices have emerged as a promising tool
for simulating and understanding oil displacement processes at the pore scale,
providing insights into phenomena like wettability alteration, phase behavior,
and the impact of additives such as nanoparticles on EOR efficiency.
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1.11
Gaps and Opportunities for Future Research

This research delves into nanoparticles and their interaction with polymer
solutions, aiming to enhance oil recovery. A key aspect of the study is
examining the impact of mechanical degradation on polymer solutions within
porous media, which provides valuable insight into the rheology and flow of
these solutions. This understanding is vital for optimizing the polymer flooding
process and achieving efficient oil recovery.

Recently, researchers have explored the use of nanotechnology to improve
the efficiency of polymer solutions during flooding operations. The addition of
nanoparticles to polymer solutions in oilfield operations has been shown to
improve their performance substantially. Silica nanoparticles are one of the
most studied systems, and researchers have studied the direct mixing of silica
nanoparticles into polymer solutions.

Previous research typically only investigated the addition of SiO2

nanoparticles to polymeric solutions and their impact on HPAM stability at
elevated temperatures and in high-salinity environments. However, the specific
impact of mechanical degradation on NPs-HPAM systems remains unexplored.

In particular, the effect of adding SiO2 nanoparticles on the rheological
behavior of HPAM solutions subjected to mechanical degradation is unknown.
In this work, we quantify the mechanical degradation by rheological character-
ization of the solutions before and after flowing them through a needle valve at
different flow force conditions. We explore the addition of SiO2 nanoparticles
to minimize the mechanical degradation of polymer solutions by measuring the
shear and extensional viscosity of fresh and mechanically degraded NPs-HPAM
dispersions.

Moreover, we explore oil displacement strategies using microfluidic de-
vices as a model of a porous medium into which we injected fresh and degraded
HPAM solutions with and without SiO2 nanoparticles. Taking advantage of the
unique capabilities of microfluidic devices, this research aims to provide a com-
prehensive understanding of how rheological parameters affect the performance
of polymer solutions in oil displacement in porous media.



Chapter 1. Introduction 52

1.12
Objectives

1. The proposed research involves conducting rheological studies on disper-
sions of nanoparticles in hydrolyzed polyacrylamide polymer solutions
(NPs-HPAM) subjected to mechanical degradation. The aim is to de-
termine the effectiveness of nanoparticles in mitigating the degradation
effects on the dispersion’s rheological properties.

2. The study also intends to investigate the process of oil displacement
through the injection of HPAM polymer solutions and mechanically
degraded NPs-HPAM dispersions. The efficiency of displacement and the
impact of nanoparticles on the process is analyzed. The research aims to
provide valuable insights into the potential application of nanoparticles
to enhance the efficiency of oil recovery processes.



Chapter 1. Introduction 53

1.13
Outline

The thesis is made up of six chapters that provide a comprehensive anal-
ysis of the research conducted. Chapter 1 provides a succinct overview of the
research problems, along with a comprehensive analysis of prior work that per-
tains to the problem at hand and its objectives. Chapter 2 provides a detailed
explanation of the materials and methodologies used to conduct the experi-
ments. In Chapter 3, the rheological properties of fresh and degraded polymer
solution/dispersion are displayed and analyzed. Chapter 4 presents the results
of oil displacement by fresh and degraded polymer solutions/dispersion, pro-
viding key insights into the research findings. Finally, Chapter 5 concludes the
thesis by summarizing the research findings and providing a discussion on the
future work to be conducted.



2
Materials and methods

This chapter discusses the materials and methodologies used in our
study to investigate the rheological behavior of low and high molecular
weight partially hydrolyzed polyacrylamide (HPAM) and their dispersions with
silica nanoparticles (NPs-HPAM). The success of any scientific experiment
relies on the careful selection of materials and precise implementation of
experimental procedures. Therefore, we provide a comprehensive overview of
the materials used, including HPAM polymers and silica nanoparticles SiO2,
and describe in detail the preparation processes that we utilized to ensure
reliable results. We also outline the experimental setups that we employed for
mechanical degradation and rheological analysis, emphasizing their significance
in understanding the complex interplay of these materials under various
conditions.

2.1
Polymer solutions

In our research, we conducted experiments using the FLOPAAM ™ 3130s
as commercial oilfield polymer solution, from SNF. A detailed list of the
properties of this polymer can be found in Table 2.1. HPAM is classified as
a polyelectrolyte due to the negatively charged carboxylate groups that are
present in its molecular structure (Figure 2.1).

Figure 2.1: Molecular structure of a partially hydrolized polyacrylamide (73).

According to research by Sorbie (66), the degree of hydrolysis does
not affect the thickening capacity of HPAM; instead, the molecular weight
of the polymer contributes to the high viscosity solution by increasing the
hydrodynamic volume of the polymer chain. For EOR purposes, HPAM
polymers typically have molecular weights ranging from 2 to 20 ×106g/mol

(146).
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Name Commercial Name Molecular Weight (MDa) Hydrolysis degree (%)
HPAM Flopaam 3130s 2 25-30

Table 2.1: Properties of the polymer solution used in this research.

2.2
Silica Nanoparticles

In this study, we utilized fumed silica nanoparticles that were provided
by Evonik (previously known as Degussa Industries). AEROSIL® 200, with an
average primary particle size of 12 nm, was used as a hydrophilic fumed silica
filler. Its chemical formula is SiO2 and appears as a white powder.

These nanoparticles possess an amorphous structure and are almost
spherical in shape. During the production process, high temperatures cause the
fumed silica nanoparticles to fuse into aggregates that create branched fractal
structures. This process is irreversible, and the branched fractal structures can
be considered the primary structure of fumed silica nanoparticles (175). The
physicochemical properties of fumed silica nanoparticles are listed in Table 2.2.

Specific surface area 175-225 m2/g

Specific weight 2.2 g/cm3

Heat Capacity Cp at 50 ◦C 0.85 J.g−1.k−1

Heat of wetting of water −150 × 107 J.m−2

pH value in 4% dispersion 3.7-4.5

Table 2.2: Properties of AEROSIL® 200(176).



Chapter 2. Materials and methods 56

2.3
Solutions/Dispersion Preparation

2.3.1
Preparation of polymer solutions

A stock solution of 12,000 ppm was prepared by adding the polymer to
Milli-Q® water (18.2 MΩ.cm at 25 oC). The water is stirred at 700 rpm using a
magnetic stirrer to create a vortex, and the polymer solution is left in agitation
for 12 hours (177). The other two polymer concentrations explored, e.g. 1,000
ppm and 4,000 ppm, were prepared by diluting the stock solution with Milli-Q®

water.

2.3.2
Preparation of NPs-HPAM Dispersion

The SiO2 nanoparticles HPAM (NPs-HPAM) dispersions were prepared
in two steps. First, the hydrophilic fumed silica SiO2 nanoparticles (AEROSIL®

200, Evonik) (Tab. 2.2) were dispersed in Milli-Q® using the ultrasound
homogenizer Q700 model (Qsonica) for 40 minutes at 30 % of amplitude with
the following parameters: output frequency 20 kHz and maximum power 700
W . The intensity-weighted mean hydrodynamic size (Zav) of the dispersion,
measured by dynamic light scattering (DLS) method using a Zetasizer Nano-
ZS90 (Malvern), was approximately 150±50 nm (178). In the second step,
the polymer was added to the dispersion that was obtained using the same
protocol mentioned above for preparing polymer solutions. It was ensured that
the addition occurred after the sonication process to prevent degradation in
the fresh solution.
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2.4
Mechanical Degradation

Valve
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Figure 2.2: Experimental setup used to mechanically degrade the polymer
solutions by flowing them through a needle valve.

The mechanical degradation of polymer solutions was achieved by flowing
the liquid through a metering needle valve at different flow conditions. Figure
2.2 presents a sketch of the experimental setup. The polymer solution was
stored in a stainless steel piston cylinder (with a capacity of 300 mL). The
piston moves at a constant speed, controlled by the flow rate set at a high-
precision HPLC pump. The polymer solution flows through a metering needle
valve (from Swagelok). The valve used in this experiment has a stem with a
long, tapered, needle-shaped plunger that fits into the valve seat, as shown
in the insert of Fig. 2.2. As the polymer solution passes through the valve,
it experiences both shear and extensional deformation, which may lead to the
breakup of the polymer molecules. The deformation rate of the flow through the
valve was controlled by the injection flow rate and the valve configuration. The
flow rate was set at 2, 5, 7, and 10 mL/min. By turning the handle attached
to the plunger, the size of the orifice can be controlled. The valve constriction
diameters used in this experiment were 0.15 and 0.25 mm. We estimated the
shear rate experienced by the liquid as it flows through the valve orifice using
Poiseuille equation. The range of shear rate achieved with the setup was from
20, 000 to 600, 000s−1, above the critical shear rate at which HPAM solution
show mechanical degradation (8).
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2.5
Rheological Characterization

To obtain a comprehensive understanding of the changes in the prop-
erties of the HPAM polymer solutions and NPs-HPAM dispersion caused by
mechanical degradation, it is imperative to investigate their response to both
shear and extensional viscosity. Shear viscosity was measured in a rotational
rheometer, while an extensional rheometer was used to measure the extensional
viscosity by stretching the fluid. These rheological assessments were conducted
at a constant temperature of 23oC to maintain consistency, with temperature
control achieved through careful regulation of the room environment. By exam-
ining the changes in both shear and extensional viscosity, we can gain a better
understanding of how the mechanical degradation has affected the polymer
solution and NPs-HPAM dispersion.

2.5.1
Shear Viscosity

The steady-state shear viscosity curve of HPAM and NPs-HPAM disper-
sions was measured using a Discovery hybrid rheometer (DHR 3, TA Instru-
ment), with a cone-plate geometry (diameter 40 mm, angle 2°) as presented in
Figure 2.3. The gap was preset to the standard 0.057 mm. To obtain steady-
state shear viscosity values, we employed the following protocol: for shear rates
between 0.1 and 10 s−1, multiple measurements were conducted with an acqui-
sition time of 30 s until three consecutive measurements showed a deviation
of less than 1.5%. For higher shear rates, namely above 100 s−1, each mea-
surement was obtained with a peak hold for 120 s or until a steady state was
reached. This detailed procedure resulted in accurate and reliable rheological
data for the HPAM polymer solutions and NPs-HPAM dispersion, which can
be used for further analysis and research purposes.
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Figure 2.3: Discovery Series Hybrid Rheometer DHR-3.

The degree of mechanical degradation was evaluated by comparing the
flow curves of each sample before and after mechanical degradation (8, 179).
The Williamson model provided the best fit to the measured flow curve for the
range of shear rate explored (180). The model is represented by:

η(γ̇) = η0

1 + (kγ̇)n
. (2-1)

η0 is the zero-shear viscosity, k is the consistency index, and n denotes
the power law index.

The variation of the zero-shear viscosity was used to quantify the
mechanical degradation in shear ∆s, which is defined as:

∆s =
1 − η

[Deg]
0
η0

, (2-2)

where η0 and η
[Deg]
0 are the zero-shear viscosity of the fresh and degraded

solution, respectively. ∆s ≈ 0 represents the situation at which the solution
does not show any change on its shear rheological properties after flowing
through the needle valve.

2.5.2
Extensional Rheology

This section provides a detailed overview of the methodologies used to
determine the apparent extensional viscosity of the fluids using the Capillary
Breakup Extensional Rheometer (CaBER 1).

2.5.2.1
Capillary Breakup Extensional Rheometer

To determine the apparent extensional viscosity of HPAM polymer solu-
tions and NPs-HPAM dispersion, we used the Capillary Breakup Extensional
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Rheometer, or CaBER 1 (Thermo Haake), shown in Figure 2.4. This device
creates an unstable fluid filament between two cylindrical plates of a prede-
termined diameter in a capillary rupture test. A certain volume of liquid is
placed filling the gap between two rods. The rods are then quickly separated
over a specific distance, generating uniaxial tensile stress that is applied to
the sample (181). To obtain accurate measurements, we adjusted the strike
time to extend the fluid before capillary forces caused it to break up. The
strike time had to be quick enough to measure the breakup. The evolution of
the filament’s midpoint diameter, known as Dmid, over time is measured using
a sensitive laser micrometer. The apparent extensional viscosity is evaluated
based on the variation of diameter with time. CaBER 1 is an essential tool for
characterizing the behavior of fluid materials under uniaxial extensional stress,
especially in understanding the extensional response of polymer solutions. Its
ability to measure the extensional viscosity of fluids is crucial in developing a
comprehensive understanding of their properties and behavior.

Figure 2.4: HAAKE CaBER 1 instrument.

Extensional rheometers are governed by a series of natural length and
time parameters that play a crucial role in controlling the dynamics of the
filament thinning and rupture process. To better understand the method, it is
necessary to understand the role of each of these parameters individually.
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The aspect ratio of the initial sample is defined as Λ0 = h/D0 where
h is the initial gap and D0 is the rod diameter (Figure 2.5) and according to
numerical simulations conducted by Harlen et al. (182) and Yao et al.(183), the
optimal aspect ratio usually falls between 0.5 and 1. This helps to minimize the
impact of the initial reverse squeeze flow when the plates are first separated
at low aspect ratios Λ(t) << 1, as well as the sagging and bulging of the
cylindrical sample at high aspect ratios. The final aspect ratio, Λf = f/D0,
where f is the final height, that is achieved when the plates are separated,
determines the total Hencky strain that is applied (184).

t=-ts t>0

Dmid

h

f

D0

Figure 2.5: Picture of the CaBER geometry containing a fluid sample at rest
t=-ts and undergoing filament thinning for t > 0.

We tested three different rod diameters during the experiment while
keeping the final gap setting between 10 to 20 mm, based on the defined initial
and final aspect ratio limits and recommendations mentioned in the operation
manual. The diameter of the plate plays a crucial role in determining the
sensitivity of the measurement to the extensional rate. As per the equation
ϵ̇ = 2V/D0, which represents the relationship between the extensional strain
rate ϵ̇, velocity V , and diameter D0, a smaller plate diameter results in a
higher extensional strain rate, making the measurement more sensitive to the
extensional rate. Table 2.3 below presents the operational parameters for each
geometry, which is critical for understanding the influencing factors behind the
obtained results.
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Table 2.3: Test conditions for different plate diameters and concentrations

Diameter
(mm)

Conc.
(ppm)

Initial
Gap

(mm)

Final
Height
(mm)

Initial
Aspect
Ratio

Final
Aspect
Ratio

4 12,000 2 9.92 1.00 4.96
6 4,000 3 9.88 1.00 3.29
8 1,000 2 9.57 0.50 2.39

In order to obtain precise measurements of fluid breakup, we adjust the
strike time ts or step strain deformation rate. The strike time is adjusted for
two key reasons. Firstly, the stretch rate must be fast enough to complete the
stretching of the fluid before capillary forces cause it to break up, ensuring
accurate measurements. When dealing with materials with lower viscosity, a
faster strike time is recommended to avoid any errors. Secondly, the stretch
rate can have a significant impact on the breakup kinetics of complex non-
Newtonian materials, akin to the dependence of non-Newtonian materials on
extensional rate (181). In our experiments, we assume that the plate separation
occurs instantaneously, but in reality, it takes a finite amount of time, which
is denoted by δt0 and typically greater than or equal to 50 ms (184). Due to
inertia in the plate and drive subsystem, the strike time must be greater than
or equal to δt0. To gain a better understanding of material responses, we used
different strike times during our experiments.

2.5.2.2
Apparent Extensional Viscosity

In the preceding sections, we thoroughly described the CaBER equipment
and the primary parameters needed to obtain diameter data over time. This
critical data plays a significant role in shaping the extensional rheological
behavior of studied fluids. We tested different values for the parameters, such
as rod diameter, aspect ratios, and strike times.

Looking ahead, we delve into the methodology of generating the apparent
extensional viscosity, which is a crucial property that characterizes the flow
behavior of polymer solutions. Additionally, we examine the detailed steps of
data processing required to obtain the appropriate model parameters. This
fundamental step is necessary to understand the complex behaviors exhibited
by HPAM polymer solutions and NPs-HPAM dispersions under extensional
stress, forming the foundation of our experimental approach. Through a
detailed analysis of the data collected from monitoring diameter evolution
with time, we have made significant strides on the evaluation of extensional
properties of polymer solutions. Specifically, our investigations have led us to
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identify two key properties that characterize the fluid behavior: the extensional
relaxation time λ and the apparent extensional viscosity function ηE. To
determine the relaxation time of a solution, we utilized the Upper Convected
Maxwell Model, a widely used constitutive model that describes the behavior of
viscoelastic fluids. This involved fitting the exponential decay of the transient
filament diameter on the CaBER. The equations that define this model have
been outlined in Olsson et al. (185). By utilizing this approach, we were able
to obtain a comprehensive understanding of the behavior of viscoelastic fluids
and the various factors that influence their flow properties.

Dmid(t) = D0

(
GD0

4σ

)1/3
exp

(
− t

3λ

)
(2-3)

where
Dmid: Midpoint diameter at time t,
D0: Initial plate diameter,
G: Elastic Modulus,
σ: Surface tension.

Surface tension, σ = 0.069N/m, is a critical parameter to evaluate
extensional viscosity using CaBER. We utilized the Tracker Standard Drop
Tensiometer from Teclis Scientific to measure surface tension.

The apparent extensional viscosity is calculated with the following rela-
tionship:

ηe = −σ

(dDmid/dt) (2-4)

As the diameter of the filament decreases, the process of numerically dif-
ferentiating the experimental data for diameter (D) becomes more challenging
and prone to increased noise. To overcome this issue and improve the accuracy
of the data, a fitting method was employed using an empirical equation pro-
posed by Oliveira et al.(186) specifically designed to minimize noise in diameter
data.

D(t) =
(

D1 + k1

t + t1

)
exp

(
− t

3λ

)
− V2(t − t2) (2-5)

with D1, t1, k1, V2, and t2 as fitting parameters. We evaluate the
derivative of the fitted evolution of the diameter instead of the raw data.

The apparent extensional viscosity was calculated as a function of the
Hencky strain, defined as ε,

ε = 2ln

(
Dmid(t)

D0

)
(2-6)

The mechanical degradation of the polymer solutions were quantified
in terms of their extensional behavior by two parameters: the reduction of
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the high strain apparent extensional viscosity ∆eη and the reduction of the
relaxation time ∆eλ, which are defined as:

∆eη =
(

1 − η[Deg]
e∞
ηe∞

)
, (2-7)

∆eλ =
(

1 − λ[Deg]
∞
λ∞

)
, (2-8)

where ηe∞, η[Deg]
e∞ , λ∞ and λ[Deg]

∞ are the high Hencky strain extensional viscosity
and the relaxation time of the fresh and degraded solution, respectively.
∆eη ≈ 0 and ∆eλ ≈ 0 represent the situation at which the solution does not
show any change on its extensional rheological properties after flowing through
the needle valve

2.5.3
Supplementary Characterization Techniques

2.5.3.1
Size-Exclusion Chromatography (SEC-UV)

SEC-UV was used to show the break up of polymer molecules as they
flow through the constriction. Chromatograms were obtained with the fresh
and degraded polymer solutions. The chromatographic analysis was conducted
using an Agilent 1260 Infinity II chromatographer, equipped with a PSS
SUPREMA Ultrahigh column (300 x 8 mm; 10 µm) and a UV detector (at
205 nm). Throughout the experiment, the column temperature was maintained
at 30°C. The chromatograms were recorded and processed using the Agilent
OpenLab software (version 2.5)(187).

2.5.3.2
Transmission electron microscopy

The morphology of the degraded NPs-HPAM dispersion was visualized
using a Transmission Electron Microscope (TEM, FEI Tecnai G2 spirit Twin).
Approximately 5 µl of the dispersion was placed on a formvar/carbon-coated
TEM grid. The sample was stained with 0.1% phosphotungstic acid (PTA) for
1 second to enhance the contrast between the nanoparticles and the polymer
molecules (188).

2.6
EOR analysis by Microfluidics

Our research aimed to obtain a comprehensive understanding of the rhe-
ological behavior of the HPAM polymer solutions and NPs-HPAM dispersions
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and also the impact of these properties in the flow through porous media.
The analysis of the flow through porous media was conducted in a series of
experiments using a porous medium micromodel. Our first objective was to
investigate the mechanical degradation of HPAM at the microscale, which al-
lowed us to understand better the mechanisms of degradation and the factors
influencing this process. Our second objective was to explore the potential
benefits of incorporating nanoparticles into HPAM solutions with the goal of
mitigating mechanical degradation. By flooding these fluids through the mi-
cromodel, we were able to study the impact of NPs on the properties of HPAM
and its overall performance in polymer flooding.

2.6.1
Microfluidic device

As part of our experiment, we used the porous medium micromodel
depicted in Figure 2.6; it features a 20 mm long and 10 mm wide water-wet
porous matrix with an etch depth of 20 µm. Upstream and downstream of the
porous matrix, there are inflow and outflow channels with flow distribution
chambers of 500 µm width. According to the supplier’s specifications, the
matrix has a 57% porosity, a pore volume of 2.3 µL, and a permeability of
2.5 D. The device has a pattern that resembles the structure of a slice of
a sandstone rock as shown in Figure 2.7. These structures were randomly
distributed, resulting in throats and channels. The mean pore size of the
physical rock network is the average size of the pores in the medium, which
measures 142.63 µm. However, there is a significant amount of variation in
pore size within the medium (SD=60.19 µm) (174). It is important to note
that the micromodel is a 2D device, and the height of 20 µm is the smallest
dimension in most pore throats.
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Figure 2.6: Micromodel device (189).

Figure 2.7: Pore structure (white) of the 2D Physical Rock micromodel device.
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2.6.2
Experimental setup and procedures

Figure 2.8: Scheme for the experimental setup for microfluidic application.

The fluid injection system (Figure 2.8) consists of a syringe pump
(Harvard Apparatus) used to saturate the porous medium micromodel. The
injection of HPAM and NPs-HPAM was performed using a Nemesys syringe
pump (Cetoni GmbH). The syringes of the system are made of metal, which
can withstand high pressures. In addition, two two-way microfluidic valves
(IDEX) were used to connect the saturation syringe to the porous medium
micromodel and the pressure sensor to the porous medium micromodel. A
device that can be added to the Nemesys pump was used to measure the
pressure. This external pressure sensor is placed between the Nemesys pump
and the micromodel (Figure 2.9). This sensor has a flat ceramic diaphragm
that can withstand different pressure ranges. We used the 1450 psi sensor for
the degradation experiments and the 70 psi sensor for the HPAM and NPs-
HPAM injection oil displacement experiments. The outlet was open to the
atmosphere, and the inlet pressure was measured during the test. Nemesys
pump control and pressure data management were collected using CETONI
Elements software. The porous media micromodel was placed on the stage
of an SMZ45T stereomicroscope (Nikon) for viewing. An MC170 HD digital
camera was used to record the polymer flooding during the experiment, as
shown in Figure 2.8.
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Micromodel

Pressure 
sensor

Nemesys Pump

Figure 2.9: Diagram of the experimental setup for microfluidic application.

The absolute permeability of the micromodel (k) was evaluated from
the measured values of the pressure drop across the porous medium (∆P =
(P1 − P2)) during the flow of Milli-Q® water at different flow rates (q). This
measurement scheme is based on Darcy’s law equation 2-9

q = −kA

µ

(P1 − P2)
L

(2-9)

– q is the volumetric flow rate of the fluid,

– k is the absolute permeability,

– A is the cross-sectional area of the porous media,

– (P1−P2)
L

is the pressure gradient,

– µ is the fluid viscosity.

The micromodel was flooded with the aqueous phase at a constant flow
rate of 0.1 µL/min until complete saturation of the pore space. From this
point, the injection flow rates were increased from 25 to 200 µL/min, and
at steady state, the pressure at the inlet and outlet of the porous media was
recorded. Steady-state was considered to have been reached after at least 30
min of injection when the pressure showed no variation with time. The absolute
permeability of the micromodel was calculated from the average of three
independent experiments. In addition, the absolute permeability measurement
was considered as an important measure to control polymer adsorption in the
porous medium micromodel.
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2.6.2.1
Polymer degradation experiments

Polymer degradation experiments were performed at 23oC with a concen-
tration of 4,000 ppm. Different injection rates (5,25,150 µL/min) were tested.
At least one milliliter of each sample was collected to analyze shear and ex-
tensional rheological behavior. The values reported of degradation indexes are
the average of the three experiments, with the standard deviation as the error
bar.

2.6.2.2
Two-phase flow experiments: Oil displacement by HPAM and NPs-HPAM
injection

Oil displacement by injection of HPAM solutions and NPs-HPAM dis-
persions experiments were performed at three different capillary numbers and
at a temperature of 23oC. To increase the residual oil saturation in the porous
medium, a high-viscosity 500PS® (AGECOM) mineral oil was used.

Oil displacement experiments were carried out with the following injected
systems:

1. System 1: Fresh HPAM.

2. System 2: HPAM degraded solution by flowing through the valve.

3. System 3: NPs-HPAM degraded dispersion by flowing through the valve.

After oil displacement by each system, a complete image of the micro-
model was acquired to observe the phase distribution and quantify remaining
oil saturation and quantify oil recovery. Image J was used as the image pro-
cessing software. The images are processed by color thresholding based on
saturation and brightness before converting them to 8-bit images. The oil sat-
uration for each image is then evaluated based on the ratio of the colored area
(oil remaining in the network) to the total area of interest (fully saturated
network) as a function of the number of pixels. By using a calibration rule, the
number of pixels is translated to a volume value (190). The chips are reused
in this study. Therefore, they go through a thorough cleaning procedure after
each test. It includes flooding the chip first with Milli-Q® water to remove ex-
cess viscous material, then a mixture of a 1 vol-% concentrated Hellmanex III
liquid cleaning solution, Milli-Q® water, and CO2. Finally, the chips are dried
at 75 oC in an oven to ensure the cleanliness of the chips for the next tests.



3
Rheological Properties of Fresh and Degraded Polymer solu-
tion/dispersion

This chapter presents the rheological behavior of HPAM solutions
in response to mechanical degradation. We investigated how different fac-
tors, including polymer concentrations, constriction diameter, flow rates, and
nanoparticle additions, can influence the rheological response.

3.1
Shear Viscosity of Fresh and Degraded Polymer Solutions

We characterized the mechanical degradation of HPAM solutions at
different concentrations, e.g. 1,000 ppm, 4,000 ppm and 12,000 ppm, and
different flow conditions, by analyzing the variation on their shear viscosity
before and after flowing through a needle valve. As discussed before, the
deformation rate at which the solution experienced as it flows through the
needle valve was varied by imposing three values of flow rate and two values
of orifice diameter of the valve.

Figure 3.1 (a) and 3.1 (b) present the steady-state shear viscosity in
the dilute regime (concentration of 1,000 ppm) for the fresh and degraded
solutions at different flow rates for orifice diameter equal to 0.25mm and
0.15mm, respectively. The data reveals that all solutions exhibit strong shear-
thinning behavior. The continuous line in the plots represent the Williamson
model fit. The viscosity at low shear rate falls as the flow rate through the valve
rises and orifice diameter decreases, as expected. Stronger degree of mechanical
degradation occurs at higher deformation rate. At high enough shear rate, the
viscosity of the degraded solutions approaches that of the fresh solutions.
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(a) 1,000 ppm (0.25 mm)

(b) 1,000 ppm (0.15 mm)
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(c) 4,000 ppm (0.25 mm)

(d) 4,000 ppm (0.15 mm)
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(e) 12,000 ppm (0.25 mm)

(f) 12,000 ppm (0.15 mm)

Figure 3.1: Steady-state shear viscosity as a function of shear rate of fresh
and degraded HPAM solutions for different flow conditions and polymer
concentrations.
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The shear viscosity of the fresh and degraded 4,000 and 12,000 ppm

solutions are presented in Figures. 3.1 (c) to 3.1 (f), for both orifice diameters.
As expected, the viscosity increases with polymer concentration. The overall
behavior is similar to the results presented before for the lowest concentration
solutions; higher deformation rates in the flow through the valve, associated
with higher flow rates and smaller orifice diameter, led to a higher degree of
degradation.

The reduction of the low-shear viscosity of the degraded polymer solu-
tions is caused by the break up of the polymer chains as the solution flows
the valve. This is clear by comparing the size-exclusion chromatogram of the
fresh and degraded solution. Figure 3.2 presents these results for the 4,000
ppm solution, degraded by the flow through the orifice diameter of 0.25mm at
q = 10mL min. In the degraded solution, the peak at the lowest retention time,
associated with the largest molecules, is reduced, and a new peak, at a higher
retention time, is formed. This suggests the possibility of the breakdown of
long polymer molecules into smaller units.

Figure 3.2: Size exclusion chromatogram of fresh and degraded 4, 000 ppm
HPAM solutions. Solutions were degraded at 10mL/min and 0.25mm orifice
diameter.

The intensity of the mechanical degradation in shear ∆s can be computed
from the zero-shear viscosity parameter η0 obtained from fitting the data of
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the fresh and degraded solutions to the Williamson model. The results are
presented in Table 3.1 and Table 3.2 for orifice diameters of 0.25mm and
0.15mm, respectively.

Flow rate Shear Rate 1,000 ppm 4,000 ppm 12,000 ppm
mL/min 1/s ∆s [%]

2 2.17 × 104 7±1 23±4 -
5 5.43 × 104 24±6 28±6 20±2
7 7.61 × 104 44±9 33±7 27±2
10 1.09 × 105 55±11 64±16 49±13

Table 3.1: Mechanical degradation in shear ∆s of HPAM solutions at different
concentrations and flow rates for a constriction diameter of 0.25mm.

Flow rate Shear Rate 1,000 ppm 4,000 ppm 12,000 ppm
mL/min 1/s ∆s [%]

2 1.01 × 105 35 ± 6 51 ± 5 -
5 2.52 × 105 51 ± 14 64 ± 10 46 ± 15
7 3.52 × 105 79 ± 7 67 ± 4 61 ± 10
10 5.03 × 105 89 ± 18 67 ± 5 68 ± 10

Table 3.2: Mechanical degradation in shear ∆s of HPAM solutions at different
concentrations and flow rates for a constriction diameter of 0.15mm

The results show that, in general, the lowest degree of degradation is
observed at the highest polymer concentration, which supports previous results
in the literature (191). Moreover, the sensitivity of the degree of degradation
to the shear rate is higher at the lowest concentration. These behaviors
can be explained by the fact that polymer molecules at high concentration
entangle, which creates physical cross-links between the chains and stronger
chain interactions (192, 193), making it more difficult for external stresses to
disrupt the polymer structure (194).

We proceed with the analysis only with the concentration of 4,000 ppm,
which is within the range of concentration in polymer injection projects,
between 1,000 and 5,000 ppm.

3.2
Apparent Extensional Viscosity of Fresh and Degraded Polymer Solutions

As discussed before, in the CaBER rheometer, the apparent extensional
viscosity is evaluated from the time evolution of a filament diameter. In general,
longer filament breakup times are associated with stronger viscoelastic stresses
and consequently high extensional viscosity. The midpoint filament diameter
data for both fresh and degraded 4,000 ppm polymer solutions at different flow
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rates and 0.25mm orifice diameter are shown in Figure 3.3. Markers represent
the experimental data and the continuous curves are the fit using Equation (2-
5). The plot illustrates a rapid initial viscous-dominated phase, followed by
an intermediate time scale where the diameter time-evolution follows a nearly
exponential decay. During this stage, surface tension drives flow that leads
to the filament breakup, while the fluid’s elasticity strives to prevent this
process (100, 195). The fresh polymer solution has a longer breakup time,
tb ≈ 0.42s compared to the degraded solutions, indicating greater resistance
to capillary breakup. The flow resistance is caused by the stretching of the
polymer chains. In the degraded solutions, the polymer molecules were broken
as then flow through the valve, leading to weaker extensional resistance force.
The solution that was degraded at the highest flow rate, 10mL/min, has the
shortest breakup time, e.g. tb ≈ 0.29s.

Figure 3.3: Evolution of the filament diameter of the fresh and degraded 4,000
ppm HPAM solutions at different flow rates through a 0.25 mm needle valve.

The relaxation time λ of the three solutions is obtained by fitting the
exponential decay part of the diameter time-evolution according to eq. (2-
2). The relaxation time of the fresh solution is λ = 0.042s, higher than
the relaxation time of both degraded solutions: λ = 0.033s for the solution
degraded at q = 5mL/min and λ = 0.024s for the solution degraded at
q = 10mL/min. The lower relaxation time in extension is a clear indication
that the polymer molecules were broken in the flow through the needle valve.



Chapter 3. Rheological Properties of Fresh and Degraded Polymer
solution/dispersion 77

Figure 3.4 shows the apparent extensional viscosity of fresh and degraded
HPAM solutions at flow rates of 5 mL/min and 10 mL/min as a function of
Hencky strain. HPAM solution experiences strain-hardening in extensional flow
due to polymer chain stretching (101, 196, 197). The apparent extensional
viscosity rises with Hencky strain. Although degraded polymer solutions
exhibit similar strain hardening behavior of the fresh solution, a decrease in
the apparent extensional viscosity indicates degradation due to chain breakage
in the flow through the needle valve (198, 199).

Figure 3.4: Apparent extensional viscosity of the fresh and degraded 4,000 ppm
HPAM solutions at different flow rates through a 0.25 mm needle valve.

The parameters that quantify the mechanical degradation in extension
∆eλ and ∆eη for the flow through the needle valve with a diameter orifice
of 0.25mm are presented in Table 3.3. Clearly, the extend of mechanical
degradation was stronger at the highest flow rate through the needle valve,
i.e. higher deformation rate.

Flow rate (mL/min) ∆eλ ∆eη

5 0.23 0.21
10 0.63 0.42

Table 3.3: Mechanical degradation in extension of 4,000 ppm HPAM solutions
at different flow rates through the needle valve for a constriction diameter of
0.25mm.
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3.3
The Effect of SiO2 Nanoparticles on Mechanical Degradation of HPAM
Solutions

The effect of the addition of SiO2 nanoparticles in the 4,000 ppm HPAM
solution on the mechanical degradation was analyzed by comparing the shear
and extensional viscosity behavior of the fresh and degraded solutions, with
and without the addition of the nanoparticles. The comparison was performed
with the solutions degraded at 10mL/min and 0.25mm orifice diameter. At
these flow conditions, the degree of polymer degradation is comparable to those
encoutered in polymer injection process as an enhanced oil recovery method
(151).

Figure 3.5 presents the shear viscosity function of the fresh and degraded
solutions, with and without nanoparticles, at nanoparticle concentration of
0.1%wt and 0.5%wt. The continuous lines represents the curve fit with the
Williamson model. The solution without nanoparticles presented the reduction
on the low-shear viscosity shown before. The mechanical degradation in shear
was ∆s ≈ 0.64. The addition of 0.1%wt of nanoparticles has a weak effect on
the viscosity of the fresh solution. The low-shear viscosity of the NPs-HPAM
fresh dispersion is only slightly higher than that of the fresh solution without
nanoparticles. Remarkably, the shear viscosity of the degraded NPs-HPAM
dispersion does not show strong reduction on the low-shear viscosity value. The
mechanical degradation in shear was only ∆s ≈ 0.12. At the range explored,
the nanoparticle concentration has a weak effect on the rheological response.
We proceeded with the analysis with the lowest nanoparticle concentration,
e.g. 0.1%wt.
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Figure 3.5: Steady-state shear viscosity of fresh and degraded HPAM solutions,
with and without SiO2 nanoparticles. Solutions were degraded at 10mL/min
and 0.25mm orifice diameter.

The inhibition of mechanical degradation is also evident in the exten-
sional rheological properties of the solutions. The relaxation time of the fresh
and degraded solutions, with and without nanoparticles are presented in Ta-
ble 3.4. The relaxation time of the NPs-HPAM dispersion is very close to that
of the fresh HPAM solution, indicating that the addition of nanoparticles in-
hibited the breakup of the polymer molecules in the flow through the needle
valve.

Solution Relaxation time λ [s]
HPAM Fresh Solution 0.042

HPAM Degraded at 10 mL/min 0.024
NPs-HPAM Fresh Dispersion 0.040

NPs-HPAM Degraded at 10 mL/min 0.038

Table 3.4: Relaxation times of the fresh and degraded HPAM solutions, with
and without nanoparticles. Samples were degraded at flow rate of 10 mL/min
and needle valve for a constriction diameter of 0.25 mm.

Figure 3.6 shows the apparent extensional viscosity as a function of the
Hencky strain for the fresh and degraded solutions, without and with nanopar-
ticles. All the samples preserve the strain-hardening behavior, indicating their
elastic response to extensional deformation (200). As in the shear viscosity



Chapter 3. Rheological Properties of Fresh and Degraded Polymer
solution/dispersion 80

curves, the extensional viscosity curves of the fresh and degraded NPs-HPAM
dispersion are very close to each other.

Figure 3.6: Apparent extensional viscosity of fresh and degraded HPAM
solutions, with and without SiO2 nanoparticles. Solutions were degraded at
10mL/min and 0.25mm orifice diameter.

The incorporation of SiO2 nanoparticles effectively prevented the sig-
nificant reduction in both shear and extensional viscosity that occurs in the
solution without nanoparticles when the fluid is subjected to high deformation
rate flows, leading to mechanical degradation. The mechanical degradation in
shear and extension for the solutions with and without nanoparticles are pre-
sented in Table 3.5. The solutions without the addition of SiO2 nanoparticles
present significant mechanical degradation, whereas the solutions with the ad-
dition of 0.1% wt nanoparticles show very weak mechanical degradation; the
different degradation parameters are all very small.

Solution ∆s ∆eη ∆eλ

HPAM Degraded at 10 mL/min 0.64 0.63 0.42
NPs-HPAM Degraded at 10 mL/min 0.12 0.00 0.05

Table 3.5: Mechanical degradation in shear and extension for the solutions with
and without nanoparticles. Samples were degraded at flow rate of 10 mL/min
and needle valve for a constriction diameter of 0.25mm.

The presence of SiO2 nanoparticles reinforce intermolecular associations
and strengthen the network structure of HPAM, thus reducing its susceptibility
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to mechanical degradation. This mechanism is clear in the TEM image of the
degraded NPs-HPAM system, shown in Figure.3.7 (b). The nanoparticles are
located in the joints of the polymer clusters, enhancing their strength.

(a) NPs-HPAM Fresh

(b) NPs-HPAM degraded

Figure 3.7: Transmission electron microscopy (TEM) images.



4
Flow for Fresh and Degraded Polymer Solutions and NPs-
HPAM Dispersions through porous media micromodel

This chapter presents and discusses results of oil displacement experi-
ments in microfluidic devices used as a model of porous media. The study
explores oil displacement strategies using both fresh and degraded polymer so-
lutions. Microfluidic devices play a pivotal role in guiding our research, enabling
a thorough examination of key parameters, including mechanical degradation,
injection rates and the combined effects of SiO2 nanoparticles.

By leveraging the unique capabilities of microfluidic devices, this research
aims to provide a comprehensive understanding of how rheological parameters
affect the performance of polymer solutions in displacing oil in porous media.
The use of a microfluidic device enables the visualization of pore-scale phe-
nomena, which helps the fundamental understanding of the physical processes
that govern fluid displacement in the pore space.

4.1
Mechanical degradation in the flow through a microfluidic porous media
model

In the Chapter 3, we delved into the mechanical degradation of polymer
solutions during the flow through a valve. Before analyzing oil displacement
in a porous media micromodel, we study the mechanical degradation of
polymer solutions in the flow through a porous media micromodel. Simulating
mechanical degradation during the flow through porous media valuable insights
into polymer behavior across diverse scenarios, enhancing our understanding
of real-world conditions.

We measured the shear viscosity and apparent extensional viscosity of
the solution before and after the flow through the porous medium at different
conditions to evaluate the impact of the flow in the rheological response.
Executing degradation experiments on a micromodel, we controlled flow rates
and residence times, gaining insights into molecule breaking mechanisms under
various flow conditions.
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4.1.1
Shear Viscosity and Mechanical Degradation of Polymer Solutions in a
Microfluidic Porous Media

Microfluidic devices have emerged as effective tools for scrutinizing
polymer rheology and mechanical degradation (201, 202, 203). Offering precise
control over flow conditions, these devices create a platform for mimicking
reservoir scenarios. We probed mechanical degradation of 4000 ppm HPAM
solutions with low molecular weight, typical in flooding projects (204) by
measuring its shear viscosity before and after flowing the solution through the
micromodel. By simulating conditions akin to porous media, the microfluidic
device enhanced understanding of flow behavior and degradation mechanisms
under specific conditions.
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Figure 4.1: Shear viscosity curves of low molecular weight HPAM solutions at
4,000 ppm, fresh and degraded at different flow rates. Solid lines represent the
Williamson model.

Figure 4.1 presents viscosity curves of a polymer solution before injection
(fresh solutions) and samples collected from effluent of the flow through the
micromodel at different flow rates. All flow curves exhibit a Newtonian plateau
at low shear rates, transitioning to shear-thinning behavior at higher shear
rates. The viscosity curves at low shear rate shift to lower values as they
undergo varying degrees of mechanical degradation traversing the microfluidic
device.
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Flow rate [µL/min] ∆P[Psi] η0 [Pa.s] ∆s [%]
5 16 1.30±0.02 19±3
25 34 0.84±0.01 48±7
150 117 0.68±0.01 57±8

Table 4.1: Mechanical degradation in shear ∆s of 4,000 ppm HPAM solutions
at different flow rates through the micromodel.

The mechanical degradation in shear ∆s, can be computed from the
zero-shear viscosity parameter η0 obtained from fitting the data of the fresh
and degraded solutions to the Williamson model. The results are presented in
Table 4.1. This degradation is attributed to shearing and stretching of polymer
chains, resulting in reduced solution viscosity (205).

Herrera et al.(206) highlighted the significant impact of flow rate on
mechanical degradation in different restriction geometries. The highest flow
rate explored of 150 µL/min led to more considerable polymer degradation,
with up to 57% degradation observed. These findings align with Nghe et al.
(202), supporting the crucial role of flow rate in the mechanical degradation
of polymer solutions during flow through in porous media.
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4.1.2
Effect of mechanical degradation in the flow through a microfluidic porous
media device on the apparent extensional viscosity of polymer solutions
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Figure 4.2: Apparent extensional viscosity curves of HPAM solutions at 4,000
ppm, fresh and degraded at different flow rates. The curves were fitted with
Equation 2-6(186).

To complete our analysis, we measured the apparent extensional viscos-
ity of the polymer solutions before and after degradation. This allowed us to
determine the elastic behavior of the solution under extensional flow conditions
in porous media. Examining how mechanical degradation impacts viscoelastic
properties provides valuable insights into understanding changes in a solution’s
ability to resist deformation and recover its original shape, crucial for applica-
tions where elasticity plays a significant role, such as flow in porous media.

Mechanical degradation significantly impacts the ability of polymer so-
lutions to maintain their extensional properties (124). As observed in Figure
4.2, the viscosity of polymer solutions increases when they are stretched, a
phenomenon known as strain-hardening behavior. However, we found that me-
chanical degradation decreased the strain-hardening behavior when comparing
fresh and degraded polymers. The degraded HPAM polymer experiences chain
breakage and reduced entanglement, resulting in a lower strain hardening ca-
pacity. In contrast, fresh HPAM has a more uniform structure of long polymer
molecules that enables its chains to become more entangled and form a more
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robust network when stretched. This leads to higher strain hardening, sup-
porting the idea that the mechanical degradation of polymer solutions in a
microfluidic device, as in the flow through a needle valve, not only affects their
shear viscosity but also significantly impacts their extensional properties and
viscoelastic behavior (149). High flow rates, as observed in our study, lead to
reduced extensional viscosity of degraded HPAM solutions compared to fresh
solutions, resulting in weaker deformation thickening behavior when compared
to fresh HPAM solutions.

The relaxation time λ of the four solutions is obtained by fitting the
exponential decay part of the diameter time-evolution according to Equation
(2-8). The relaxation time of the fresh solution is λ = 0.045s, higher than the
relaxation time the degraded solutions: λ = 0.042s for the solution degraded
at q = 5µL/min, λ = 0.033s for the solution degraded at q = 25µL/min and
λ = 0.021s for the solution degraded at q = 150uL/min. The lower relaxation
time in extension clearly indicates that the polymer molecules were broken in
the flow through the microfluidic device.

The parameters that quantify the mechanical degradation in extension
∆eη and ∆eλ for the flow through the micromodel are presented in Table. 4.2.
Clearly, the extent of mechanical degradation was stronger at the highest flow
rate through the micromodel, i.e. higher deformation rate.

Flow rate (µL/min) ∆eη ∆eλ

5 0.18 0.05
25 0.37 0.24
150 0.58 0.51

Table 4.2: Mechanical degradation in extension of 4,000 ppm HPAM solutions
at different flow rates through the microfluidic device.

Our study concludes that the mechanical degradation of polymer so-
lutions in a microfluidic porous media device is similar to the degradation
observed in the flow through a valve presented in Chapter 3. The compar-
ison between the flow through a valve and a porous medium highlights the
practicality and simplicity of valve experiments. The mechanical degradation
behavior similarity emphasizes the relevance and reliability of microfluidic de-
vices as tools for studying polymer behavior in porous media environments,
and validates the use of valve flow experiments. The results indicate that both
microfluidic devices and valve experiments can effectively reproduce reservoir
conditions, providing valuable insights into polymer behavior under flowing
conditions. This understanding is crucial for improving our knowledge of en-
hanced oil recovery processes. Additionally, the simplicity of valve experiments
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allows for more efficient and accurate simulation of these conditions, leading
to the development of more effective polymer flooding strategies tailored to
enhanced oil recovery applications.

4.2
Oil displacement by the injection of fresh polymer solutions

To investigate the effectiveness of fresh HPAM polymer solutions in oil
displacement, we conducted experiments using a setup that allowed for poly-
mer injection into a microfluidic device saturated with mineral oil. Our objec-
tive was to vary the injection rate and observe its impact on oil displacement
while considering polymer properties. The insights gained from these exper-
iments provide valuable information on using a fresh HPAM polymer as an
effective agent for oil recovery.

We injected five pore volumes at different flow rates: 0.5 µL/min (Figure
4.3 A), 0.1 µL/min (Figure 4.3 B), and 0.03 µL/min (Figure 4.3 C), which
corresponded to capillary numbers, defined as Ca = µV/σ of Ca=4 × 10−3,
Ca= 2 × 10−3and Ca=1 × 10−3. To calculate the capillary number, different
viscosities are utilized for each flow rate, and their corresponding values are
listed in the Table. 4.3. The analysis focused on the phase distribution in the
pore space at the end of the injection process, where the blue phase represents
the polymer solution, and the lighter phase represents the oil.

Ca µ[cP ]
4 × 10−3 164.18
2 × 10−3 370.60
1 × 10−3 603.64

Table 4.3: Capillary number and viscosity of injected polymer solutions at
different flow rates.
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Flow direction Polymer phase

(a) 0.5 µL/min

Polymer phaseFlow direction

(b) 0.1 µL/min

Polymer phaseFlow direction

(c) 0.03 µL/min

Figure 4.3: Pore space occupation by the polymer (blue) and oil (transparent)
at the end of the injection process at different flow rates.
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The remaining oil saturation Sor at different flow rates is obtained by
image processing, as explained before. The results, presented in Figure 4.4,
indicate that injecting HPAM polymer solutions at higher flow rates, as
measured by the capillary number, can improve oil recovery by increasing
the displacement efficiency of the solution. These findings are consistent
with previous studies (207, 208) and highlight the importance of considering
injection rates when employing polymer flooding for enhanced oil recovery.
By optimizing flow rates and capillary numbers, we can develop more efficient
strategies for recovering oil from reservoirs.

Figure 4.4: Residual oil saturation as a function of capillary number for fresh
HPAM solutions.

Our findings revealed that the remaining oil saturation was Sor ≈ 0.01
at higher injection rates (0.5 µL/min). This condition leads to a very high
capillary number, not possible in EOR applications. In EOR applications, the
aqueous phase is usually injected at a flow rate corresponding to a Darcy
velocity of approximately 1 ft/day (209). For this reason, we utilized lower
injection rates (0.1 µL/min and 0.03 µL/min), which led to a significant
increase in the residual oil saturation to Sor ≈ 0.10 and Sor ≈ 0.23, respectively.
As discussed in the previous section, these values of flow rates are much lower
than those that leads to mechanical degradation. The polymer solutions are
not subjected to high enough deformation rates that could induce degradation
of the polymer molecules(210).
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The characteristics of the flow associated with oil displacement by an
aqueous flow in porous media is governed by two key parameters: viscosity
ratio (V ) and capillary number (Ca). The viscosity ratio defined as V = µo/µw

is the ratio of the viscosity of the displacing fluid to the displaced fluid, while
the capillary number reflects the ratio of viscous force to capillary force(211).
The viscosity of the polymer solution falls as the shear rate (flow rate) rises.
At low flow rates, the polymer viscosity is higher than the oil viscosity, leading
to a viscosity ratio lower than 1.

Flow rate (µL/min) Capillary number Viscosity Ratio
0.50 4 × 10−3 1.28
0.10 2 × 10−3 0.57
0.03 1 × 10−3 0.35

Table 4.4: Viscosity ratio and capillary number on residual oil recovery in
microfluidic systems.

From the data presented in Table 4.4, it is evident that fluid injection at
a high flow rate of 0.5µL/min results in very low residual oil saturation. The
high oil recovery rate at high injection flow rates is attributed to the eventual
dominance of capillary forces over viscous forces.

A more balanced interaction between viscous and capillary forces is
observed by reducing the injection flow rate by just 20% (0.1µL/min). The
displacement becomes more favorable as the capillary number decreases and
the viscosity ratio is lower than 1.

Further reduction in flow rate to 0.03µL/min shows a significant decrease
in the viscosity ratio. This decrease leads to a more stable displacement.
Despite the more stable displacement, the capillary number is low enough,
which leads to higher residual oil saturation.

By analyzing the phase distribution and evaluating the flow rate, viscos-
ity ratio, and capillary number, we observed that a fresh polymer solution with
an injection rate of 0.1µL/min (3ft/day at the reservoir scale) achieved the
recovery percentages typically encountered in field-scale polymer flooding, as
reported by other authors with concentrations similar to the one used in our
research (212, 213, 214).

4.3
Oil displacement by injection of degraded HPAM solutions

A thorough study of the behavior of fresh and degraded HPAM polymer
solutions is necessary to accurately compare their effectiveness in oil recovery.
The study should include an analysis of the behavior of fresh polymer solu-
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tions and an assessment of the impact of degraded HPAM solutions on oil
displacement.

To evaluate the effectiveness of degraded HPAM solutions in EOR, we
carried out flow injection tests using a micromodel saturated with mineral oil.
The tests used a degraded solution that has passed through a valve with an
orifice diameter of 0.25 mm at a flow rate of 10 mL/min.

Our findings indicate significant differences between the degraded and
fresh HPAM polymer solutions. Specifically, the former displayed significantly
lower shear viscosity than the latter. This is evident from the data presented in
figure 4.5, which clearly demonstrates a marked difference in viscosity between
the two types of solutions.

0 . 1 1 1 0 1 0 0 1 0 0 0
0 . 0 1

0 . 1

1

 F r e s h
 D e g r a d e d  a t  1 0  m L / m i n

Vis
co

sit
y (

Pa
.s)

S h e a r  r a t e  ( s - 1 )

Figure 4.5: Steady-state shear viscosity of fresh and degraded HPAM solutions

The experimental system selected for the oil displacement study displayed
the lowest extensional apparent viscosity. The results were obtained through
careful measurements and observations, which are thoroughly documented in
chapter 3. Upon closer examination, it was observed that the degradation of
the HPAM polymer solution was the primary reason for this phenomenon.
This finding is supported by figure 4.6, which provides conclusive evidence of
the HPAM polymer solution’s degradation. The figure clearly shows that the
HPAM polymer solution experienced a significant decrease in the apparent
extensional viscosity, which is a direct result of the degradation process. This
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degradation was likely caused by the deformation of polymer chains during the
flow of the solution through the valve.
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Figure 4.6: Apparent extensional viscosity of fresh and degraded HPAM
solutions

In order to determine the apparent shear rate of the micromodel, we
employed Equation 4-1, which was developed by Hirasaki et al. (215) and
accounts for the complex rheological properties of non-Newtonian fluids as
well as the porous nature of the medium. To analyze the rheological data
of both fresh and degraded HPAM solutions, we utilized the Williamson
model, which yielded exponent values of 0.62 and 0.60, respectively. The
calculated shear rate of the micromodel was approximately 7 s−1, a value that
is widely recognized as a standard reference point for determining shear rates
in reservoirs (198, 216, 150, 217).

γ̇mp =
(3n + 1

4n

) n
n−1

(
12u√

150Kϕ

)
(4-1)

where:
γ̇mp is the shear rate of the porous medium,
u is the Darcy velocity,
n is the exponent of the Power Law model,
K is the permeability,
ϕ is the porosity.
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The results of the study examining the use of HPAM polymer solutions in
oil production indicate that fresh HPAM is more efficient in producing oil at a
higher rate than degraded HPAM. The capillary number for injecting fresh and
degraded solutions was Ca = 2 × 10−3 and Ca = 1 × 10−3, respectively. Figure
4.7 (left) presents the curve of the injection. The HPAM led to about 80% oil
recovery at one pore volume injected, while degraded HPAM only resulted in
about 30% oil recovery at the same point. Furthermore, the graph reveals that
the HPAM curve reached a steady state after two pore volumes were injected,
whereas the degraded HPAM curve continued to rise slowly until it reached a
steady state after three pore volumes were injected.

The images in Figure 4.7 (right) further support the superior oil displace-
ment efficiency of fresh HPAM over degraded HPAM. Image (A) shows that
HPAM occupied more pore space than degraded HPAM (B), which suggests a
more efficient oil displacement. Moreover, the image demonstrates that fresh
HPAM formed a more uniform and stable flow in the pores than degraded
HPAM, contributing to its higher oil recovery. These results can be attributed
to the rheological behavior of fresh HPAM, making it more suitable for dis-
placing oil from the pores and driving it to the production well. In conclusion,
the experiment determined that fresh HPAM is more effective and efficient in
producing oil at a higher rate than degraded HPAM.

Flow direction

Flow direction

A

B

A

B

Figure 4.7: Evolution of the oil recovery obtained with both the fresh (A)
and degraded HPAM solutions(B) (left). Pore occupation at five pore volumes
injected (right). The pore occupation by the fluids is represented in blue.
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4.4
Oil displacement with NPs-HPAM dispersion

Our study aimed to test the effectiveness of degraded NPs-HPAM disper-
sions in oil displacement. We used a 4,000 ppm HPAM solution with 0.1% sil-
ica nanoparticles that experienced a degradation process by flowing it through
a valve. Our observations, explained in more detail in chapter 3, showed that
nanoparticles added to the HPAM polymer solution mitigate mechanical degra-
dation. The rheological properties of the polymer solutions with nanoparticles
were similar before and after passing through the needle valve. This indi-
cated that silica nanoparticles can help maintain the solution’s viscosity during
degradation, which is a crucial factor in the oil recovery process.

Figures 4.8 and 4.9 obtained from our experiment demonstrate the
positive impact of silica nanoparticles on the rheological properties of HPAM
solutions during mechanical degradation.

Figure 4.8: Steady-state shear viscosity of fresh and NPs-HPAM degraded
solutions. The NPs-HPAM dispersion was degraded at 10mL/min and 0.25mm
orifice diameter through a valve.



Chapter 4. Flow for Fresh and Degraded Polymer Solutions and NPs-HPAM
Dispersions through porous media micromodel 95

4 6 8 1 0 1 2 1 4

1 0

1 0 0

 H P A M  F r e s h
 N P s - H P A M  d e g r a d e d

 

Ex
ten

sio
na

l V
isc

os
ity

 (P
a.s

)

H e n c k y  S t r a i n

Figure 4.9: Apparent extensional viscosity of fresh and NPs-HPAM degraded
solutions. The NPs-HPAM dispersion was degraded at 10mL/min and 0.25mm
orifice diameter through a valve.

Recent research has shown that the incorporation of nanoparticles into
polymer solutions can significantly enhance the recovery of oil (12, 218, 170).
However, in order to obtain a better understanding of the underlying physical
mechanisms and fluid distribution at the pore scale, the use of micromodels
is crucial. These micromodels enable researchers to gain insights into the
intricate details of fluid flow and displacement processes taking place within
porous media at a microscopic level. Thus, the combination of nanoparticles
and micromodels can be a powerful strategy for optimizing the EOR process
(161, 219, 220, 221).

In our study, we conducted an experiment to examine the effectiveness
of a solution of degraded NPs-HPAM in mobilizing oil from the porous media.
We injected the solution through a glass micromodel that simulates the pore
structure of a reservoir rock. The capillary number was Ca = 2 × 10−3,
corresponding to a flow rate of 0.1 µL/min.
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Figure 4.10: Comparison of oil displacement versus pore volume injected (left)
and pore occupation at five pore volumes injected (right) using fresh HPAM
(A) and NPs-HPAM degraded at 10 mL/min (B). The pore occupation by the
fluids is represented in blue.

In the experiment, we observed that the recovery rate of degraded NPs-
HPAM dispersion was initially slower than that of fresh HPAM at the start
of the curve, as shown in Figure 4.10. This indicates that the degraded NPs-
HPAM dispersion takes longer to mobilize oil from the micromodel. However,
as we continued to inject more pore volumes, we noticed a gradual improvement
in the recovery rate. Specifically, when we increased the pore volume injected
to 2 PV, the recovery rate of degraded NPs-HPAM dispersion increased by
up to 80% after 4 PV injections. These findings indicate that the use of silica
nanoparticles in enhanced oil recovery has the potential to be a viable solution
for mechanical degradation. It can achieve similar percentages of oil recovery
compared to the fresh polymer solution.

Previous research has demonstrated the efficacy of nanofluid-enhanced
polymer solutions in improving oil recovery. Kumar et al. (2022) (222) con-
ducted a study that showed the addition of nanoparticles to polymers can
enhance the rheological characteristics of polymeric nanofluid in adverse condi-
tions, thereby enhancing its overall performance in oilfield applications. These
findings align with our research, which supports the use of silica nanoparticles
in polymer solutions to improve oil recovery in porous media.

The analysis presented in Figure 4.11 provides valuable insights into
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the impact of incorporating silica nanoparticles into HPAM solutions for oil
recovery. The oil recovery curve of the degraded NPs-HPAM dispersion shows
a fast initial recovery rate and higher final recovery compared to the degraded
HPAM polymer solution, indicating that the addition of nanoparticles helps
improve oil mobilization from the micromodel. Furthermore, the gradual
increase in recovery rate observed with increasing pore volumes suggests that
the nanoparticles have a stabilizing effect on the polymer solution, preventing
further degradation and enhancing its performance in displacing oil from
porous media.

Figure 4.11: Performance of degraded HPAM solution and NPs-HPAM disper-
sion in the oil recovery process.

Our study found that incorporating silica nanoparticles into degraded
HPAM solutions resulted in a 9-13% increase in oil recovery, which aligns
with Yousefvand’s research (2015) (161). This research indicated that NPs
can effectively prevent the degradation of the elastic network structure of
HPAM solutions under severe reservoir conditions. The combined application
of NPs and HPAM has displayed a synergistic effect, making it a promising
option for chemical enhanced oil recovery processes. Therefore, the results of
the study show a clear indication of the significant benefits of utilizing silica
nanoparticles to enhance the performance of degraded HPAM solutions in oil
recovery processes.

The addition of silica nanoparticles to HPAM creates a stable, three-
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dimensional network structure that can withstand extreme conditions such as
mechanical degradation. This network structure increases the HPAM solution’s
capacity to resist shear forces and maintain its viscosity, which is crucial
for efficiently displacing high-viscosity oil. Additionally, nanoparticles act as
protective agents, preventing the breakdown of polymer molecules during
polymer flooding (165, 223).



5
Conclusion and future work

Mechanical degradation of HPAM solutions in the flow through a needle
valve was characterized by shear and extensional rheology. The flow rate
controlled the deformation rate of the flow through the valve and valve
constriction. The degree of polymer molecule breakup was consistent with
that encountered in the flow of polymer solutions through porous media
micromodel. Mechanical degradation changes the flow behavior of polymer
solution through porous media and reduces the effectiveness of polymer
injection as an enhanced oil recovery method.

The results show that mechanical degradation leads to a decrease on the
low-shear shear viscosity, relaxation time in extension and apparent extensional
viscosity. For the 4,000 ppm HPAM solution, a concentration within the range
used in polymer injection processes, the relative drop of the shear viscosity was
as high as 64 %, and of the extensional viscosity was as high as 63 % . This
behavior is associated with a reduction of the molecular weight distribution of
the polymer solution caused by the breakup of the polymer molecules as they
are deformed.

The results also clearly show that the addition of 0.1 % SiO2 nanoparticles
in the HPAM solutions mitigates the effect of the mechanical degradation. Both
the shear and extensional rheological properties of polymer solutions with the
addition of nanoparticles were very similar before and after flowing through the
needle valve. Polymer solutions with the addition of nanoparticles have great
potential to be used as an enhanced oil recovery method, as their rheological
properties, and consequently their efficiency in oil displacement process, are
not strongly affected by mechanical degradation that occurs in the flow of
polymer solution through injection lines, valves and inside the reservoir.

Our research on fluid flow at the microscale has shown that the behavior
and interactions of polymer solutions with porous media are greatly affected by
mechanical degradation. We have also observed that SiO2 nanoparticles in the
polymer solution can act as stabilizers, preventing polymer degradation under
high shear conditions in porous media. This results in improved effectiveness of
the polymer solution in recovering trapped hydrocarbons. Our study highlights
the potential of microfluidics as a tool to visualize and understand the
complexities involved in oil recovery with polymers and nanoparticles. These
findings can be used to develop more efficient strategies for enhanced oil
recovery, contributing to the sustainable extraction of hydrocarbon resources.
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Future studies must address the identified research gaps and opportu-
nities to ensure the successful implementation of these systems in real-world
EOR scenarios. This may involve conducting field trials and developing ac-
curate scaling methods to bridge the gap between laboratory scale models
and full-scale field operations. Additionally, exploring the effects of surface
chemistry of nanoparticles on the rheological properties and oil displacement
efficiency of nano-silica-polymer systems can lead to improved designs for EOR
applications.

Given the challenges of using size exclusion chromatography with
nanoparticle-laden polymer solutions, it is crucial to explore alternative meth-
ods for determining polymer chain size. Nanoparticles can interfere with chro-
matography, leading to inaccurate results. Intrinsic viscosity measurements
offer a promising alternative, correlating the solution’s viscosity to polymer
molecular weight. This approach bypasses nanoparticle complications, provid-
ing reliable polymer characterization for enhanced oil recovery applications.

It is also important to consider the impact of nanoparticles on other
crucial properties of two-phase flow in porous media, such as interfacial
tension, interfacial rheology, and wettability, which could be included in
future studies. It is essential to investigate the impact of nanoparticles on
the stability of emulsions formed during oil recovery processes. Nanoparticles
have the potential to enhance emulsion stability by creating a solid layer at
the oil-water interface, thereby improving the emulsion’s resistance to harsh
reservoir conditions such as high temperatures and salinity. Understanding
these interactions will provide valuable insights into optimizing nanoparticle
use for enhanced oil recovery applications

The implications of this research go beyond the laboratory scale, as the
findings have the potential to impact the oil and gas industry significantly. It
is clear that the study of polymer solutions, combined with nanoparticles, can
revolutionize EOR techniques, increase the overall efficiency of oil recovery
processes, and contribute to the sustainable management of hydrocarbon
resources.
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