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ABSTRACT

Underbalanced drilling often uses foam because of its superior hole-cleaning capacity, low density,
and reduced liquid requirements. However, it must be stable under borehole conditions to function
as a drilling fluid. When the foam is unstable, it loses its viscosity, causing the liquid to drain and
create slugging flow, causing a temporary overbalance that may damage the formation. This study

aims to improve aqueous foam stability using nanoparticles with unique surface properties.

Nanoparticles possess unique properties due to their small size and high specific surface area.
Furthermore, their surfaces can be modified to display desired properties. As part of this study,
bare (NS1) and functionalized silicon oxide nanoparticles (NS2, and NS3) were studied to improve
the stability of aqueous foams. A foam circulating flow loop with horizontal pipe viscometers and
a vertical drainage testing cell was used to create foam and analyze its characteristics. Foams with
varying nanoparticle concentrations (1 to 3% by wt.) and foam qualities (40 to 60%) were
generated at 1000 psi. The rheology and stability of these materials were then investigated. To
assess the drainage, the hydrostatic pressure distribution was measured as a function of time after

a fully generated foam was trapped in a vertical test cell.

A significant increase in apparent viscosity and reduction in liquid drainage was observed when
the baseline foam quality (in-situ gas volumetric concentration) was raised from 40% to 60%.
Similar changes in property were also observed in nanoparticles containing foam. In addition to
this, experiments showed that nanoparticles have an impact on the properties of foams. With the
addition of nanoparticles, foams became more viscous and stable. The type (coating) of
nanoparticles also influences their effectiveness. For instance, amino-functionalized silica
nanoparticles (NS2) provide better foam stability than regular nanoparticles (NS1) and

nanoparticles treated with silane (NS3).
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CHAPTER ONE

INTRODUCTION

1.1 Overview

Aqueous foams are concentrated dispersions of gas bubbles (dispersed phase) entrapped in a small
volume of liquid (continuous phase), forming different sizes of bubbles. A thin layer of liquid
films coats the gas compartments. Mechanical agitation or shearing and the surfactant's presence
are crucial to generating foams. Mechanical agitation forms foams by upsetting the molecules of
the two fluids in the mixture. The surfactant adds energy and creates foam by increasing the area

between the gas-liquid interface, reducing the liquid phase's surface tension.

Foam is a low-density with high viscosity fluid and high cutting transport capacity. As a result,
foam fluids have been widely used in several industrial applications. In the oil and gas industry,
foam reduces gas mobility and increases sweep efficiency in enhanced oil recovery operations
(EOR). Itis also used as fracturing fluid in hydraulic fracturing and well stimulation and drilling
fluid to transport cuttings to the surface. In addition, unconventional wells are being drilled using
advanced drilling methods such as managed pressure drilling and underbalanced drilling (A
drilling technique in which the wellbore pressure is maintained below the formation's pressure).
Conventional drilling methods are extremely difficult to use in depleted and low-pressure
formations. These formations often require underbalanced drilling. Achieving successful
underbalanced drilling operations is possible by using stable foam with high viscosity and low
density. However, water-sensitive formations complicate well drilling with traditional aqueous-
based foams. Formations sensitive to water may damage due to a momentary imbalance

overbalance, a chemical reaction, or sudden imbibition oil-Based foam help to solve the problems.
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Generally, drilling with foam proved highly beneficial because of its various advantages, such as
increasing penetration rates, limiting deferential pipe sticking, reducing lost circulation,
minimizing formation damage with less or no stimulation, and improving drilling in water-
sensitive formations. However, although foams have many applications in the petroleum and
natural gas industry, they are inherently unstable from a thermodynamic and kinetic perspective,
particularly at high temperatures and pressures (Wang et al., 2016). Such extreme conditions often
impact the rheology, stability, bubble size, drainage, and hydraulics of foam. This impact is best

known as foam decay.

1.2 Foam Applications

1.2.1 Geothermal Application

Foam has been utilized in various geothermal applications, including drilling, completion, and
production (Lyons, 2009). In geothermal drilling, foam is used as a drilling fluid to reduce the
weight and hydrostatic pressure of the drilling fluid, which can help reduce the risk of wellbore
instability and damage to the geothermal reservoir. Foam is commonly used in geothermal drilling
as a drilling fluid. Geothermal drilling involves drilling deep into the earth to access geothermal
energy resources. During this process, the drilling fluid serves several purposes, including
carrying rock cuttings to the surface, cooling and lubricating the drill bit, and maintaining the

stability of the borehole.

Foam has several advantages as a drilling fluid in geothermal drilling. First, it can help to reduce
the weight of the drilling fluid, which can be crucial in geothermal drilling because the deeper the
borehole, the higher the pressure and temperature of the formation fluids. Foam can also help to
minimize the circulation of formation fluids into the borehole, which can be important in
preventing damage to the drilling equipment or the surrounding formations.
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In addition, foam can help to reduce the amount of water used in geothermal drilling. This can be
beneficial in areas where water resources are scarce, as it can reduce the overall impact of the
drilling on the environment. Foam can also be easier to clean up and dispose of than traditional

drilling fluids, which can help reduce drilling operations' environmental impact.

Foam can also help improve drilling efficiency and reduce the risk of lost circulation, which occurs
when drilling fluid escapes into the formation, leading to a decrease in drilling fluid volume and
an increase in the cost of the drilling operation. In geothermal completion, foam can help control
the flow of fluids within the wellbore and prevent damage to the geothermal reservoir. Foam can
also help improve the efficiency of the completion process by reducing the amount of fluid needed

to complete the well (Song et al., 2022).

In geothermal production, foam can help control the flow of fluids within the wellbore and prevent
the production of unwanted fluids, such as water or steam, from the geothermal reservoir (Yuan
and Wood, D.A., 2018). Foam can also help improve the production process's efficiency by

reducing the energy needed to lift fluids to the surface.

Using foam in geothermal applications can improve drilling efficiency, reduce the risk of wellbore
instability and damage to the reservoir, and improve production efficiency. However, the specific
application of foam in geothermal operations depends on several factors, including the
composition of the geothermal reservoir, the drilling conditions, and the desired outcomes of the

process.

1.2.2 Hydraulic Fracturing
Foam is commonly used in hydraulic fracturing, also known as "fracking," which is a technique

used to extract oil and gas from shale rock formations (King, 2012). In this process, a mixture of



water, sand, and chemicals is injected into the well at high pressure, creating fractures in the rock

that allow the oil and gas to flow more freely.

Foam can be used in place of water in hydraulic fracturing, and it offers several advantages over
traditional water-based fracking fluids. One key benefit is that foam can create smaller and more
uniform fractures, which can improve the efficiency of the fracturing process and increase the

amount of oil and gas that can be extracted (Gu et al., 2014).

Foam can also help reduce the amount of water needed in hydraulic fracturing, which can be
important in areas with limited water resources. In addition, foam-based fracturing fluids can be
less damaging to the environment than water-based fluids, as they can reduce the amount of

wastewater produced and the risk of groundwater contamination (Al-Muntasheri et al.,2017).

A foaming agent is added to the fracturing fluid, along with air or nitrogen gas, to create foam for
hydraulic fracturing. The mixture is then pressurized and injected into the well, where it expands
to fill the fractures in the rock. The foam helps to create a more uniform pressure distribution
within the fractures, which can improve the flow of oil and gas to the well (Wang and Elsworth.,

2020).

Foam-based fracturing fluids offer a promising alternative to traditional water-based fluids, and
they are becoming increasingly popular in the oil and gas industry. Nonetheless, more research is
needed to fully understand the long-term environmental and economic impacts of foam-based

hydraulic fracturing.

1.3 Foam Properties

As previously said, foam has many valuable characteristics that allow it to be used in various

applications. The manner of foam creation, surfactant type, fluid parameters, pressure,



temperature, and pollutants in the fluid system heavily influences these characteristics. This

section discusses some of the vital features of foams.

1.3.1 Rheology

Foam rheology plays a crucial role in comprehending its flow behavior. The rheological properties
of foam, such as viscosity, elasticity, and yield stress, can be influenced by several factors,
including foam composition, structure, and processing conditions (Ahmed et al., 2003; Leal-

Calderon et al., 2007).

Foam exhibits complex rheological behavior as a two-phase system with gas bubbles dispersed in
a liquid or solid matrix. The properties of the gas and liquid phases and the interface between
them can significantly impact the rheological properties of the foam. For instance, adding
surfactants or other stabilizers can increase the foam's surface tension and yield stress, making it
more resistant to deformation and flow (Binks & Lumsdon, 2000). Moreover, the presence of
solid particles or fibers in the liquid matrix can affect the rheology of foam by increasing its

viscosity and elasticity (Zhao et al,. 2018).

The rheological properties of foam can also be altered by processing conditions such as the shear
rate, temperature, and pressure. For instance, increasing the shear rate of foam can lead to thinning
and make it more liquid-like, while decreasing the shear rate can cause thickening and make it

more solid-like (Brown and Jaeger, 2014).

The knowledge of foam rheology is fundamental for various applications, including hydraulic
fracturing and geothermal drilling. By controlling the rheological properties of foam, it is possible
to optimize its performance and ensure that it meets the desired specifications for a given

application.



1.3.2 Quality

The quality of the foam is a critical property that has a considerable impact on the foam's physical
properties. It is the ratio of the volume of gas already present in the foam to the entire foam
volume. It is a function of pressure and temperature. The quality of the foam may be determined

using the formula.
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VL+VG

' (T,P) = (1.1)

VG and VL represent the volume of gas and liquid phases in the foam. The quality of the foam
has a variety of effects on its structure and properties. When the quality of the foam improves,
there is a transition that takes place in the structure of the foam (Figure 1.1). Foams below 60%
are classed as bubbly liquids, while foams with quality over 96% are categorized as mists. With a
moisture content of 63%, aqueous foams see a change in stiffness (Kraynik 1983; Ahmed et al.
2003). Wet foams contain more liquid than dry foams, which causes wet foams to have thicker
films and a more spherical structure. Dry foams, on the other hand, have thinner films and a more

polyhedral network structure.

Since it is a blend of the densities of the gas and liquid phases, foam density also varies depending
on the quality of the foam. This is because the proportion of liquid within the foam's structure
drops as the foam's quality improves while the fraction of gas within the foam's structure grows.

This results in an appreciable reduction in the density of the foam as a whole.
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Figure 1.1: Relative viscosity vs. foam quality (Ahmed et al. 2003) modified

The quality of the foam affects the other aspects of the foam as well, including its stability,
viscosity, and bubble size distribution. The capacity of foam to preserve its structure and resist
collapsing throughout its lifetime is referred to as its stability. Viscosity is a measurement of the
foam's resistance to flow, and it depends on the gas concentration. The capacity of the foam to
maintain a consistent distribution of bubble sizes is one factor that determines its look and

performance. Bubble size distribution is one of the factors.

In conclusion, foam quality is an essential factor that plays a role in forming various foam
characteristics. Therefore, it is possible to improve foam quality for a given application by first

understanding the influence that foam quality has on its physical and flow characteristics.

1.3.3 Stability
Foams possess unique characteristics; however, their qualities degrade shortly after their formation
due to drainage. The stability of foam is significantly influenced by the properties of the base

liquid, particularly its quality and rheology (Govindu et al., 2020; Leal-Calderon et al., 2007).



Foams with higher quality have been shown to be more stable. Dry foams, as compared to wet
foams, disintegrate at a much faster rate. A popular method for determining the stability of a foam
is to observe how fluid escapes from the structure of the foam. The foam breakdown can be
divided into four distinct processes: gravitational drainage, coalescence, Ostwald ripening, and
coarsening (Binks and Lumsdon, 2000). The thinning and brittleness of the bubble film occur as
the liquid drips out of the foam structure. The size of the bubbles also influences foam stability.
Smaller bubbles, as opposed to larger bubbles, are more resistant to changes in temperature and
pressure (Crum, 1980). As dry foams are created, the bubbles are packed in so tightly together,
forming polyhedral bubble structures (Durian, 1997). Surfactants improve the durability of foam
by reducing surface tension. Nevertheless, increasing the surfactant concentration beyond the

critical micelle concentration does not improve the foam's stability (Leal-Calderon et al., 2007).

1.4 Factors Affecting Foam

14.1 Temperature

The temperature may considerably influence the foam’s stability, structure, and quality. As the
temperature is raised at constant pressure, the gas bubbles inside the foam expand, reducing the
foam's stability (Tyowua and Binks, 2020). The increasing gas pressure inside the bubbles might
force them to rupture or combine with surrounding bubbles, collapsing the foam structure.
Decreasing the temperature, however, causes the gas bubbles to shrink and migrate closer together,
increasing the foam's stability. If the temperature is too low, the liquid inside the foam may freeze,

causing the foam to harden and lose its beneficial properties (Abd Karim and Wai,1999).

It is also possible for temperature to affect the texture, appearance, and other properties of foams.

Foams, for example, may become more elastic or less viscous as temperatures rise (Gu and



Mohanty 2015; Li et al. 2012). Foam's response to temperature depends on its kind, composition,

and environmental conditions.

Furthermore, as temperature increases, the apparent viscosity of the base liquid decreases due to
its thermal thinning. At a constant quality, the base fluid's thinning causes foam viscosity reduction
and exacerbation of liquid drainage. The decline in viscous resistance in the foam structure due to
the thinning of the liquid phase exacerbates the drainage. Especially in low-quality foams, the
impact of temperature on foam viscosity is significant (Akhtar 2017). Therefore a similar level of
influence is expected on drainage due to the temperature effect. At high foam qualities,
temperature's effect on viscosity is still noticeable (Gu and Mohanty 2015). Moreover, if the foam
expands with increasing temperature, the volume of gas inside the bubble grows, causing the film
to rupture. As a result, the foam becomes unstable (Li et al. 2012). However, it is essential to note
that the stability of aqueous foams can be enhanced at high temperatures by incorporating surface-

modified nanoparticles into the system (Singh and Mohanty 2017, Zhu et al. 2017).

1.4.2 Pressure

To employ aqueous foams as a drilling fluid for high-pressure petroleum and geothermal wells,
we must first understand how pressure affects agueous foams. The Literature has examined how
pressure affects the stability of aqueous foams (Rand and Kraynik 1983). Rand and Kraynik 1983
conducted a series of experiments with various surfactant and gas type combinations to evaluate the
foam drainage time as pressure was increased (Figure 1.2). Although foam quality was maintained
constant, they reported a significant increase in drainage times as generating pressure increased. This

phenomenon appears to be caused by reduced bubble size resulting from pressure increase.
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Figure 1.2: Effect of pressure on liquid drainage times (after Rand and Kraynik 1983)

Higher pressure reduces bubble diameter and generates a homogeneous foam structure (Figure
1.3). The foam's homogeneous structure inhibits drainage and deterioration of the foam. Raising
pressure while maintaining consistent foam quality affects foam stability by altering surface elastic
properties (Ruckenstein and Jain 1974). Its increased surface elasticity avoids thin film rupture
and slows bubble coalescence. Also, when pressure was raised (Fuseni et al. 2014), amine oxide
surfactant foam demonstrated greater stability and delayed foam drainage compared to anionic

surfactant foam. Moreover, foam flooding studies revealed that foam stability increased with

10



pressure (Holt et al. 1996). On the other hand, extreme pressures may cause the inner layer to

break down and destabilize foam (Sheng 2013).

100 Microns

Figure 1.3: Effect of pressure on foam bubble structure (after Rand and Kraynik 1983)

1.4.3 Surfactant

Foam stability, texture, and other properties can be significantly influenced by the presence of
contaminants and the choice of surfactant types. Surfactants play a significant role in modifying
the interfacial tension between the gas and liquid phases, affecting the stability of aqueous foams.
If the surfactants have a lower interfacial tension, the foam can be more stable. In addition,
surfactant type can also impact the texture of foam, including its viscosity and coarseness. For
instance, surfactants with higher molecular weight can lead to more viscous foam, while

surfactants with lower molecular weight can result in a thinner foam (Binks & Lumsdon, 2000).

Moreover, surfactants can affect the liquid drainage rate from the foam bubbles, which also plays
a role in foam stability. Surfactants that reduce the drainage rate can lead to more stable foam.
Additionally, the surfactant type can affect the amount of foam generated, with surfactants with
higher surface activity producing more foam (Rand and Kraynik 1983). Surfactants can also

prevent the coalescence of foam bubbles, leading to more stable foam. If surfactants have a higher
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degree of steric hindrance, they can prevent coalescence. The surfactant type can also affect the
lifetime of foam, with more resistant surfactants leading to longer-lasting foam (Rand and Kraynik
1983). Therefore, careful selection of surfactant types and attention to processing and storage

conditions are essential for achieving the desired foam properties for a specific application.

1.4.4 Additives

Recent studies have shown that additives such as nanoparticles, fibers, and polymers can
significantly affect the foams' properties. Specifically, adding nanoparticles can increase foam's
stability and structural rigidity by strengthening the interfaces between the gas and liquid phases
(She et al., 2018). In addition, nanoparticles can also modify foam's thermal and electrical

conductivity (Shi et al., 2014).

Polymers are another type of additive that can be used to modify the properties of foams. The
incorporation of polymers results in an increase in both the foam's stability and its half-life

duration, which contributes to an overall quality improvement (Zvada et al. 2021)

It should be noted that the specific effects of these additives on foam properties will depend on the
type and concentration of the additive and the specific conditions under which the foam is being
used. However, adding additives can provide a means of tailoring foam properties for particular

applications.

1.4.5 Generation method

The method used to create foam significantly impacts its properties, such as structure, stability,
and bubble size distribution (Garrett, 1993). The generation method refers to how foam is
produced, and this process affects the size, shape, and distribution of the gas bubbles within the

foam.
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Different methods are used to create foam with different properties (Garrett 1993; Skauge et al.
2020). Mechanical techniques like whipping or stirring produce foam with relatively large bubbles
and wide size distribution. In contrast, methods that use surfactants or stabilizers, such as
sonication or microfluidics, produce foam with smaller and more uniformly sized bubbles (Chen

et al., 2014; Costantini et al., 2016; Critello et al., 2017).

The method used to create foam can also affect its stability. Often foams produced using
mechanical methods are less stable than those generated using surfactants or stabilizers. This is
because mechanical methods create foam with large bubbles and weak interfaces between the
bubbles and the liquid phase. Surfactants and stabilizers strengthen these interfaces, enhancing

foam stability (Farhadi et al., 2016).

Choosing the appropriate foam generation method for a specific application depends on several
factors, including desired foam properties, processing conditions, and the characteristics of the

liquid and gas phases involved.

1.4.6 Test section height

The effect of test section height on foam behavior and properties is determined by the specific
conditions and properties of the foam being tested (Saint-Jalmes 2006). Studies by Ramani et al.
(1993) have shown that increasing the test section's height can increase the foam's drainage time.
This increase in drainage time allows for a more thorough observation of the behavior and
properties of the foam, which is beneficial in some experiments. Furthermore, in some instances,
a taller test section may allow for observing gravity-driven drainage effects on the foam. As the
foam drains and the liquid phase is expelled, the properties of the foam may change, such as its
stability and bubble size distribution. In a recent study, Obisesan et al. (2022) investigated the

influence of test section height on the drainage behavior of aqueous foams. The results showed
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that foam drainage slows down with increasing column height since the drainage rate changes

across the column's length.

From a deferent prospective, increasing the test section height can also lead to increased pressure
drop and flow resistance, which can adversely affect the behavior of the foam. According to Rand
and Kraynik (1983), the increased pressure drop can cause changes in the flow patterns and

properties of the foam, such as an increase in bubble coalescence or rupture.

Therefore, selecting the appropriate test section height for a foam experiment is crucial. The
selection depends on several factors, such as the properties of the foam being tested, the flow rate

and pressure drop requirements, and the specific goals of the experiment.

1.4.7 Test column diameter

Ramani and colleagues (1993) investigated how the diameter of the test section impacted the rate
of drainage. The studies were carried out using glass columns that ranged in diameter from 0.03
to 0.05 meters. The findings of this experiment demonstrated that the diameter of the column had
only a marginal impact on the foam drainage. In a more recent study, Govindu et al. (2019)
examined the stability of different foams by capturing foam samples in both pipe and annular
sections and then comparing their drainage rates. The findings indicated that foams were more
stable in the annular section than the straight pipe, possibly because of the more substantial wall

confinement effect in the annulus.

1.4.8 Contaminants
Contaminants can significantly impact foam's characteristics, including its stability, structure, and
texture. Often contaminants come in the form of substances like oils, salts, or organic matter that

disrupt the foam's stability by interfering with the liquid-gas interface, leading to foam collapse or
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decreased stability, especially in higher-quality foams (Obisesan et al. 2021). For instance, oil can
hinder foam formation by disturbing the liquid-gas interface. At the same time, salts affect osmotic
pressure and surface tension, and organic matter alters surface tension, all affecting the liquid-gas
interface. On the other hand, at lower quality levels, adding oil increases foam stability (Obisesan
2020, Obisesan et al. 2021, Obisesan et al. 2023). Furthermore, clays such as bentonite and
kaolinite increase the stability of foams and reduce their drainage rate. The improvement in

stability is related to the amount and type of clay present in the liquid phase (Obisesan 2020).

1.5 Problem Statement

Foam is the preferred fluid for underbalanced drilling due to its superior hole-cleaning capacity
and reduced liquid requirements. However, it must have good stability to function as a drilling
fluid under borehole conditions. Unstable foam loses its viscosity and generates drained liquid
that causes slugging flow, resulting in temporary overbalance that can damage the formation. This
study aims to improve the foam stability of aqueous foam using nanoparticles with unique surface

properties.

1.6 Objectives and Scope of Study

This study contributes to formulating a new generation of drilling foams that can be used in harsh
borehole environments where foam instability becomes a major concern. This research aims to
improve the stability of aqueous foam using silicon oxide nanoparticles. To achieve this objective,
extensive drainage tests were performed at ambient temperature and 1000 psi of pressure to
examine the impact of nanoparticles and concentration on the stability of aqueous foams. The
concentrations of three different nanoparticles ranged from 0.5 to 3 wt% of solvent. 40%, 50%,
and 60% foam qualities were considered. Foam rheology measurements were obtained in addition
to drainage data. The rheology studies were carried out at various flow rates ranging from 35%,
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50%, 65%, 80%, and 100% of pump capacity to determine foam flow behavior at various shear
rates. System temperature, pressure, flow rate, density, and differential pressures were monitored

and recorded across the rheology and stability testing sections.
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CHAPTER TWO

LITERATURE REVIEW

2.1Foam Structure

Aqueous foams are complex systems that exhibit various structures depending on multiple factors.
The gas phase used to generate the foam is one factor that influences the aqueous foam structure.
Agueous foams can be generated using different gases, such as air, nitrogen, and carbon dioxide.
The choice of gas affects the foam's properties, density, stability, and structure (Binks & Lumsdon,

2000).

Another factor that affects the structure of aqueous foams is the presence of surfactants.
Surfactants can reduce the interfacial tension between the gas and liquid phases, forming more
stable foams with smaller bubble sizes (Binks & Lumsdon, 2000). The surfactant concentration
and type can also affect foam structure. For example, increasing the surfactant concentration can
decrease bubble size and create a more uniform bubble size distribution (Leal-Calderon et al.,

2007).

The method used to generate the foam also influences its structure. Aqueous foams can be
generated using various techniques, such as mechanical agitation, gas injection, and ultrasound.
The choice of generator affects the foam properties, including its structure and stability. For
instance, ultrasound can generate more stable and uniform foams with smaller bubble sizes than

mechanical agitation (Critello et al., 2017).

Aqueous foams can exhibit different structures depending on their composition and the foam

generation method and conditions. One common type of aqueous foam structure is the lamellar
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structure, where the bubbles are stacked in layers and separated by thin liquid films. Another
structure is the polygonal structure, where the bubbles have a polygonal shape and are closely
packed together. Other structures include the spherical structure, where the bubbles are spherical
and uniformly distributed, and the network structure, where the bubbles are interconnected to form

a network (Engelsen et al., 2002).

In summary, the structure of aqueous foams is influenced by various factors, including the stability
of the foam, the properties of the gas and liquid phases, as well as the method of foam generation.
The structure of aqueous foams can be characterized using various techniques, including
microscopy and scattering techniques. Understanding the structure of aqueous foams is vital for

their development and optimization for different applications in multiple fields.

2.2 Foam Decay Mechanism

There are three main categories of foam decay, gravitational drainage, bubble coalescence, and
Ostwald ripening (Akhtar et al., 2017; Bhakta et al.,1997; Gallego-Juarez et al., 2015; Sinha et al.,
2019). Gravitational drainage is the thinning of bubble walls when the liquid phase drains from
the foam structure due to the difference in density between the liquid and gas phases. As
coalescence implies, it is the joining or merging of gas bubbles within the foam structure to form
bigger bubbles (Eren 2004). Additionally, Ostwald ripening is the process of gas migrating from
smaller to larger bubbles due to the Laplace pressure difference. All three foam decay categories
cause the separation of the gas-liquid phases from the foam structure, minimizing the system's
energy. Therefore, if no new energy is added to the system, all foams will eventually decay. Thus,
foam stabilizers are commonly used to improve foam stability. Numerous foam stabilizers have

been developed over the years, including hydroxyethyl cellulose (HEC), carboxymethyl cellulose
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(CMC), polyacrylamide, and triethanolamine. However, these soluble foam stabilizers degrade

when exposed to harsh high-temperature and high-pressure borehole conditions.

Solid particles could be used to stabilize foams as an alternative approach. The high adsorption
energy of particles at fluid interfaces explains their significant effectiveness in stabilizing foams.
Moreover, the adsorption of solid particles at the gas-liquid interface is irreversible due to their
high adsorption energies. At the same time, the dilational elasticity of liquid films increases
dramatically. When particles are positioned at an interface, bubbles acquire the "solid-like shield"
characteristics that protect them from coalescence. Thus, foams can exist for long periods.
Particles can also hinder the drainage of foams by acting as gelling agents, aggregating in the liquid
channels of the foam (Plateau boundaries), and increasing bulk viscosity (Bhakta and Ruckenstein,
1997). Figure 2.1 shows a microscopic image of foam featuring its structure, plateau border

channels, liquid films, and gas bubbles.

Figure 2.1: Foam structure, a polyhedral gas bubble, a liquid film, and a plateau boundaries cross-
section
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This study investigates a new generation of foams that can be used in harsh borehole environments
where foam instability is a major concern (Aveyard et al., 2003; Cervantes-Martinez et al., 2008;
Chevalier and Bolzinger, 2013; Stocco et al., 2011). Nanoparticles exhibit unique features because
of their small size and large specific area. Furthermore, their surfaces can be coated/functionalized
to display the desired properties tailored for a particular application. To improve the stability of

foams, bare (regular) and functionalized silicon oxide nanoparticles were used in this study.

2.3 Foam Drainage Models

To properly use foams in oil field applications, having some degree of control over their stability
is crucial. Thus, a thorough understanding of foam persistence and decay mechanisms is desired.
Aqgueous foams are frequently regarded as metastable systems. Consequently, they have a natural
inclination to split into two discrete phases. The time frame for foam decay, on the other hand,
varies greatly. Based on the circumstances and its constituent, foams might last a few minutes or
several hours. In foams, the continuous liquid phase is contained in the liquid films that develop
between the faces of the polyhedral bubbles and the channels (Plateau border channels) that emerge
where adjacent films converge in a foam structure. Through this intricately interlinked network
of Plateau border channels and nodes, liquid drains from the foam structure under the influence of
gravity. Simultaneously, the liquid in the films is drawn into the Plateau border channels.
Consequently, the films eventually thin down and rupture. When the film at the boundary between
interconnected bubbles ruptures, they coalesce and form a bigger bubble with higher diameter and
volume, decreasing the interfacial area. Therefore, gravitational drainage of the liquid phase is a

major contributor to foam decay (Bhakta and Ruckenstein, 1997).

Much of the earlier research on foam decay mechanisms was empirical, and most experimental

studies didn’t consider bubble size as a critical factor (Bikerman 1973). Hence, there was a
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necessity for credible theoretical models that could be utilized to evaluate experimental findings.
Narsimhan and Ruckenstein presented a reasonably comprehensive review of the theoretical
research conducted in this area up to 1990 (Narsimhan and Ruckenstein, 1997). The literature
(Miles et al., 1945; Jacobi et al., 1956; Haas and Johnson, 1967; Krotov 1981; Narsimhan 1991;
Bhakta and Khilar, 1991; Ramani et al., 1993; Verbist et al., 1996) has referenced several
theoretical models for the drainage of foams. The papers by Krotov (1981) and Narsimhan (1991)
are the most significant. The fundamental equations and boundary conditions were developed by
Krotov (1981), who was the first to realize the impact of Plateau border suction (capillary pressure)
on foam drainage. He demonstrated that drainage in a foam finally stops when gravity is balanced
by the capillary pressure gradient created as drainage continues. He developed the fundamental
equations but did not attempt to solve them. Narsimhan (1991) acknowledged the significance of
the technique for generating foam and used a quasi-steady state approximation to mimic the
drainage during bubbling to solve the drainage equations numerically for foams formed by
bubbling. He investigated how several factors, such as bubble size and viscosity, affected foam

drainage.

Bhakta and Ruckenstein (Bhakta and Ruckenstein, 1995a and b; Bhakta and Ruckenstein, 1996;
Bhakta and Ruckenstein, 1997; Ruckenstein and Bhakta, 1996) investigated the topic of foam
degradation in depth in several publications. They developed an unsteady state model (Bhakta and
Ruckenstein, 1995a) to replicate the drainage during bubbling for agueous foams formed by
bubbling. The reported results differed notably from those produced by Narsimhan using a quasi-
steady state technique and, in some instances, demonstrated higher consistency with the
experiment. In subsequent work, they also looked at the drainage of homogeneous foams (Bhakta

and Ruckenstein, 1995b). The pertinent differential equations' numerical solution was used in
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most models mentioned above. However, some efforts have been undertaken to obtain analytical
solutions (Verbist et al., 1996). Such drainage models gave insightful information on the drainage
mechanism. They did not, however, address the more complicated issues surrounding foam
stability, such as the reduction in interfacial area and foam volume with time. These behaviors
directly result from film rupture, previously overlooked in drainage modeling. Therefore, Bhakta
and Ruckenstein incorporated film rupture into their model (Bhakta and Ruckenstein, 1995b;
Bhakta and Ruckenstein, 1996; Bhakta and Ruckenstein, 1997; Ruckenstein and Bhakta, 1996).
The incorporation allowed them to effectively assess the influence of drainage on different foam

degradation mechanisms, including foam coalescence and bubble collapse.

Recent modeling studies (Govindu 2019; Ibizugbe 2012) stressed the relevance of node-dominated
flow in hydrophilic foam drainage. The node-dominated method (Koehler et al., 1999) outlined
in Eg. 1 emphasizes the significance of fluid characteristics on foam drainage rate, which is
strongly connected to the change in the liquid percentage with time Os/0t. These characteristics
include base fluid density, viscosity, and surface tension. This model will be considered to

describe how nanoparticles affect foam drainage (Koehler et al., 1999).
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Where foam quality or gas volume fraction is denoted by G and ¢ represents the liquid volume
fraction given by: € =1-I". p is the fluid viscosity, p is the density of the fluid. The gravitational
acceleration is presented by g. The surface tension between the interface is represented by o, and
K represents the permeability. The non-dimensional parameter &¢ for hydrophilic foams is 0.171.

The edge length, L, depends on the bubble size.
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2.4 Effect of Nanoparticles on Foam Stability

Stabilizing foams with nanoparticles is an alternative approach. Foam stabilization is attributed to
the high adsorption energy of particles at fluid interfaces. Due to their considerable adsorption
energies, solid particles are irreversibly adsorbed at gas-liquid interfaces. At the same time, liquid
films' dilutional elasticity increases considerably. The result is bubbles acquire "solid-like shields"
that prevent coalescence at interfaces. Consequently, foams can persist for long periods.
Additionally, particles can obstruct foam drainage by acting as gelling agents, gathering in liquid

channels (Plateau borders), and raising bulk viscosity.

Interest in foam stabilized by nanoparticles and surfactants has recently emerged. The synergistic
advantage of surfactants as a foaming agent and nanoparticles as a stabilizing agent is utilized in

formulating nanoparticles containing foams.

Several experimental studies (Al'Yousef et al., 2018; Hunter et al., 2009; Shojaei et al.,2021; Sonn
et al., 2018; Sun et al., 2015; Vatanparast et al., 2017; Yekeen et al., 2017) were conducted to
investigate silica nanoparticles' potential to improve foam's stability. These studies focused on
experimenting with different surfactants (anionic, cationic, and non-ionic) with varied surfactants
and NPs concentrations. All these studies concluded that the concentrations of NPs and surfactants
play an essential role in stabilizing aqueous foams. For example, ALY ousef et al. (2018) reported
that in the presence of a constant surfactant concentration, adding NPs at low to moderate
concentrations can generate a more stable foam due to the formation of flocs in the mixture.
Additionally, the presence of flocs creates a barrier between gas bubbles, slow coalescence, and
increased fluid viscosity, decreasing liquid drainage and enhancing foam stability. On the other

hand, the study stated that mixing high concentrations of surfactant and nanoparticles may have a
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detrimental influence on foam stability and decrease the coalescence's capillary pressure due to

the formation of aggregates.

From another perspective, Shojaei et al. (2021) concluded that nanoparticles may not always have
a favorable impact on foam stability, despite their capacity to situate themselves at gas-liquid
interfaces and decrease the resultant surface tension coefficient. The composition of the surfactant,
its concentration, and the concentration of nanoparticles all significantly impact their effectiveness
in improving foam stability. On another note, Yekeen et al. (2017) observed increased stability
and foamability reduction when increasing nanoparticles concentration at an optimum surfactant
concentration of 3 wt%. Table 2.1 summarizes the findings of previous studies, showing the
nanoparticles used and their effect and benefits on foam stability. Despite these benefits, the future
uses of silicon oxide (SiO2) nanoparticles for enhancing the stability of traditional air foams have
not been well examined. Similarly, due to limited research, nanoparticle concentration's effect on
these foams' behavior at high pressure is not yet apparent. This study investigates the influence of
silicon oxide nanoparticles (bare and functionalized) on the stability of foams under high-pressure

conditions.
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Publication Nanoparticle | Size, nm Coating Surfactant Gas T,'F | P,Psi | Stability
ALYousef et al. Silica 22 +2 Green, unfired Alcohol N 68 150 Increase
(2018) abrasive Ethoxylate (Non-ionic)
aggregates
Shojaei et al. Silica 16 NO -Sodium dodecyl sulfate Air 68 _ No
(2021) (Anionic) effect
-Dodecyl trimethyl
ammonium bromide
(Cationic)
-Triton X100 (Non-ionic)
Yekeen et al. Hydrophilic 15-20 _ Sodium dodecyl sulfate Air 68 _ Increase
(2017) silica (Anionic) CO;
nanoparticles
Modified 12 50% methyl Sodium dodecyl sulfate Air 68 _
silica silyl capped, (Anionic) CO;
nanoparticles 50% SiOH)
Aluminum 20 _ Sodium dodecyl sulfate Air 68 _
oxide (Anionic) CO;
Vatanparast et Silica 9 NA -Sodium dodecyl sulfate Air 77 _ No
al. (2017) (Anionic) effect
-Dodecyl trimethyl
ammonium bromide
(Cationic)
Hunter et al. Silica 260-270 NA Triton X100 (Non-ionic) Air 68 _ Increase
(2009)
Sonn et al. Silica 12 Dimethyldichlo -Dodecyl trimethyl Air 77 14.7 Increase
(2018) rosilane ammonium bromide
(Cationic)
-Cetyltrimethylammonium
Bromide (Cationic)
-Sulfonate fluorinated
(Anionic)
Sun et al. Silica 14nm partially Sodium dodecyl sulfate N, 77 _ Increase
(2015) hydrophobic (Anionic)
modified

Table 2.1: Nanoparticles used in previous studies and their effect on foam stability
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CHAPTER THREE

METHODOLOGY

This research employed uncoated (NS1) and coated (NS2 and NS3) silicon oxide nanoparticles to
enhance foam stability. The experiments were conducted under identical environmental
conditions to ensure accuracy and allow reasonable comparison. This section thoroughly explains
the experimental configuration, materials employed, methodology used, the investigation's extent,

and the analysis of the results.

3.1 Experimental Setup

An experimental setup (flow loop) that can create stable foams at high pressure was used to
conduct foam stability and rheology investigations using a vertical stability test cell and pipe
viscometers. Figure 3.1 displays a comprehensive illustration schematic of the experimental setup.
The setup is made up of three major sections: (i) Foam generating section, which comprises a base
liquid tank with a capacity of 1000 mL that is utilized to introduce the liquid phase into the system,
a needle valve, two static mixers, a differential pressure cell, a flow meter that gauges temperature,
flow rate and density, pressure gauges, and a nitrogen gas supply cylinder; (ii) Rheology testing
section (Figure 3.2) which consist of two differential pressure transmitters to measure pressure
drop across the pipe viscometer, stainless steel pipe viscometers (3 mm pipe, 6 mm pipe, and 12.6
mm annulus) that can withstand high-pressure and high-temperature conditions, and valves to
control the flow through the pipe viscometers; and (iii) The stability testing section (Figure 3.3)
which includes a vertical cell to trap the fully generated foam, ten differential pressure transmitters

mounted along the vertical cell to measure hydrostatic pressure distribution and evaluate foam
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drainage, and a circulating pump with flow controller to circulate the foam at different flow rates.

The setup also has a data acquisition system to digitalize, collect, and monitor test data.
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Figure 3.1: Experimental Setup Schematic.

Figure 3.2: Rheology testing section of the experimental setup
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Figure 3.3: Stability testing section of the experimental setup

3.2 Experimental Materials

The liquid phase of aqueous foam was prepared by mixing fresh tap water and an anionic surfactant
widely known as Howco Suds™, with a critical micelle concentration (CMC) of 2 wt.% at 23-C.
Nitrogen gas with a purity of 99.9%wt supplied by Airgas and used as the gas phase of the foam.
SkySpring Nanoparticles, Inc. provided the nanoparticles used in this experiment. Three
nanoparticles were investigated, bare Silicon Oxide Nanoparticles (NS1), Silicon Oxide
Nanoparticles surface modified with an amino group (NS2), and Silicon Oxide Nanoparticles

treated with Silane Coupling Agents (NS3).
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3.2.1 Surfactant

Howco Suds surfactant (Figure 3.4) is known for producing a stable foam. Additionally, it is
compatible with a wide range of other chemicals and ingredients, making it easy to incorporate
into formulations. Moreover, Howco Suds surfactant is biodegradable, which means it breaks
down easily in the environment and does not accumulate in waterways or other ecosystems.
Lastly, Howco Suds surfactant has low irritancy to the skin, eyes, and respiratory system, making
it safe to handle and use in foam applications. The physical and chemical properties of Howco

Suds™ are summarized in Table 3.1.

Figure 3.4: Howco Suds surfactant
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Property Description

Name Howco Suds™

Appearance Clear, colorless to pale yellow liquid

Odor Mild

Solubility Soluble in water and polar organic solvents
pH Range 7-9 (1% solution)

Viscosity 1000-3000 cP (at 25°C)

Boiling Point >300°F

Surface Tension Gravity

35-45 mN/m (at 1% concentration)

Critical Micelle Concentration (CMC)

2 % (Wiv)

Biodegradability

Biodegradable

Compatibility

Compatible with a wide range of other chemicals and ingredients

Foam Stability

Produces stable foam

Cleaning Power

Excellent cleaning power

Low Irritancy

Low irritancy to skin, eyes, and respiratory system

Table 3.1: Properties of Howco Suds surfactant

3.2.2 Silicon Oxide (SiO2) Nanoparticles

Three Silicon Oxide nanoparticles (Figure 3.5) were utilized to study their effect on foam stability.

All three types were white in color, and their texture was fine and powdery. The texture of NS2

was finer than NS1 and NS3, indicating a smaller particle size. The characteristics of the SiO2

nanoparticles utilized in the experiment are displayed in Table 3.2.

Figure 3.5: Silicon oxide nanoparticles, NS1 (Left), NS2 (Middle), and NS3 (Right)
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Type of nanopatrticle Size Specific Purity | Morphology Density Color
(nm) Surface (%) (g/cm?)
Area
(m?/g)
(NS2) Bare Silicon Oxide 10-20 160 99.5 nearly 0.06 white
spherical
(NS2) Modified Silicon Oxide 10-20 90-130 99.8 nearly 0.15 white
(amino group) spherical
(NS3) Treated Silicon Oxide 10-20 >400 m2/g 99 nearly NA white
(Silane Coupling gents) spherical

Table 3.2: Characteristics of Silicon oxide nanoparticles NS1, NS2, and NS3

3.2.3 Nitrogen Gas

Nitrogen gas was used to generate foam. The foam was produced using technical-grade nitrogen
gas with a purity of 99.9%. A high-pressure cylinder equipped with a pressure regulator (Figure
3.6) was utilized to supply the gas at 6.7 MPa. This gas was introduced into the flow loop to

regulate foam quality and system pressure. Nitrogen foams offer numerous advantages due to

their unique properties, including:

e Non-flammable: Nitrogen foam is non-flammable and does not support combustion. This

makes it useful for fire suppression applications.

e Low toxicity: Nitrogen foam is non-toxic and environmentally friendly. It does not contain

any harmful chemicals or substances.

e Good stability: Nitrogen foam is stable and does not break down easily. It can maintain its
properties over a long period.

e Good flow properties: Nitrogen foam has good flow properties and can be easily pumped

and injected into various applications.
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Figure 3.6: Nitrogen gas cylinder with a pressure regulator

3.3 Experimental Procedure

To prepare the baseline foam that doesn’t contain nanoparticles, a laboratory blender (Figure 3.7)
was used to mix 30 ml of surfactant concentration (2 wt% of water) with 1500 ml of water for 15
minutes to prepare the baseline liquid phase. However, to investigate the effect of nanoparticles
on foam stability, the required concentration of nanoparticles was first added to 1500 ml of water
and mixed using a sonicator (Figure 3.8) until the nanoparticles were dispersed entirely in the
water. Then, 30 ml of surfactant (2 wt% of water) was added to the mixture and stirred for 15

minutes using a laboratory mixer to achieve homogeneity.
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Figure 3.7: Multiple-speed laboratory blender with speed regulator

Figure 3.8: Sonicator with generator (Left), converter, and probe (Right)
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When the base liquid was ready, it was poured into the liquid tank (Figure 3.9), and valve V1 was
opened to fill the flow loop. A check valve was used to restrict the base liquid from flowing
backward. The valve V1 is left open to relieve system back pressure and enable unrestricted
passage of base liquid into the flow loop. After filling the system with base liquid, both valves
(V1 and V3) were closed, and the pump was started at full capacity. The base liquid was then
circulated through the whole system while maintaining all pipe viscometers open to obtain
maximal fluid flow area. Subsequently, the nitrogen cylinder was opened to inject the gas phase
into the system. The gas pressure regulator was set to 1000 Psi to prevent overpressurization. The
needle valve was first fully opened to enable circulation while mixing the gas and liquid phases.
The valve was then throttled to produce foam. A differential pressure of 500 inches of water across

the valve was maintained during the investigation to achieve homogeneous foam.

Figure 3.9: Base liquid tank

After circulating the mixture of a small amount of nitrogen and base liquid in the flow loop, the

mixture evolved into low-quality foam. To reach the desired foam quality, the liquid phase was
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slowly drained through Valve V6 while the gas phase was introduced into the loop to keep the
pressure constant by slowly opening the nitrogen injection valve. The pump was then restarted to
circulate the foam and assess its quality. This step-by-step procedure was repeated until the
required foam quality was achieved. The foam was circulated for 10 minutes after attaining the

desired quality to ensure it was fully generated/equilibrated and stable while flowing.

During the stability test, the motor was turned off, and the foam was quickly trapped in the vertical
cell to assess foam drainage by measuring the pressure profile in the foam column. For two hours
and 15 minutes, differential pressure sensors installed on the vertical cell were used to monitor the
pressure profile in the foam column. The pressure profile data from the stability test is evaluated,

and foam drainage is computed as an indicator of foam stability.

3.4 Experimental Scope

This study aimed to investigate the effect of silica nanoparticles on the rheological behavior and
stability of the aqueous foam. The scope of the study included conducting experiments to generate
homogenous foams with varying qualities, measuring foam quality, analyzing the rheological
behavior of the baseline foam and foam with silica nanoparticles, and evaluating the stability of
aqueous foam containing silica nanoparticles through drainage tests. The study compared three
different silica nanoparticle/surfactant foams (NS1, NS2, and NS3) and the baseline (a pure

surfactant foam, NSO).

The rheological behavior of the foams was analyzed by plotting the logarithm of wall shear stress
against the nominal Newtonian shear rate. The effect of silica nanoparticles on foam viscosity was
investigated, and the type of nanoparticle used was found to play a significant role in determining
the efficiency of the foam. The stability of aqueous foam containing silica nanoparticles was

evaluated through drainage tests, which involved measuring the hydrostatic pressure distribution
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of the liquid column as a function of time. The study also involved analyzing the bubbles' images
to determine the foam's homogeneity and stability, as well as the size of the bubbles and liquid

content in the foam.

A total of 30 experiments were carried out using similar conditions while varying the type of silica
nanoparticles, concentrations, and foam quality. The results were purely observational, and the
experiments were conducted under passive conditions using the vertical cell to trap the foam. The
pressure distribution was measured using differential pressure transmitters to determine the

amount of drainage in each segment as a function of time. Table.3.3 describes the test matrix.

Foam type Aqueous Foam
Liquid phase Tap water
Surfactant (wt.%) Howco Suds™ at 2 wt.%
Gas phase Nitrogen
Nanoparticles NS1, NS2, and NS3
Nanoparticles concentration (wt.%) 0%,0.5%, 1%, 2%, and 3%
Foam qualities 40%, 50 %, and 60%
System pressure (psi) 1000
System temperature Ambient temperature

Table 3.3: Test matrix
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3.5 Data Analysis

The pressure profile is measured across the vertical cell in the stability test section, where the foam
is confined to assess the drainage. The vertical column is divided into nine segments using ten
pressure transducers spaced vertically equidistance, as shown in Figure 3.3. The segments are
numbered from top (S1) to bottom (S9) according to their vertical position. By measuring the
pressure profile, we can evaluate the uniformity of the foam generated in the vertical column. A
linear pressure profile indicates that the foam in the column is homogeneous and fully generated
(as shown in Figure 3.10). In contrast, a non-linear profile suggests that the foam is

degraded/drained, losing its liquid phase from its structure.
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Figure 3.10: Pressure distribution across the vertical cell for generated foams

The measurements collected by the pressure sensors were in inches of water (in. H20) and
converted into Kilopascals (kPa) for the analysis. To determine the foam drainage for each
segment, non-linear regression analysis is applied to the pressure profile plots using a second-

degree polynomial function (Eqg. 3.1).
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y=C2xx*+(Cl*x)+b (3.1)

The constants b, C1, and C2 are parameters that vary with time as the foam degrades, and they are

calculated using the following Excel functions:

C2 = INDEX(LINEST(y, x*{1,2}),1)
C1 = INDEX(LINEST(y, x*{1,2}),1,2)
b = INDEX(LINEST(y, x*{1,2}),1,3)

The pressure data is referred to as 'y', and the column height is represented by the letter 'X'.

Therefore, Eq. 3.1 can express as follows (Obisesan, 2020; Shah, 2022):
P=C2+*H*+(C1*H)+b (3.2)
The derivative of Eq. 3.2 with respect to 'H' yields the following expression:

dpP
= =2xC2xH+(1 (3.3)

Considering the hydrostatic pressure head, the pressure P can be expressed as follows.
dP=p*g*dH (3.4)

Substituting Eq. 3.4 into 3.3 yields the following equation that calculates the density of foam of

the function of H.
p =§(2*CZ*H+C1) (3.5)

Equation 3.6 can be used to determine the density of foam at any given height along the vertical
cell. To calculate the average foam density between two points, one can substitute 'H" with the
average height given by (hl + h2)/2. By doing so, Equation 3.5 can be modified to calculate the

average density in a foam segment in the column:
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Pavg = (£) #[C2 % (1 + h2) + €1] (3.6)

The heights h1 and h2 correspond to the positions of differential pressure transmitters defining the
segment. By utilizing the constants b, C1, and C2 obtained at different times, the average density
(pavg) of the confined foam can be determined for each segment when there is liquid column
formation is not detected. As the liquid drains from the foam, liquid columns begin forming in the
lower segments of the column, and gradually, the liquid column quickly reaches the middle of the
test section. Therefore, for the regression analysis, only the top 3 segments are considered because
these segments do not accumulate liquid from the drainage from the upper segments. The
formation of a liquid column results in a linear pressure profile and invalidates a single second-
degree polynomial assumption. Once the average density is obtained, the following equation can

be applied to calculate the quality of the foam (Obisesan, 2020; Shah, 2022):

)

The symbol pavg represents the average density, while piiq denotes the density of the liquid, and
Pgas represents the density of the gas. Furthermore, given the volume (Vsegment) Of a foam segment
in the vertical cell, the liquid volume (Viig) can be calculated for any segment as a function of foam

quality as follows:
Vliq = (1-T)=* Vsegment (3.8)

The amount of gas within the foam grows when the liquid drips out from the foam structure,
increasing the quality foam with time. The amount of drained liquid at a given time (t) can be

determined using the following equation.
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Varainea(t) = (1 —T(t)) * Vliq (3-9)
Drainage(t) = Varqinea(initial) — Varginea(t) (3.10)

Drainage experiments were conducted for at least two hours. At the start of the experiment, the
drainage of a segment is zero, and it increases with time if the segment loses more liquid than it
gains. Therefore, fractional drainage is introduced to compare the loss of liquid to the origin of
liquid in a segment. Furthermore, fractional drainage helps to compare the drainage occurring in
different quality foams. The fractional drainage (FD) of a segment is mathematically expressed

as:

FD(t) = %‘W“)* 100 (3.11)

liq
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Effect of Silica Nanoparticles on Rheology

To ensure reliability and consistency of the results, foam rheology experiments were first carried
out to generate homogenous foams with different qualities. The foam quality is an essential
parameter that determines the foam's stability, coarseness, and drainage behavior. The rheological
behavior of the baseline foam and foam with silica nanoparticles was analyzed by resenting the
data in a logarithmic plot of wall shear stress against the nominal Newtonian shear rate. It was
found that the foam exhibited a power-law flow behavior, which is common in non-Newtonian

fluids.

The apparent viscosity of the baseline foam as a function of foam quality is illustrated in Figure
4.1a. It shows that the apparent viscosity augmented significantly when the foam quality was
increased from 40% to 60%. This trend is consistent with measurements presented in the literature,
which suggests that foam viscosity increases with foam quality. The effect of silica nanoparticles
on the rheological behavior of aqueous foam was also examined. Figures 4.1b, 4.1c, and 4.1d
showed that similar property changes with foam quality trends were observed in foams
incorporating silica nanoparticles. However, it was found that the addition of silica nanoparticles
resulted in a further increase in foam viscosity, indicating that nanoparticles could influence foam

rheological properties.
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Figure 4.1: shear rate vs. shear stress for (a) baseline foam, (b) foam mixed with NS1, (c) foam
mixed with NS2, and (d) foam mixed with NS3
Figure 4.2 demonstrates the impact of adding nanoparticles on the rheological properties of foams
at different foam qualities. Results show that the inclusion of nanoparticles improved the viscosity
of foams. Furthermore, the kind of nanoparticle used also played a substantial role in determining
the impact of nanoparticles on the rheological characteristics of the foam. For example, the
experiments revealed that some nanoparticles were more effective in improving foam rheological
properties than others. These findings suggest that using nanoparticles could provide a promising
route for enhancing the properties of foams. Furthermore, by carefully selecting the type of
nanoparticle used and controlling its concentration, it may be possible to create foams with tailored

properties suited for specific applications.
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Therefore, the results of this study provided insights into the complex behavior of aqueous foam
and the influence of silica nanoparticles on foam rheology. Furthermore, the findings could be
helpful in the development of new foam formulations for various applications, such as enhanced

oil recovery, cementing, and geothermal drilling.
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Figure 4.2: shear rate vs. shear stress for (a) baseline foam and NS1 foam, (b) baseline foam and
NS2 foam, (c) baseline foam and NS2 foam

4.2 Effect of Silica Nanoparticles on Stability

The stability of agueous foam containing silica nanoparticles was evaluated through drainage tests
that were performed. Similar conditions were used for all the tests while varying the type of silica
nanoparticles, concentrations, and foam quality. During the test, the drainage fraction was zero at
the start of the test. As the test progressed, the liquid phase in the top segments (S1 to S5) was lost
while the bottom segments gained liquid. As a result, the pressure curves in the bottom segments
were linear, whereas the pressure curves in the top segments were parabolic as the foam decayed.

In addition, cavity formation was observed at the very top segment (S1). Therefore, only the
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pressure distribution of the upper segments (S3 to S6) was utilized to analyze drainage. It should
be noted that the experiments were conducted under calm conditions, and the results were purely
observational. The vertical cell was used to trap the foam and allow the drainage process to take

place without any external influence.

4.2.1 Effect of Foam Quality on Stability

In Figure 4.3, the effect of foam quality on the fractional drainage of the baseline foam (0% NS)
and foam with varying concentrations and types of silica nanoparticles (1% NS1, 0.5% NS2, 1%
NS2, 3% NS2, and 1% NS3) is shown. The results indicated that increasing the foam quality led
to a reduction in drainage and an increase in foam stability, as expected. However, the decrease
in liquid phase drainage varied significantly when different silica nanoparticles were used. Some
silica nanoparticles showed impressive results in reducing liquid drainage and increasing foam
stability. These results suggest that specific silica nanoparticles can significantly impact the

stability of aqueous foams, and further investigation is necessary to understand their effects fully.

In the following section, the effect of different silica nanoparticles on aqueous foam stability will
be discussed in detail. This will involve thoroughly analyzing the experimental data and

comparing the results obtained using different types and concentrations of silica nanoparticles.
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Figure 4.3: Fractional drainage obtained by S3 for 40%, 50%, and 60% foam qualities for (a) 0%
NS, (b) 1% NS1, (c) 0.5% NS2, (d) 1% NS2, () 3% NS2, (f) 1% NS3
4.2.2 Effect of unfunctionalized Silica Nanoparticles (NS1) on stability
Figure 4.4 presents the effect of bare silica nanoparticles on aqueous foam drainage. The
experiments were conducted at varying foam qualities (40%, 50%, and 60%) and compared with
the baseline foam (0% NS). At 40% foam quality, the baseline foam experienced increasing liquid

drainage over time, reaching 75% at 130 minutes. However, when 1% bare silica nanoparticles
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(NS1) were added, the liquid drainage reduced significantly and reached 37%. Similar effects

were observed at 50% and 60% foam qualities (Figures 4.4b and 4.4c).
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Figure 4.4: Compares the drainage obtained by S3 for baseline foam (0% NS) and foam with 1%
NS1 at: (a) 40% foam quality, (b) 50% foam quality, and (c) 60% foam quality
These results suggest that adding bare silica nanoparticles significantly influences the stability of
aqueous foams by reducing liquid drainage. This effect may be attributed to the high adsorption
energy of silica nanoparticles, which enhances liquid film elasticity and inhibits bubble
coalescence, ultimately leading to foam stabilization. Additionally, the nanoparticles can act as a
physical barrier to prevent liquid drainage through the foam structure. As a result, the foam stays
stable for longer periods and maintains its structural integrity, making it useful in applications such

as oil recovery, hydraulic fracturing, and geothermal applications.

In this study, further analysis was conducted to investigate how the liquid phase accumulates in
the lowest segment (S9) of the vertical cell. The drainage of the liquid phase over time was

examined, and the results of using a foam with and without the addition of 1% NS1 were compared.
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The drainage of the liquid phase in cm3 with time in minutes was shown in the Figure 4.5. The

effect of incorporating 1% NS1 for 40% foam quality was examined (Figure 4.5a).
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Figure 4.5: The drainage of the liquid phase obtained by S9 for baseline foam (0% NS) and foam
with 1% NS1 at: (a) 40% foam quality, (b) 50% foam quality, and (c) 60% foam quality

It was observed that, for the baseline foam (0% NS), the drainage volume increased rapidly at the
early stages of the test, indicating that the foam column was being filled with the liquid phase. The
filling point was reached at 24 minutes, after which the drainage volume remained constant,
indicating that the column was completely filled with liquid. No significant difference was
observed in the results when 1% NS1 was added to the foam. When the foam quality was increased
to 50% (Figure 4.5b), the filling time for the baseline foam increased to 36 minutes, while for the
foam with 1% NS1, the filling time was 47 minutes, showing a slight improvement in foam

stability by adding NS1 to the mixture.

Increasing the foam quality further to 60% resulted in a significant increase in stability (Figure

4.5¢), delaying the filling time to 119 minutes. However, adding 1% NS1 showed a similar trend,
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indicating that the addition of NS1 had an insignificant effect at this point in the test. One should
note that the difference in fill-up point was caused by the error from adjusting the zero in the

pressure sensors.

The findings suggest that there is a difference in foam stability between the upper segments and
the lowest segment. Specifically, the foam stabilized at the upper segments (S3 to S6), but there
was no improvement in stability observed for the lowest segment (S9). This suggests that the use
of silica nanoparticles work best with stabilizing the foam at the upper sections of the wellbore,
which could have implications for the effectiveness of foam drilling in different sections of the

wellbore.

4.2.3 Effect of Silica Nanoparticles Modified with Amino Group (NS2) on Stability

Drainage experiments were also conducted to evaluate the effect of amino-coated silica
nanoparticles (NS2) on the stability of aqueous foams. The NS2 concentrations and foam quality
varied in the experiments. The graph in Figure 4.6a depicts the fractional drainage as a function of
time for aqueous foams containing different concentrations of NS2 and a baseline foam with 0%
NS2. The results show that the final drainage percentage of the baseline foam was 74%, whereas
adding 0.5% NS2 marginally reduced the drainage by 9%. As the NS2 concentration was
increased to 1%, the drainage was significantly reduced by around 40%, indicating that the foam
was stabilized. However, further increasing the NS2 concentration to 3% showed a rapid increase
in drainage during the early stages of the test (approximately 45% after 30 minutes). Still, the
foam began to gain more liquid from the upper segment after 60 minutes and reached 8% drainage
at the end of the experiment (130 minutes). Similar results were obtained for 50% and 60% foam

quality, as shown in Figures 4.6b and 4.6c.
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Figure 4.6: Compares the drainage obtained by S3 for baseline foam (0% NS) and foam with 0.5%
NS2, 19%NS2, and 3% NS2 at (a) 40% foam quality, (b) 50% foam quality, and (c) 60% foam
quality

The effect of NS2 on the liquid phase drainage volume in the lowest segment (S9) of the vertical
cell was investigated and the results are described in Figure 4.7. The study involved varying NS2
concentration (0%, 0.5%, 1%, and 3%) and foam quality (40%, 50%, and 60%). The aim was to

evaluate the impact of NS2 on the stability of the foam and to optimize the NS2 concentration to

achieve the best results.
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Figure 4.7: The drainage of the liquid phase obtained by S9 for baseline foam (0% NS) and foam
with 0.5% NS2, 19%NS2, and 3% NS2 at (a) 40% foam quality, (b) 50% foam quality, and (c) 60%
foam quality

At 40% foam quality (Figure 4.7a), the results showed that adding 0.5% of NS2 helped delay the
filling time from 24 minutes for baseline foam (0% NS) to 48 minutes, and significantly to 72
minutes for 1% NS2, which significantly stabilized the foam. However, increasing NS2
concentration to 3% caused a rapid filling of the foam column by 11 minutes, which was shorter
than the filling time for the baseline. This indicates that there is an optimal concentration of NS2
that should be used to obtain the best result, and exceeding this concentration can be
counterproductive. It's worth noting that the rapid filling of the foam column observed at 3% NS2

could be due to the drainage of the liquid phase, which is caused by the trapping of smaller bubbles

in the liquid.

At 50% foam quality (Figure 4.7b) and 0.5% NS2, the liquid drainage time increased from 36

minutes for baseline foam (0% NS) to 72 minutes. Furthermore, increasing the concentration of
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NS2 to 1% significantly reduced the filling time until the end of the test at 130 minutes, and the
liquid drainage volume was slowly increasing until it reached the filling point. However,
increasing NS2 concentration to 3% rapidly increased the liquid drainage and filling of the column

just 11 minutes. Similar trends were observed at 60% foam quality (Figure 4.7c).

These results suggest that the addition of NS2 can improve the stability of the foam, but the
optimum concentration of NS2 depends on the foam quality. It is important to optimize the

concentration to achieve the best results and to prevent rapid filling of the foam column.

The mechanism behind this improvement is related to the surface chemistry and morphology of
the nanoparticles (Murray, 2015; Yokoi et al.,2012; Yoon et al.,2021). The amino groups on the
surface of the nanoparticles can modify the interfacial properties of the foam-forming surfactants,
increasing the foam lamellae's elasticity and strength. The interaction between the amino-
functionalized silica nanoparticles and the surfactants is attributed to electrostatic and hydrogen
bonding between the amino groups and the polar head groups of the surfactants (Yokoi et al.,2012).
The nanoparticles' adsorption onto the foam lamellae's surface forms a rigid network structure that
can resist the coalescence and collapse of the foam bubbles, leading to improved foam stability

and reduced drainage (Murray, 2015).

In addition to the electrostatic and hydrogen bonding, the amino-functionalized silica
nanoparticles' morphology could also play a role in improving foam stability and reducing drainage
(Yoon etal.,2021). For example, nanoparticles can form a network structure with high surface area
and roughness, which can trap gas bubbles and prevent coalescence, further improving foam

stability.
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The positive surface charge of amino-functionalized silica nanoparticles might also be a reason to
improve aqueous foam stability and reduce drainage. The positive charge can interact with
negatively charged surfactant molecules, leading to the electrostatic attraction between the
nanoparticles and the surfactant molecules. This attraction would enhance the rigidity and strength
of the foam lamellae by adsorbing the nanoparticles onto the surface of the foam lamellae and
creating a repulsive barrier that resists the drainage and coalescence of the foam by electrostatic
repulsion between the positively charged nanoparticles and the foam bubbles (Cui et al., 2010).
These findings are consistent with previously reported results (Al'Yousef et al., 2018; Hunter et al.,
2009; Shojaei et al.,2021; Sonn et al., 2018; Sun et al., 2015; Vatanparast et al., 2017; Yekeen et

al., 2017).

The use of amino-functionalized silica nanoparticles represents a simple and effective approach to
improving the stability of aqueous foams and reducing drainage, with potential applications in

various industrial and commercial sectors.

4.2.4 Effect of Silica Nanoparticles treated with silane coupling agents (NS3) on Foam Stability
The experiment involved conducting drainage tests on foam containing silica nanoparticles treated
with silane coupling agents (NS3). The experiment aimed to determine the foam's stability under
different conditions. The experimental results are presented in Figure 4.8, showing the drainage
behavior of the foam over time. The figure compares the drainage of the foam under two different
conditions: baseline foam (without NS3) and foam mixed with 1% of NS3. The experiments were
conducted at various foam qualities (40%, 50%, and 60%). At 40% quality (Figure 4.8a), it was
observed that adding 1% of NS3 to the foam reduced the final drainage (i.e., at the end of the test)

slightly (i.e., 74% to 61%). However, the foam containing NS3 reached its half-life (the time
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required to get 50% fractional drainage) approximately 60 minutes after the baseline foam reached

its half-life.

At 50% quality (Figure 4.8b), a slight change (about 11%) in drainage behavior was observed
between the baseline foam and foam containing NS3. At 60% quality (Figure 4.8c), there was no

effect observed on foam stability when NS3 was added.
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Figure 4.8: Comparison of the drainage obtained by S3 for baseline foam (0% NS) and foam with
1% NS3 at different qualities: (a) 40%, (b) 50%, and (c) 60%

In this experiment, the effect of adding 1% NS3 to the baseline foam was studied to investigate
how the liquid phase accumulates in the lowest segment (S9) of the vertical cell. The results
obtained from the experiment are depicted in Figure 4.9. The experiment was conducted at

different foam qualities, including 40%, 50%, and 60%.

At a foam quality of 40% (Figure 4.9a), the addition of 1% NS3 to the baseline foam helped to
delay the filling time by 36 minutes. This indicates an improvement in foam stability with the

incorporation of NS3. Similarly, at a foam quality of 50% (Figure 4.9b), the addition of 1% NS3
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helped to delay the filling time by 60 minutes, indicating a significant improvement in foam
stability. However, at a foam quality of 60% (Figure 4.9c), the addition of 1% NS3 did not have
any effect on the liquid filling time. This suggests that at higher foam qualities, the effect of NS3
on foam stability becomes less significant. Therefore, the optimum concentration of NS3 needs to

be optimized based on the desired foam quality.
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Figure 4.9: The drainage of the liquid phase obtained by S9 for baseline foam (0% NS) and foam
with 1% NS3 at: (a) 40% foam quality, (b) 50% foam quality, and (c) 60% foam quality

The positive effect of NS3 on the drainage of foams may be due to the synergistic benefit of
combining surface-modified SiO2 nanoparticles with a constant surfactant concentration,
stabilizing the foam by serving as a gelling agent, accumulating in the plateau channels, and
reducing liquid drainage. Moreover, the coupling agents can modify the surface chemistry of the
nanoparticles by creating a covalent bond between the silane molecules and the silica surface. This
interaction can lead to the formation of a hydrophobic layer on the surface of the nanoparticles,

which can interact with the foam-forming surfactants and modify their interfacial properties. The
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hydrophobic coating created by the silane coupling agents can increase the foam lamellae's
elasticity and strength, improving the foam stability and reducing the drainage rate. Additionally,
the hydrophobic layer can enhance the nanoparticles' adsorption onto the foam lamellae's surface,

forming a rigid network structure that can resist the coalescence and collapse of the foam bubbles.

Furthermore, silane coupling agents can also increase the compatibility between the silica
nanoparticles and the foam-forming surfactants, leading to a more uniform distribution of the
nanoparticles in the foam structure. This improved compatibility can further enhance the stability
of the foam and reduce drainage. These conclusions are congruent with earlier studies (Al'Yousef
etal., 2018; Hunter et al., 2009; Shojaei et al.,2021; Sonn et al., 2018; Sun et al., 2015; Vatanparast

etal., 2017; Yekeen et al., 2017).

4.3 Effect of Silica-nanoparticles/Surfactant Dispersion

Figure 4.10 in the experiment shows photographs of the different silica nanoparticles/surfactant
foams generated from 1.0 wt% nanoparticle dispersions with varying types of nanoparticles at 2
wt% surfactant concentrations. The top three rows show nanoparticle-containing foams (NS1,
NS2, and NS3), while the bottom row displays the baseline foam (NSO). The photographs were
taken immediately after foam generation and at 5, 30, 60, and 120 minutes of aging, allowing for
the observation of changes in foam texture over time. First, 250 mL of water/silica nanoparticles
dispersion was sonicated for 10 minutes to generate foams. The mixture was then stirred with a
blender at 20 rpm for 10 minutes while adding surfactant. The foam was then transferred to a glass

beaker.

The initial volume of baseline foam (NSQ) was 500 ml, with a liquid volume of 100 ml. The initial
baseline foam volume was higher than those of nanoparticle-containing foams. The initial volumes

were 400 ml for NS1 and NS2 and 350 ml for NS3. As time progressed, the foam volume
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decreased for all samples, which was expected as the foam collapsed over time. However, the
foams with silica nanoparticles maintained a relatively stable foam volume over time, indicating
that the nanoparticles provided steric stabilization and interfacial foam film reinforcement. The
photographs in Figure 4.10 also showed that some of the silica nanoparticles were found within
the dried foam structure on the inner surface of the cylinder, indicating that the nanoparticles

indeed took part in stabilizing the foams.

<

Figure 4.10: Image foam silica-nanoparticles dispersion (Top three rows) and pure surfactant foam
dispersion (Bottom) overtime
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Figure 4.11 presents measured foam volume versus time for the different foams. The foam volume
measurements compared the stability of different foams over time and further highlighted the
benefits of silica nanoparticles in foam stabilization under atmospheric conditions. Even though
the baseline foam's foamability was high compared to nanoparticles containing foams, it degraded

faster than the others.
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Figure 4.11: Foam volume vs. time

Figure 4.12 presents microscopic images of tested foams. The bubble structures were examined to
assess the homogeneity of the foams, the size of the bubbles, and the distribution of the liquid in
the foam. The results showed that the uniformity of the foam decreased over time for both baseline
and nanoparticle-containing foams. And the bubble size grew with time due to the pressure
differences caused by the Young-Laplace effect. This pressure difference acted as a driving force
for gas diffusion from small to large bubbles, making the foam more heterogeneous over time and

indicating fewer stable bubbles.
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Figure 4.12: Optical microscope images of (a) baseline foam, (b) NS1 foam, (c) NS2 foam, and (d)
NS3 foam

The most stable bubbles appeared at 1 wt% concentration for NS2 foam (Figure 4.12c), and the
bubble size of the most durable foam was the smallest throughout the test period. The liquid
content in foams was also recorded (Figure 4.10). It was observed that the liquid content in foam
decreased rapidly for the baseline and slower nanoparticles-containing foams. NS2 exhibited the
least reduction in the liquid content of all samples, indicating that the nanoparticles reduced the
drainage rate and stabilized the foam. It was also observed in Figure 4.12c that NS2 was adsorbed
at bubble interfaces as asteric barrier, which means that it forms a barrier around the bubbles to

prevent coalescence and maintain the stability of the foam. The experiment showed that adding
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silica nanoparticles to the surfactant foam improved its stability and reduced liquid drainage, and

NS2 was the most effective at stabilizing the foam.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
This study investigated the effect of silica nanoparticles on the rheological behavior and stability
of aqueous foams. The stability of the foams was evaluated through drainage tests. Based on the

outcomes of the investigation, the following conclusions can be made:

e The inclusion of silica nanoparticles led to an increase in foam viscosity and stability. The
type and concentration of silica nanoparticles used played a significant role in determining
the impact of nanoparticles on foam properties.

e Nanoparticles could influence foam stability and rheological properties. Foam stability
and viscosity noticeably increased with the addition of surface-coated silica nanoparticles.
Nanoparticles containing foams exhibit power-law fluid flow behavior, typical in aqueous
foams.

e Increasing the foam quality led to a reduction in drainage and an increase in foam stability.
The use of specific silica nanoparticles was found to have a significant impact on the
stability of aqueous foams.

e The use of nanoparticles could provide a promising route for enhancing the foams'
properties in drilling and completion operations. By carefully selecting the type of
nanoparticle and controlling its concentration, it may be possible to create foams with
tailored properties suited for specific applications.

¢ Incorporating amino-coated silica nanoparticles (NS2) with 2 wt.% anionic surfactant into

the liquid phase of foam is the most effective at stabilizing the foam.
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5.2 Recommendations

Future research could investigate the effect of other types of nanoparticles on foam rheology and
stability. The research could involve studying different concentrations of nanoparticles, surface
functionalization, and their impact on foam properties. To better understand the potential
applications of nanoparticle-enhanced foams, further research could focus on the behavior of these
foams in real-world conditions. For instance, in the case of enhanced oil recovery, it would be
beneficial to investigate the stability and efficiency of these foams under oil reservoir conditions.
Future research could also use other techniques to enhance foam stability and rheology. For
example, using surfactants and other chemical additives could provide an alternative method for

modifying foam properties.

Finally, computer simulation techniques could also be employed to gain a deeper understanding
of the complex behavior of nanoparticle-enhanced foams. By modeling the interactions between
nanoparticles, surfactants, and foam bubbles, it may be possible to predict these foams' stability

and rheological properties under different conditions.
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