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Abstract

Sandstone reservoirs contain ultra-fine particles of quartz and clay attached to the sand
surface. This creates a sand-fine-brine (SFB) system maintained by electrostatic and
gravitational forces. Various forces, including van der Waals attraction and electric double-
layer repulsion, affect the interaction between fine particles and sand grains in high salinity
formation water. The attractive van der Waals force attaches the fine particles to the sand
surface, while the electric double-layer repulsion force tends to detach them. Fines can be
released and migrate under certain conditions, affecting injectivity and productivity.
Formation damage caused by fines migration and pore throat blockage is a well-
documented problem in sandstone reservoirs. Current research highlights fines migration
as a significant issue affecting the decline in injectivity and productivity due to fines
migration and pore throat blocking. Parameters like brine salinity, ionic strength, pH, and
flow rate influence fines detachment and movement. In this context, the critical salt
concentration (CSC) represents the minimum salt concentration in the injection brine at
which fines migration initiates within sandstone reservoirs. The critical pH is the highest
pH at which fines migration commences. Similarly, the critical flow rate is the highest flow
rate at which fines detach and migrate within the porous media. Low salinity water
injection decreases SFB system salinity, leading to fine particle dislodgement and
migration. pH changes from alkaline flooding can also trigger fine particle release.
Furthermore, hydrodynamic force in high-rate injection or production operations
contributes to fines migration. The SFB system has complex dynamics due to the various
forces acting on the fine particles and sand grains. The DLVO theory proposed by
Derjaguin, Landau, Verwey, and Overbeek is a comprehensive model that accounts for all
surface forces in a system and can be used to predict the initiation of fines migration in the
SFB system. This thesis proposes a novel approach to applying the DLVO model to the

SFB system and predicting critical parameters such as CSC and critical pH.

To carry out this research, outcrop Upper Berea Gray sandstone cores were used,
and their average grain and particle sizes and chemical compositions were determined

using Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD). The zeta



potentials of cleaned and dispersed sand grains under varying salinity were measured to
define the surface potential of sand grains. The quantified zeta potentials, injection brine
salinity, ionic strength, pH, and average fine particle size were used as inputs to calculate
surface forces in the SFB system. Using the principle of superposition, the DLVO models
were developed for varying salinity and pH scenarios, and CSC and critical pH were
predicted by analyzing the total interaction energy of the system under consideration. The
shift from negative to positive interaction energy indicated the dominance of the repulsion
force in the system. Additionally, the effectiveness of silica nanoparticles was incorporated
into the DLVO maodel, which resulted in the prediction of reduced CSC and improved
critical pH. Moreover, the DLVO models showed accurate results for CSCs for both
monovalent and divalent brines. Finally, the research proposed a novel fines detachment
model that integrated electrostatic, gravitational, and hydrodynamic forces. This model
predicted the critical flow rates under varying salinity conditions and accurately determined
the initiation of fines migration under high rates. The developed DLVO models were
experimentally validated, thus proving their effectiveness in predicting fines migration in
porous media. The experimental validation involved measuring the CSC, critical pH, and
critical flow rate of the SFB system under varying salinity and pH conditions and
comparing the results with the predicted values of the models. The experimental results

were found to be in good agreement with the model predictions.

In conclusion, the DLVO modeling approach has the potential to revolutionize the
way fines migration is predicted and controlled in sandstone reservoirs. This approach can
help avoid the extensive experimentation that is often required for the optimization of EOR
processes. The ability to accurately predict fines migration behavior can facilitate the
selection of appropriate injection brine salinity, composition, pH, and nanoparticle
concentration to minimize the risk of fines migration, pore plugging, and injectivity
decline. Further research can make it an invaluable tool for designing waterflooding and

alkaline flooding operations for enhanced oil recovery and better reservoir management.
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CHAPTER 1: Introduction and Overview

1.1 Background

Sandstone reservoirs naturally contain ultra-fine particles of quartz and clay
attached to the sand surface. This attachment creates what is known as a sand-fine-brine
(SFB) system, which is maintained by electrostatic and gravitational forces. In this system,
the electric double layers (EDLSs) around the fine particles and sand grains are compressed
due to the high charge density, keeping the fine particles in equilibrium with the sand grains
in the high salinity formation water. The interaction between the fine particles and sand
grains in a high salinity formation water is influenced by several forces, including van der
Waals attraction, electric double-layer repulsion, and weak Born repulsion. The overall
attractive interaction energy of the SFB system affixes the fine particles to the sand's
surface, mainly through the van der Waals force, which is proportional to the fine particle
size and the distance separating them from the sand surface. The electric double-layer
repulsion force, on the other hand, tends to detach the fine particles from the rock surface,
and the zeta potential of the SFB system is the primary factor. Under certain conditions,
fines can be released and migrated. The movement of fines can be predicted based on
factors such as the injected brine's salinity, ionic strength, flow rate, pH, presence of
monovalent and divalent ions, and concentration of in-situ fines. When low-salinity water
is injected during waterflooding, the SFB system's salinity decreases, and the electric
double layers (EDL) around the fines and sand grains expand. This high repulsion force
causes fine particles to dislodge and migrate inside the reservoir, even at low flow rates.
The detached and migrating fines can block the pore throats, leading to a decrease in
productivity and injectivity, as well as a high-pressure drop in the system. The pH of the
SFB system can also impact the release of fine particles. After alkaline flooding or
waterflooding, the pH of the system may rise due to the solubilization and dissolution of
rock minerals like calcite and siderite. When the pH reaches a specific value known as the
critical pH, fines may be released due to the increase in the repulsion force. In high-rate
injection or production operations, the hydrodynamic force comes into play along with
electrostatic and gravitational forces, triggering fines migration in the porous media.

Various techniques have been employed to address the issue of fine migration, such as
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adjusting the ionic composition and salinity of injection fluids, utilizing nanotechnology,
and limiting injection rates below a critical value. However, there is no comprehensive
modeling approach available that quantifies surface forces and predicts the initiation

conditions for fines migration.

1.2  Problem Statement

Attraction forces are responsible for retaining fines on the rock surface, whereas
repulsion forces try to detach fines and promote migration. High injection rates, decreasing
water salinity, and an increase in the pH of the system collectively affect the attraction,
repulsion, and hydrodynamic forces. At a critical salt concentration (CSC), and critical pH
of the system, the total interaction energy of the SFB system shifts from negative to positive
due to an increase in repulsion force and expansion of electric double-layer, resulting in
the initiation of fines release in the porous media. Similarly, injection/production flow rate
is another important factor that significantly affects fines migration. When the flow rate
reaches a critical value, the hydrodynamic force takes over the attraction force, which leads
to the movement of fines. At a system salinity less than CSC, lifting of fines occurs even
at a low injection rate, and the critical flow rate has no significance. Conversely, at a flow
rate greater than the critical flow rate, fines migration happens due to rolling/sliding
mechanisms, and salinity has no meaning, even if it is higher than CSC. Setting the
optimum injection rate, maintaining the system pH below the critical pH, and salinity above
the CSC, tuning the ionic composition of injected water, and using nanoparticles (NPs) are
practical options to control fines migration in sandstone reservoirs. DLVO modeling
explains the total interaction energy between fines and sand grains based on the
quantification of the surface forces of the system. Fines migration in sandstone reservoirs
has adverse effects on permeability, fluid productivity, and injectivity, and their release,
migration, and straining can significantly impair the hydraulic connectivity of the reservoir
because fine particles plug the actual path for fluid flow. These effects have been reported
in the literature.}3

In the context of controlling fines migration in low-salinity environments, most of
the research conducted thus far has been limited to a core scale, with some promising

results being reported. However, despite the progress made, there is currently a gap in the
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literature regarding the detailed particle-scale DLVO modeling of fines migration
phenomena, as well as the effect of NPs in mitigating this problem. Moreover, although
there are some discrete critical flow rate models available that describe lifting and rolling
mechanisms separately for fines migration in high- and low-salinity systems, there is a lack
of comprehensive modeling for a critical flow rate that takes into account electrostatic,
gravitational, and hydrodynamic forces, and can accurately estimate the critical injection
rate for fines migration initiation in subsurface sandstone formations. Nonetheless, the
DLVO model can be a useful tool in predicting the CSC, critical pH, and critical flow rate
to prevent fines migration during various enhanced oil recovery (EOR) processes. In order
to address these unanswered questions and fill the current gaps in the literature, systematic

modeling and experimentation have been required on sandstone outcrops.

1.3 Research Objectives

The main idea of this research is to model fines migration using the DLVO
modeling approach under varying system salinity, pH, and injection rate conditions, and to
investigate the impact of NPs on CSC. As these variables change, surface forces gradually

shift, potentially leading to fines migration in the reservoir under certain conditions.

Based on the earlier discussion, this research aimed to accomplish the following
objectives:

= Prediction of critical parameters such as critical salinity, pH, and flow rate by
employing the DLVO modeling approach following the quantification of
surface forces.

= Application of nanotechnology to prevent formation damage resulting from
fines migration, by incorporating the effect of nanoparticles (NPs) in DLVO
modeling.

= Validation of the developed models by matching them with observed

experimental data.

1.4 Thesis Organization

The thesis includes seven chapters. Chapter 1 serves as the introductory section of
this research work, where the background of the study is presented in detail. The chapter
highlights the contextual framework of the study, including the problem statement that
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outlines the gap in knowledge that the research aims to address. Additionally, this chapter
outlines the research objectives, which identify the specific goals that the study aims to
achieve. By providing a comprehensive overview of the study's background, problem
statement, and research objectives, Chapter 1 sets the basis for the subsequent chapters.

Chapter 2 is devoted to presenting a comprehensive literature review on the fines
migration problem that occurs in sandstone reservoirs. The chapter provides an overview
of the key factors that trigger this phenomenon, including critical salt concentrations, pH,
and flow rates. Additionally, this chapter reviews the existing techniques and solutions that
have been developed to address this problem, including the use of surface force analysis
and DLVO theory to model the SFB system and nanoparticles. By synthesizing and
analyzing relevant literature on fines migration in sandstone reservoirs, this chapter aims
to provide a solid foundation for the subsequent chapters that detail the research
methodology, findings, and conclusions of the study.

Chapters 3 to 6 comprise the core of this research work, where a comprehensive
analysis of surface forces and DLVO modeling is presented in various scenarios
considering single-phase flow. Each chapter presents a separate methodology section that
is tailored to the parameters being predicted and validated experimentally.

Chapter 3 specifically focuses on predicting and reducing the CSC using DLVO
modeling techniques for monovalent and divalent brines. The DLVO models used in this
chapter accurately predicted the CSCs and validated them experimentally. Furthermore,
the impact of system pH on surface forces and fines migration initiation, which is a critical
parameter during alkaline flooding was also investigated in this chapter. The findings of
this chapter provide valuable insights into the use of DLVVO modeling as a useful tool for
predicting fines migration in sandstone reservoirs.

Chapter 4 investigates the application of nanotechnology to reduce CSC and
enhance critical pH using the DLVO modeling technique. By accurately predicting the
CSC and critical pH using DLVO modeling, this chapter presents a novel approach to
control fines migration in sandstone reservoirs during waterflooding and alkaline flooding.
The findings of this chapter recommend that nanotechnology has significant potential to
enhance the effectiveness of waterflooding and alkaline flooding in sandstone reservoirs.

By demonstrating the use of DLVO modeling in predicting the CSC and critical pH for
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effective fines migration control, this chapter makes a valuable contribution to the field of
reservoir management.

Chapter 5 of this research work presents a novel integrated model for predicting the
critical flow rate for fines migration initiation in sandstone reservoirs. The model is
developed by considering the influence of various forces such as electrostatic,
gravitational, and hydrodynamic forces on fines migration during high-rate injection or
production operations. The integrated model is highly effective and accurately predicted
the critical flow rate for different salinities and validated the predictions through core flood
experiments. This chapter presents a detailed analysis of the impact of different forces on
fines migration during high-rate injection or production operations, which is crucial for
optimizing reservoir management.

Chapter 6 focuses on upscaling core data to the reservoir scale. It uses DLVVO model
predictions and coreflood experiment data to accurately translate micro-scale findings to a
larger field scale to show the application of the proposed approach.

Chapter 7 marks the conclusion of this research and presents a comprehensive
summary of the research findings. The chapter summarizes the effectiveness of DLVO
modeling in predicting fines migration, and the critical parameters that trigger this
phenomenon. It also offers insights into how the integration of DLVO modeling and
nanotechnology can be used to mitigate fines migration. Finally, this chapter presents
recommendations for future research, considering the prediction capability of DLVO
modeling for a given SFB system under consideration. The research findings and
recommendations provide valuable insights for future research on mitigating fines

migration in sandstone reservoirs.
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CHAPTER 2: Literature Review

Fines migration is primarily caused by changes in the electrostatic surface forces
which are triggered by mud invasion during drilling activities, the use of completion fluids,
acidizing treatments, and water injection into the reservoir during secondary and tertiary
recovery operations. The attraction and repulsion forces are collectively affected by
increasing pH and decreasing water salinity. At a specific value of pH known as the critical
pH and CSC, the total interaction energy of the SFB system shifts from negative to positive,
indicating the initiation of fines release. To control fines migration, practical options
include maintaining the system pH below critical pH, setting the salinity above the CSC,
tuning the ionic composition of injected water, and use of NPs. The DLVO modeling
elucidates the total interaction energy between fines and sand grains by calculating the
surface forces of the system. Zeta potential is an important indicator of an increase or
decrease in repulsion force in this context. This chapter is based on the results published in

the referenced article?.

2.1 Sandstone Reservoirs

Sandstone reservoirs containing oil are a major source of energy worldwide and
account for approximately 60% of the world's petroleum reservoirs.* In subsurface porous
and permeable sandstone reservoirs that contain various types of clay minerals, the
reduction in ionic strength (Is) and alteration in the ionic composition of the formation
water can result in fines migration and a decrease in permeability. These clay minerals are
present within the pore space either as agglomerate particles or as fine particles that coat
the sand grains. Clay minerals are characterized as aluminosilicates with a layered structure
made up of layers of silica, alumina, and magnesia. The three main types of clay minerals
are kaolinite, montmorillonite, and illite/mica.>® Sandstones consist of a matrix of quartz
grains enclosing an interconnected pore space. The nature of the depositional environment
can lead to the presence of siliceous fines due to grain compaction and crushing because

of applied stresses as well as fines deposition. These fines are generally held within the

@ Muneer, R.; Rehan Hashmet, M.; Pourafshary, P. Fine Migration Control in Sandstones: Surface Force
Analysis and Application of DLVO Theory. ACS Omega 2020, 5 (49), 31624-31639.
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formation water film which surrounds the quartz grain in water-wet conditions.* Fines
migration may happen in different types of natural and technical processes, such as water
aquifer recharging by some external water source, underground formation water disposal,
groundwater flows, invasion of drilling muds, invasion of completion fluids, acidizing
treatment and waterflooding, high rate oil and gas production and injection, and improper

design of oil recovery processes with low salinity water injection.’8

2.2 Fines Migration

Water injection operations into sandstone and carbonate reservoirs performed by
reducing the salinity and tuning the ionic composition are promising and evolving
technologies to maximize oil recovery, primarily by modifying the wettability of the crude-
brine-rock system.*-28 During the aforementioned process of water-flooding, the salinity,
chemistry, and injection rate of injected brine play a vital role in altering the rock
wettability and changing the surface forces between fines and sand grains in sandstone
reservoirs, which affect the efficiency of the procedure.?>2"-33 Fine particles can detach,
become suspended in the injected fluid, and form a colloidal system in the reservoir due to
the alteration of attraction and repulsion surface forces; while they move with the injected
fluid/ brine, and they may block the pore throats. This phenomenon is referred to as
straining: it blocks already open pores and results in formation damage, with a substantial

decline in the formation permeability,®**3" as shown in Figure 2.1.

@ Attached
@ Suspended
@ Strained
@ Re-attached

Figure 2.1 Migration of natural fine particles in the reservoir.’
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Fines migration in sandstone reservoirs is supposed to be one of the possible
mechanisms of enhanced oil recovery (EOR) in low-salinity projects. It provides better
mobility control by plugging some of the pores, diverting flow towards un-swept sections
of the reservoir, and increasing the sweep efficiency, which eventually is favorable for
incremental oil recovery.530:31:3438-44 Ag yet, fines assisted oil recovery phenomenon is still
not well understood and in-depth research on this issue is necessary to address the
associated productivity and injectivity decline. On the other hand, fines migration has been
reported by some researchers to have adverse effects on fluid productivity and injectivity,
and their release, migration, and straining can significantly impair the hydraulic
connectivity of the reservoir because they plug the actual path for fluid flow.1 34546 Russell
et al. performed several flooding experiments on unconsolidated cores made of silica sand
and kaolinite and investigated permeability loss when injection fluid ionic strength
decreased from high to low salinity under a constant flow rate. They observed a substantial
decrease in permeability from 500 mD to ~20 mD when injection fluid NaCl salinity
decreased from 0.6M to 0.0001M.%" Yu, M. et al. conducted coreflood experiments on
sandstone samples and an 80% to 99% reduction in permeability was observed during LSW
injection while an increase in pressure drop of 200-250 psi was observed. This translates
into a pressure gradient of ~600 psi/ft. Such a high-pressure drop is not practical on a field
scale as it will certainly fracture the rock.>® In another study performed by 8 M. et al.,
around three folds increase in pressure drop was observed during LSW flooding which was
attributed to fines detachment and migration in the sand pack. They observed that the oil
recovery during LSW flooding was 10-15% lower compared to the nanofluid injection
scenario. This reduced productivity during LSW flooding can be attributed to fines release
and migration, leading to the blocking of pathways for oil flow. Similarly, the permeability
of Berea sandstone cores was decreased from 120 mD to 0.03024 mD in flooding tests
performed by A. Al-Sarihi et al. when the injection fluid was switched from high salinity
NaCl to deionized water. This huge decrease in permeability was due to an extremely high-
pressure drop across a five cm-long core sample. The fines migration not only causes
permeability impairment but also adversely affects the oil recovery during low salinity or
alkaline flooding by blocking the pore throats. A considerable increase in pressure drop

across the core samples during brine injection is a clear indication of the productivity
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decline.*®

2.2.1 Conditions for Fines Migration Initiation

Fines release and migration inside sandstone reservoirs are related to several factors
such as the available concentration of fine particles, ionic composition, salinity of injected
water, pH, wettability, flow rate, and relative flow of different phases.*?1"4*% |n the past,
Martin®! performed many waterflooding experiments on sandstone cores and observed that
a decrease in injected water salinity resulted in additional oil recovery, accompanied by a
decrease in core permeability because of clay swelling. Later, Khilar et al.>? found that
when injected fluid salinity falls below a critical salt concentration, fines are released, and
migration starts within porous media. Fines migration and subsequent permeability
reduction were also confirmed by experimental research, 123034395356 Kymar et al.® and
Mansouri et al.* used the scanning electron microscope (SEM), the field emission
scanning electron microscope (FESEM), and atomic force microscopy (AFM) to visually
show the mobilization of mixed-wet kaolinite particles with high-resolution images. In
some recent studies,*®®1 it has been found that CO- injection in sandstone, can also lead to
permeability reduction due to fines migration. Mineral dissolution caused by CO2-brine-
rock interaction could be the reason for fine particle generation in porous media and the
related decline in COz injectivity. Therefore, all these key factors must be considered to
get an in-depth understanding of interactive forces between fine particles and sand grains

to properly design a solution and mitigate the fines migration problem.

2.2.2 pH Increase

The pH of colloidal dispersions is one of the most important factors that affect the
repulsion force, and it is indicated by the change in the zeta potential of the system. Zeta
potential is generally positive at low pH values (acidic region), and with increasing pH, it
becomes negative because of the presence of excess OH™. There is a specific pH where
zeta potential becomes zero, which is called the point of zero charge (PZC) or the iso-
electric point (IEP), as shown in Figure 2.2. For a pH higher than the PZC, the surface
charge becomes negative, which means a repulsion force that leads to the separation of

fines.
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Figure 2.2 Change in zeta potential with the pH of a solution.®?

During alkaline flooding EOR, the alkali generates in-situ surfactants that reduce
the oil-water interfacial tension to maximize oil recovery. However, alkaline flooding in
sandstones may cause fines migration problem due to the change in surface potential
caused by an alteration in pH. As the pH of the system increases during alkaline flooding,
the repulsion force between fine particles and sand grains increases, and the corresponding
zeta potential decreases (becomes more negative) because of excess OH™ in the system.

This mechanism results in fines detachment and migration during alkaline flooding.

2.2.3 lonic Strength

The ionic strength (Is) of the solution affects the expansion and thickness of the
EDL, which further affects the repulsion force and total energy of the system. The higher
the ionic strength of the solution, the more compressed the EDL becomes. Debye length
(k1) represents the thickness of the electric double layer. It is an important parameter that
is influenced by various factors, mainly the brine's ionic strength. The Debye length is
reduced as the ionic strength is increased, making the electric double layer thinner.
Equation 2.1 is used to compute the Debye length.

g KgT
k=t = /"— 2.1
2N e?l (21)

The ionic strength (Is) of a solution is a measurement of the ions’ concentration in
that solution. lonic compounds such as monovalent and divalent salts dissociate into ions

when dissolved in water. Equation 2.2 is used to calculate the ionic strength of an
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electrolyte solution.

Iy =

N =

n
z ¢ zf (2.2)
j=1

The effect of decreasing the ionic strength on the Debye length has been shown in
Table 2.1. As the brine salinity decreases, EDLs around the fine particle and the sand grain
expand simultaneously, generating more repulsion between the fines and the sand grain.
Consequently, detachment of the fines occurs. The low zeta potential confirms the high

repulsion force in these conditions.

Table 2.1 Effect of ionic strength on EDL thickness.

Is of NaCl at 298 K (M) k1= %];Z {-potential (mV)%3
0.6 0.4 nm -17.9
0.4 0.5 nm -21.3
0.2 0.7 nm -24.3
0.1 1 nm -30.5
0.05 1.4 nm -33.7
0.025 2 nm -34.0
0.01 3 nm -34.3

The presence of divalent ions (Ca?*, Mg?") in the solution is beneficial and can
suppress the EDL thickness, resulting in reduced repulsion force as compared to
monovalent ions (Na*) for the same salinity. Xie Q. et al.®* performed experimental
research and measured zeta potentials for a solution containing crushed sand particles in
the presence of monovalent (Na*) and divalent ions (Ca?*, Mg?*) separately. They observed
that divalent ions suppressed the electric double-layer, which was formed around the sand
grain and hence, resulted in reduced repulsion, which is indicated by low zeta potential
(absolute value) as shown in Figure 2.3. Similar results for zeta potential data were
observed in the studies performed by Shehata et al.®® and Gulgonul® on sandstone and
natural hydrophobic Teflon, respectively, in the presence of monovalent and divalent ions
(Ca?*, Mg?"). Assef et al.®" also utilized CaCl, and MgCl. solutions and performed similar

experiments.
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Figure 2.3 Monovalent & divalent ions effect on {-potential.®*

2.2.4 Injection Rate

Water injection in petroleum and geothermal reservoirs may cause in-situ fines
detachment from the rock surface under the shearing effect of injection fluid. Particularly
in reservoirs with weak cementation, the unequal torques may cause pore blockage and
reduce formation permeability.®® Adhesion and hydrodynamic forces produce torques on
fine particles that are attached to the rock surface. The adhesion forces between particles
and the rock surface include electrostatic and gravity forces. For injection at low rates and
below the critical rate, the effect of the electric double-layer repulsion force is more
dominant to initiate fines migration. On the other hand, at higher rates, hydrodynamic force
plays a significant role in detaching the fines from the rock surface. The electrostatic forces
include van der Waals attraction and electric double-layer repulsion force. The flow rate of
injection fluid controls the hydrodynamic forces, while the particle and permeating fluid

densities control the gravity forces.

Ochi et al. looked into the impact of flow rates on fines migration and found that
there is a threshold value above which permeability reduces due to the detachment of fine
particles. They deduced from their observations that formation permeability was
influenced by injection rate.®® Bedrikovetsky et al. utilized the concept of maximum
retention and successfully modeled it considering the effect of injection fluid velocity.
Their model showed that after raising the fluid velocity to a threshold level, particles might

be quickly dislodged from the sand surface. Conversely, lowering the velocity results in a
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greater retention concentration up to a maximum owing to given hydrodynamic
conditions.”® Numerous imaging studies carried out on the synthetic core of glass beads
have supported the rate-dependent fines detachment. The shearing force increases with
flow rate, and particle detachment and mobilization may happen when hydrodynamic force
is greater than adhesion forces.”*"® Despite the imposed flow rate causing a hydrodynamic
shearing exceeding the critical threshold, Torkzaban et al. determined that a single layer of
attached fine particles is partly removed rather than fully. Due to the variability of pore
structure, surface charge, and roughness, hydrodynamic and adhesion forces vary

spatially.’

2.3 Sand-Fine-Brine System

The presence of fine particles adhering to sand grains within a saline environment
gives rise to what is known as a sand-fine-brine (SFB) system. The detachment of fine
particles from the sand grain surface is the initial step in the process of fines migration in
sandstones. A comprehensive understanding of this detachment process is necessary to
analyze conditions for migration and the resultant formation damage. Generally, two types
of forces are responsible for the detachment and mobilization of fine particles. These forces
are classified as colloidal forces and hydrodynamic forces. Colloidal forces are electrostatic
in nature, and they are further divided into two types, which are London—-van der Waals
attraction forces and electrical double-layer repulsion forces between particles and
surfaces. The hydrodynamic forces are mainly related to the flow of permeating fluid
through porous media.

To mimic sandstone reservoirs with fine particles, synthetic fines, and spherical
silica glass beads in brine have been used in numerous studies,*3%"">-® as shown in Figure
2.4. On the other hand, kaolinite in sandstone reservoirs has a platelet structure with a finite
thickness (FT), while natural sand and glass beads both have infinite thicknesses (IT) as
compared to fine particle size. Based on the aforementioned configuration of synthetic/
natural fines and sand/ glass beads, generally, there are different electrostatic energies for

two different systems: the sphere-IT plate and the kaolinite platelet-IT plate.
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Figure 2.4 Adsorbed fines on the surface of a glass bead.”

An analysis of a single fine particle of presumably spherical shape on a sand grain
surface had been performed to describe the conditions required for the detachment of fine
from a flat surface.8%8 Figure 2.5 describes the sphere-IT plate model designed to mimic
a spherical fine particle attached to the pore/ rock grain through which a high salinity
permeating liquid is flowing. However, Figure 2.6 demonstrates a kaolinite platelets-1T
plate configuration, where small kaolinite platelets are present on a sandstone grain. Most
of these platelets are in the form of clusters and can move together based on attraction
forces between individual plates. Similar kaolinite platelet configurations have also been

found in other sources.?+8°

-

h

Figure 2.5 Spherical fine on the sand grain surface.

The separation distance (h) between a fine particle and the pore surface in Figure
2.5 is quite small (usually on the order of 10"t nanometer, nm), and additionally, these fine
particles are subjected to the hydrodynamic forces of the flowing liquid during production
and injection processes. There are different energy contributions from colloidal and

hydrodynamic forces, and the total energy of all interactions between a fine particle and
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the pore/ grain surface must be determined precisely in the DLVO model to incorporate
the effects of attraction and repulsion forces. If the net interaction energy of the system
comes out to be positive, it means repulsion forces dominate the attraction forces; as a
result, fines will be detached from the surface, and migration will start in the porous

medium.

Figure 2.6 Kaolinite platelets-1T plate configuration.

During early research studies and to date, a single fine particle of spherical shape
on a sand grain flat surface (sphere-plate model) has been extensively used for the
calculation of DLVO interactions due to the simplicity of the approach.36:63.75.76.78.79.90-93 A
few researchers have utilized a plate-plate model for the quantification of interaction
energies.®*% A single sphere model can be accurately used for synthetic fines and glass
bead configurations, but when it comes to natural kaolinite and sand grain configurations,
it can provide erroneous results because natural kaolinite has a platelet structure and must
be modeled with a kaolinite platelets-IT plate model. In some studies during the last few
years, 335910 clystered fine particles’ detachment and combined movement were
assumed instead of a single fine particle model. Not long ago, Chequer et al.®® used this
new idea to show that the single-colloid single-surface system is not an accurate
representation of colloidal behavior in porous media and significantly underestimates the
critical flow rate of the fluid to initiate the fines migration. Experimental results were in
close agreement with the clustered fines model.
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2.4 DLVO Theory

The well-known DLVO theory was established by Derjaguin, Landau, Verwey, and
Overbeek.1°2-193 |t describes the Vr of the system incorporating attraction and repulsion
forces due to the van der Waals attraction potential (VLvw), electric double layer potential
(VeoL), and the Born repulsion potential (Ver), respectively. This theory assumes that the
Vivw, Veb, and Ver potentials are independent of each other, and therefore can be added
for the particle-plate system, using either a sphere-plate or plate-plate model configuration,
to quantify total interaction energy at each interacting distance. The DLVO-based Vr of

the system comprised of a fine particle and a pore surface is presented as Equation 2.3.
Vr = Viyw + Vepr + Ver + Vag (2.3)

Generally, the DLVO theory provides good estimates for the surface-surface forces
with a separation distance of around 5 nm, provided that all the important parameters, such
as the particle size (ap), ionic strength (Is), Hamaker constant (Aw), and zeta potential (),
are accurately and precisely measured. The total energy of a specific system can range from
positive (repulsion) to negative (attraction) depending on the individual contributions of

the attraction and repulsion forces.

2.4.1 Application of DLVO Theory in the Petroleum Industry

The DLVO theory has been widely used in the petroleum industry to quantify
surface forces between fines and sand grains during nanofluid injection scenarios,
disjoining pressure estimation, and polymer and surfactant adsorption on the rock surface.
Quantification of DLVVO-based interactions has been reported to be in close agreement with
experimental results. Habibi et al.”® utilized NPs in synthetic cores to mitigate the fines
migration problem, computed total interactions and found MgO NPs reduced the repulsion
force between fines and the grain surface. Arab et al.” performed several experiments on
glass beads to mitigate the fines migration issue, accompanied by low salinity flooding.
They used five different types of nanoparticles to control fines migration and found ZnO
and y-Al.Os NPs were the best at this task. In addition to experimental results, they also
measured the zeta potentials of the system before and after the application of NFs and

applied a DLVO sphere-IT plate model to calculate interactive energy. The total energy
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was attractive after the application of NPs as compared to the non-treated case. Arab et
al.”® performed experiments using SiO2 and MgO NPs in pre-flush mode and found that
0.03% MgO NPs performed the best among all scenarios. They confirmed their
experimental findings with the DLVO theory by calculating the total interaction potential
between the rock and fine particles. Assef et al.®” demonstrated their work to mitigate
colloidal particle movement in porous media by using MgO NPs and 97% retention of fines
was observed. They utilized the extended DLVO (X-DLVO) theory by incorporating the
effect of acid-base energy and neglecting the hydrodynamic forces and quantified the total
interaction energy of the system. Zou et al.'% applied the X-DLVO theory to investigate
the adsorption of anionic polyacrylamide onto coal and kaolinite particles. Based on the
results, they observed that the V1 between kaolinite and coal particles was repulsive after
the adsorption of polymer on coal particles, which proves the effectiveness of the

mechanism of coal purification.

2.5 Quantification of Interaction Energies

2.5.1 The London van Der Waals (VLvw) Interaction Energy

In particle physics, there exists an attraction force between similar particles/plates
when they are infinitesimally close to each other. A German-American physicist, Fritz
London, published the first satisfactory microscopic theory of dipole-dipole dispersion
forces.1% This force is a distance-dependent force between molecules, atoms, and particles
and does not have any association with any type of ionic or covalent bonds. It decays slowly
and acts at a distance of less than 10 nm. The main cause of this electrostatic force is the
presence of permanent and oscillating dipoles of atoms.!’ These forces are weak chemical
forces, but still, play a critical role when colloidal particles are infinitesimally close to each
other in a solution. Based on the sphere-IT plate model, London-van der Waals energy

(VLww) is presented in two forms, in Equation 2.4% and Equation 2.5.1%

Apa
Vivw = — 1Hth (2.4)
Ay 21+ H) H
Vivw === lH(Z Tt (2 ¥ H)l (2:5)
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Chequer et al.® presented a new model based on the clustered fines sphere-IT plate model,

as shown in Equation 2.6.

5

Ay (ap\2
V, =-n — 2.6
LVW 6\/§ap ( h, ) ( )

On the other hand, a separate model for kaolinite platelets-IT-plate configuration has been
presented by Gregory et al.®! as shown in Equation 2.7.

Ay

Vivw = T 1onh? (2.7)

The negative sign of Viyw demonstrates the attractive nature of this potential.

2.5.2 Electric Double Layer (Vepr) Interaction Energy

When charged colloidal particles (fines) are immersed in an electrolyte solution of
specific ionic strength, mobile ions from the electrolyte solution form an ionic film around
the particles.!% Based on the positive or negative charge of a particle, oppositely charged
ions from the surrounding electrolyte solution are attracted and form an ionic layer over
the charged particle, called a compact layer (stern layer), which is moved with the particle.
The excess charge on the compact layer is balanced by the oppositely charged ions from
the electrolyte solution forming another layer, which is called the diffuse layer (slipping
plane). In the diffuse layer, ions are not tightly bound to each other and are free to move to
and from the electrolyte solution. These two layers are electrostatic, and their combined

effect is called the electric double layer (EDL), as shown in Figure 2.7.1%7
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Figure 2.7 Compact and diffuse electric double layers and corresponding zeta
potential 1%’

The potential difference between these two layers is called zeta potential and is
denoted by ‘(. Zeta potential provides the closest surface potential estimate and is used in
the quantification of the electric double-layer interaction energy. Zeta potential is not
directly measured and is obtained by applying an electric field across the dispersion: this
process is called electrophoresis.'%1% Particles within the dispersion with a specific zeta
potential value move towards the electrode of opposite charge with a velocity proportional
to the magnitude of the zeta potential. At lower ion strength, such as in the low salinity
injection condition, EDLSs that have already formed around the sand grain surface and the
fine particles, expand and overlap, which leads to a repulsion interaction energy (VeoL).
High repulsion force may detach the fine particles from the sand grain surface. The force
IS stronger at a lower solution salinity.

Regarding the formulation of Vep, the simplest case of sphere-plate geometry is
used as shown in Figure 2.5. For the boundary conditions, the rock and fine particle
surfaces both may have a constant surface potential or constant charge, or one of the
surfaces may maintain its charge density constant while the other surface possesses a
constant potential resulting in a mixed case. Generally, fines migration can be modeled
with a constant potential case because zeta potential is easy to measure as compared to
surface charge. VepL can be calculated by different formulae, such as Equation 2.8,

Equation 2.9, or Equation 2.10%, for the sphere-IT plate model.
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1 —kh
Veow = (2) lzcz In <%> +(2¢®)In(1 — e-Zkh)l 2.9)

—h
Vepr = 2memg0a,¢%. In(1 + ek™T) (2.10)

Equation 2.6 is valid for potentials less than 60 mV when the double layer thickness
is less than the fine particle size, which is true in most scenarios of fines migration in
sandstone porous media. W1 and W are the surface and compact layer potentials,
respectively, and can be replaced by the measured value of the zeta potential to develop
Equation 2.7. Chequer et al.%® presented a new model to calculate VepL based on the

clustered fines sphere-IT plate model, as shown in Equation 2.11.

2 kT : —kh
Vep, = —nl160.4e, 60, (kay) (?) YsVg€ (2.11)

For Vep. calculations based on the kaolinite platelets-1T-plate model, Gregory*!! presented
a different model as shown in Equation 2.12.

64nkgT B
Vepr = TYSYge feh (2.12)

2.5.3 Born Repulsion (Ver) Interaction Energy

In a colloidal system, when particles approach and are about to contact each other,
a short-range repulsion potential called the Born repulsion potential (Ver) is generated
because their electron clouds overlap. This potential is quite sensitive to the structure of
surfaces in contact and permeating liquid. Formulations to quantify the Born repulsion
potential for the previously described sphere-1T-plate system have been presented by
Ruckenstein et al. and Schumacher et al.1*>!13 in Equation 2.13 and Mahmood et al.® in
Equation 2.14.

v [ 8+ H 6 —H 213

BR = 7560 ap) 2+ H)7 H7 (213)
Aya,o®

Ver = Toe0 17 (2.14)
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For clustered fines movement in the porous medium, Chequer et al.%® presented another
model to calculate Vgr, as shown in Equation 2.15.
Ayay®o®

VBR = —TLW (215)

A separate model for the natural kaolinite platelets-1T-plate configuration has been
presented by Mahmood et al.®® as Equation 2.16.

Ayo®

To compute Born repulsion accurately for the fines-rock-fluids system
configuration, Ay and o (atomic collision diameter, nm) must be known precisely. An
average value for ‘s’ used in the calculation of Vgr is around 0.5 nm. Generally, Vgr has
a very small impact on the V1 and can be neglected in comparison to other electrostatic
potentials (VvLvw and VepL) if the separation distance is greater than 1 nm.

2.5.4 Acid-Base (Vag) Interaction Energy

At the liquid-solid interface, the acid-base reaction produces an interactive
potential, which is a short-range potential called acid-base potential (Vag). It can be either
negative or positive, depending on whether the two phases are attracted to each other or
repel each other. A sand-fine-brine system is expected to have a weak acid-base interaction;
therefore, it can be neglected for fines migration modeling in porous media. For a solid
surface and liquid system, Equation 2.17 is used to compute acid-base potential !4

Ez =+ Ejg Exp [ (h/f)] (2.17)

2.5.5 Assumptions for DLVO Model
The following assumptions are considered for DLVO modeling:

I.  The fine particles are all the same size.
ii.  The sand grains and fine particles have the same separation distance (h).

iii.  The surface potential remains constant everywhere on sand grains.

37



iv.  The Hamaker constant and the van der Waals attraction are unaffected by ionic
strength.
v.  Particles agglomerate when their spacing is less than the Debye length.

The DLVO model is based on certain assumptions; however, not all of the
assumptions are met in every case, and thus not all of the fine particles are released and
migrated. Because the size of the fine particles in the rock sample can never be the same,
therefore, average fine particle size is used in the modeling to reduce the effect of fine
particle size variation. Similarly, the Zetasizer measures the surface potential of several
sand particles in the dispersion and provides an average value of zeta potential for a defined
sand-fine-brine system. However, when measuring zeta potential, care must be taken
because incorrect measurement of zeta potential will lead to incorrect calculations of

electric double layer and total interaction potentials.

2.6 Interactive Parameters for the SFB System

Van der Waals particle-particle attraction is produced when particles/ molecules
come close to each other in a medium. The Hamaker constant (Aw) is a coefficient that
relates this interactive energy among particles, whereas zeta potential ({) is a measure of
the surface charge of the particles and an indicator of the increase and decrease of the

repulsion force. The following section discusses these parameters in detail.

2.6.1 Hamaker Constant (Ar)

Hamaker constant is dependent on the integrated system of the fine particle, its
shape, pore surface, aqueous medium type and salinity, and crude oil properties.®? The
Hamaker constant is determined experimentally with great caution based on the specific
system configuration. The typical values for Ay are found in the range of 102! to 102° J.
These experimental values are in close agreement with the theoretical calculations of
Israelachvili.8211° Based on the specific system configuration, the Hamaker constant is
determined experimentally with extreme caution. Using the Hamaker constants from Table
2.2 and Equation 2.18%, an integrated Hamaker constant of 1.52x1072° J for the kaolinite-

sand-brine system was calculated and used in DLVVO modeling.

Ay = (A37 — A33) (A7 — A33 (2.18)
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Table 2.2 Hamaker constants for fines, sand, and brine.

Materials Hamaker constants, J
Kaolinite, Ay 1.5x10%
Water/ brine, Az 4.38x102°
Sand, Ass 8.8x1020
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Equation 2.19 can also be used to calculate this constant using experimental data.

Ay
3 81 - 83 82 - 83
=30 (o) )
48 & te3/ \& + &3
3hy,Ve Mz =33 —n3)

8v2 (nf + 027 + 0DVt + DY + (7 + 02}

(2.19)

‘e’ is the static dielectric constant, 1) is a refractive index, and the subscripts 1, 2,

and 3 refer to particles, grains, and water/ brine, respectively. hp is the Planck constant

(6.62x1073* J-sec), and ve is a constant value of electronic adsorption frequency equal to

3x10° s, Table 2.3 presents studies where Hamaker constants were calculated and a few

studies where experimental approaches have been used to measure Anx based on the

system's actual configuration.83°4118.119 A high Hamaker constant leads to more attraction,

whereas its low value is related to reduced attraction. Also, particle deposition onto a rock’s

surface is affected by the Hamaker constant of the interactive system. Elimelech et al.*?°

found that at low salinity, the range of EDL is much higher than that of van der Waals

attraction, and the rate of particle deposition is mainly controlled by double-layer repulsion

energy. However, at high salinity, the van der Waals attraction force is more effective, and

as a result, the rate of particle deposition is controlled by An.

Table 2.3 Hamaker Constant Data.

Author Year Base Liquid pH | T(C) System Au(J) E;,ZEZZ;ZZ}[/
El-Monier et al.** | 2011 Distilled Water 12 149 | Kaolinite-Quartz | 1.61x10"%° | Experimental
Habibi et al.”™ 2012 Water 7 25 | Glass Beads-water | 6x10°% Theoretical
El Badawy etal.!'® | 2012 0.03M NaCl 7 - Metallic NPs 6.04x1020 | Experimental

Arab et al.” 2013 Water 7 25 | Glass Beads-water |  6x10%! Theoretical
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Arab et al.” 2013 0.03M NaCl 6.9 25 Glass Beads-brine | 1x1072! Theoretical
Arab et al.”® 2014 Water 7 25 | Glass Beads-water | 6x10%! Theoretical
Habibi et al.” 2014 0.03M NaCl 6'75_ 25 Sand-NaCl 1x102° Theoretical
Xie et al.?® 2014 0.2 wt% NaCl 8.1 65 Oil/silica in water | 8x107?! Theoretical
Yang et al.”! 2016 Water - 25 kao(llilllli‘:zand 2x1020 Theoretical
Mahani et al.?* 2017 0.03 SM“;:: tI:rted Sea 7 25 Limestone-brine 11071 Theoretical
Hasannejad et al.”® | 2017 0.3M NaCl 7 25 Glass Beads-brine | 1x102° Theoretical
Xieetal!? | 2018 | NAChMEFRAN 4o | o Shale-oil | 0.81x10% | Theoretical
Huang et al.*? 2018 2 wt% KCl 7 25 Coal-brine 4.62x102° | Theoretical
Sanaei et al.”® 2019 0.01M NaCl 7 25 Carbonate-brine | 1.3x102° | Theoretical
Chequer et al.® 2019 0.6M NaCl 7 25 Kaolinite-Sand | 1.49x102° | Experimental
Takeya et al.?® 2020 0.IM ALSW 7 25 Calcite-brine 6.6x1072! Theoretical
Tangparitkul et al.>® | 2020 O.OO(})B'SrIXIl;\IaCI - - Clay-sand 2x10°%! Theoretical
G"mezﬁlf’“’“s 12020 0.001M NaCl 7 25 Silica-Brine 3.91x10?' | Theoretical
Peng et al.!"” 2020 Ob?ggg/;hs/[DI\?aacrid - 25 Surfactant-water | 5.2x102° | Experimental

2.6.2 Zeta Potential ({)

Zeta potential is an important indicator of surface charge and is used for the
quantification of the electrostatic repulsion energy between dispersed fines and sand grains.
It is the potential difference between the surfaces due to the electrical difference between
a particle surface and points away from the particle in the fluid at the boundary of the
slipping plane,'?2123 as shown in Figure 5. This potential is also known as electro-kinetic
potential in colloidal dispersions. It is worth mentioning here that the measured zeta
potential of clay fine particles is negative and is an important parameter that provides
information about the charge on the particle surface, colloidal system stability in an ionic
environment, electrostatic forces between particles and the rock surface, and interaction
energy between NPs and formation fines in porous media. Zeta potential is an input
parameter in the calculation of the EDL repulsion force and must be determined
experimentally with great accuracy. It is usually measured with a Zetasizer, which uses the

electrophoretic mobility (EFM) concept based on the Helmholtz-Smoluchowski equation

40




as shown in Equation 2.20.

¢ = Ug 31

~ 2¢F(ka) (220)

Table 2.4 and Table 2.5 present the zeta potential data collected from several
previously published research articles that show the widespread use of this parameter. It is
evident from the data that in all the studies, the zeta potential of the system has been
determined with the help of the Zetasizer/ zeta potential analyzer, which is a high-
technology and expensive apparatus being used worldwide. It measures the electrophoretic
mobility and automatically converts it to provide the direct zeta potential value of the
system under study. No comprehensive correlation is available to directly calculate zeta
potential as a function of system configuration (sand, glass beads, fines, kaolinite, calcite,

etc.), salinity, viscosity, pH, and temperature.
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Table 2.4 Zeta potential data in the presence of NPs.

1zk[eue 9 7'8z- - 137 9z |r9| semia | %ms000 | oz 2015
1zk[eue 9 6 - 131 9z |r9| JemmIa | %mS000 | OE 011 S102 | rlewieheg
sazAjeue T6T - 137 9z |79l JseMIA | %MS000 | OF E0UV
Jaz1Se197 69 eve- speag sse|9 sz L| I10eNZ00 | %mGL000 | 02 OB VI0Z | 19110 JOSSY
J8z1Se197 1- - speag sse|9 52 L] Jeemia | wmeoo | oc OB

¥I0Z | oIR8 GRIY
I8z1Se197 LS 9.2- speag sse|9 sz |69 IDENINEDD | 9%meoo | oz OB
I8z1Se197 280 - speag sse|9 5¢ L] seemia | wmeoo | oc 04

€102 | o le1B qRIY
1a71Se197 IST - speag sse|9 52 L| semia | wmeoo | oe ouz
I8z1Se197 v'8Z- - speag sse|9 5¢ L] Jermia YIMT0 er E0UV
JazISe197 5z - speag sse|9 5¢ L] Jermia %M T0 8y 2015 €102 | .12 19 1pRwyY
J8z1Se197 - vb- speag sse|9 52 L] termiq 96 T'0 €9 OB
1971Se197 8zl ve- speag sse|o 5¢ L] Jermia %M T'0 £9
1ezZISE10Z I- - pues ealag 5¢ L] IOBNWED | 9ameoo | €9 OB 7102 | o /1R 10 1GI0eH
J8z1Se197 89'G- - speag sse|9 or L] sermIq - €9
J8z1Se197 667 - 137 52 ~| seEMmIQ %IOAT | Gp0g ouz 2102 | ozr'le 19 1Lpuebng
197158197 e - aulfes - L | IOENINED0 | olong e1 By-2H | 2102 | g[8 10 Aepeg |3
187158187 o€ - JaTRM §6-82 |2T| el 1d | %I0A9TO0 | 09-0F ono 210z | sl eAld
J8z1Se197 ve - 137 sz |zL| semia | vmeoo | €T EOUV | TT0Z | 4zr'le 19 [9XN0Y
\mwmhw_%f L%\,_/,“S 5 m‘_anWMv-u JUBWUOAIAUT (Do) L Hd| pinbi sseg co_Hm“HNocoo mNMw:MW_z adAL sdN Jesjp Jouyiny

42



1azise)p7 09- - aulfes 12 L [OBN N GT°0 %IM GZ'0 0L SONO 0202 evr'[B 38 BuBA
1azise)p7 T've- G- Jere\ 06 L 18R 10 %M GO0 '7'0 | 0Z'ST | “OIL OIS | 0202 27’ [B 318 Jeuwny
TozA[eue 3 99'7€- - |pnw eseq M SC G'6 18’ 10 %IM G0 0C o] 6T0Z | I8 13 ZIPUBWEIY
IozAJeue 3 ST'8Y - 31 4 L 181leM 1 %M T0'0 0.2 €0YUV-ND | 6T0C | oprecrIe 9 INbIPPIS
VINDS
I8ziselz S - aulfes 0LT TT [2I0BO+I0BN N 7G| %MWM G0 00T -6-201S 6102 ger 18 19 BN
1aziseypz Gl Ge- speag sse|9 T4 6'G | I0BNWEODD %M T'0 Gt Ze]IS 6102 gy’ [2 19 LINOSUBIA
18zAeue 3 6 - aulfes T4 L [DBN N T00'0 %M T'0 05 e\ 8102 se1'[B 38 Buenyy
W43 L'6 - aulfes T4 69 | [DBN AN T000 %M G0'0 0z £0te4-0 8102 oer'[€ 19 Jepuadn
1aziseypz L'9g - JeTe\ - 9 18R 1a %M T'0 0z V-4 LT0Z | ge'[e 38 Areypnoyd
1aziseypz Y- - JeTe\ 5z - 18R 1a - 6 sdN by LT0C yer 1€ 39 punjBods
- 2z - - T4 9 - - 01 Ze]IS LT0Z | ger'le 18 Yereyepay
Jsziselaz G- ov- aulfes - €9 |DBN %M T %M T°0 01 o] LT0Z | zer'IB 18 Hessuy-|v
Jsziselaz e - aulfes 5¢ 8 [ZIOBD/IOBNNGY| %M ZL9 L€ o] L1702 1er'[B 30 897
1aziseypz Sz 8¢- speag sse|9 T4 L IDBN N €0 %M T'0 SvT Ze]IS LT0Z | ;'[9 pelouuesey
1aziseypz 0z - aulfes 56 6 | 10BN wdd 0000E | %M T0 el ouz 9102 oer’ [0 1 11IPY "IN
Jaziselaz T'€S- - J8re\ T4 - 18R 10 %IOATO | 7005C | LNOMS | 9102 621’18 18 BUIQES
1azise)pz 7'€e- - pues ealeg or 6'G | euug wdd 0000E | %MW T'0 0S OIN
1azise)p7 €6e - pues ealeg or 6'G | euug wdd 0000E | %MW T'0 or geld\v
GT0Z | gr'[B 10V JreWOlY
1azise)p7 €8¢ - pues ealeg or 6'G | euug wdd 0000E | %MW T'0 qT o]
19zise)p7 ZEer- - pues ealag or 6'G | auug wdd 0000E | %M T0 05 o1

43



Table 2.5 Zeta potential data without NPs.
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2.7  Description of a DLVO Model

For the sand-fine-brine system, Equation 2.3 contains attraction and repulsion
potentials, which are calculated using important constants presented in Table 2.6 with
given values used in the DLVO modeling. The majority of them are constants that are used
as is it, but some important parameters such as fine particle size, system salinity, zeta
potential, and Hamaker constant are accurately measured based on a given sand-fine-brine
system. The precision of these measured parameters determines the accuracy of a DLVO
model prediction. When all the critical parameters are precisely measured, the DLVO
theory accurately predicts the surface-to-surface interaction for a separation distance of
roughly 5 nm and below. Based on the contributions from repulsion and attraction
potentials, the V't can range from a negative to a positive value corresponding to either
attractive or repulsive, respectively. For example, a simple description of a DLVVO model
with attraction and repulsion forces has been presented and the overall interaction energy
of the SFB system is repulsive (positive) as shown in Figure 2.8, resulting in an energy
barrier. In comparison to the neutral condition (Vr = 0), the height of this barrier
corresponds to the high value of repulsion potential in the total interaction potential. The
surface charge of the sand grains is affected by changes in the salinity or pH of the injected

water, which can increase or decrease the energy barrier.

Table 2.6 Constants used in the DLVVO model.

Parameter Symbol Value
Fluid temperature T 297.15K
Hamaker constant An 3x1021)
Boltzmann constant kg 1.38x102 JK!
Dielectric constant of water & 80
Permittivity of vacuum &, 8.85x10712 C2J!m™!
electron charge e 1.6x10° C
Avogadro's Number Na 6.02x102% mole™!
Atomic collision diameter c 5x1071%m
pH of solution pH 6.5-7.5
Pi n 3.1416
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Figure 2.8 A DLVO model with attraction and repulsion forces.

2.8  Fine Migration Control by Nanoparticles

Various techniques have been developed and utilized to overcome the
aforementioned problems and enhance oil recovery economically. Some examples include
the utilization of clay stabilizer, matrix acidizing treatment,'5%%! adjusting the salinity,
tuning the ionic composition, and changing the pH of the injected water.3315215 The
application of nanoparticles is one of the emerging technologies used to fix the fines
migration problem. NPs are extremely small particles; their size can vary between 1-100
nm, and they have a high surface-area-to-volume ratio because of their small size. NPs can
change the surface properties of the materials to which they are adsorbed. A single type of
NPs (in the form of NFs), a combination of more than one type of NP (hybrid case), and
nanoparticles and surfactants in combination are being used to reduce formation damage
and enhance oil production.*75128.139.142.154 Nps alter surface forces and potential as they
are adsorbed on the rock. Several types of NPs with different chemical natures and distinct
properties have been used to control fines migration; they include magnesium oxide
(Mg0),57:76.154.155 jlicon oxide (SiO2),*®"", and aluminum oxide (Al203).”>777815¢ The
adsorption of nanoparticles has been the subject of investigation in numerous studies, and
findings indicate that 30-45% of injected nanoparticles become adsorbed onto the
sandstone surface.357160 This process leads to a change in the surface potential, which

has been characterized by zeta-potential measurements conducted by various researchers.
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A shift towards a more positive zeta-potential has been reported, which suggests that fine
particles are more likely to remain attached to the sandstone surface, thereby minimizing
the problem of fine particle release and migration,56126:146.161-164

NPs can shift the PZC by changing the surface forces, so they can be used to control
the repulsion force and the detachment of fines. The PZC for SiO2 NPs is around pH = 2.5-
3. For alumina, it lies between 7.5-9, and for MgO, it is around 12—13.1% Hence, for highly
alkaline conditions, the application of MgO NPs prevents fines detachment even at high
pH values. Data concerning various nanoparticles used in different studies, which were
performed for fines fixation, wettability modification, interfacial tension (IFT) reduction,
drilling mud preparation, and stable nanofluids formulation, have been collected, and the

results have been presented in Figure 2.9.

12 A

10 A
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s £ 5 2 & 3 2 2 § z
< g L;
NP Type

Figure 2.9 Different NP utilization in various studies.

It is observed that the maximum number of studies are performed using SiO2 NPs
because of their high stability, low toxicity, resistance to pH changes, and easy
availability.®® MgO and Al,O3 NPs are next on the list and have been utilized in several
studies to mitigate fines release, the migration issue, and IFT reduction, respectively.
Nanoparticles are used to overcome the fines migration problem in sandstone reservoirs by
changing the surface forces, which can be observed by an alteration in zeta potential values
before and after the adsorption of NPs onto rock/ grain surfaces. Figure 2.9 presents the
zeta potential values of glass beads before and after the application of different NPs in low

salinity conditions.*3:67.75-78.132.142 Fiqre 2.9 shows that MgO NPs are the best at changing

47



the surface energy and increasing zeta potential. In a few research studies, ZnO, TiO, and
NiO NPs, and combinations of more than one NP, have been used in the form of nanofluids
(NFs). Future research will benefit most from using different types of single and hybrid
NFs.
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Figure 2.10 Change in zeta potential by the application of NPs.

In an experimental study, Assef et al.®” used MgO NPs to mitigate the adverse
effects of fines migration that were noticed under low salinity flow conditions (0.02M
NaCl). They observed experimentally that the application of only 0.0075 wt% MgO NPs
retained around 97% of in-situ fine particles even in highly alkaline conditions of pH = 9.2.
Retention of fine particles was attributed to increasing attraction forces between fines and
glass beads in the presence of MgO NPs.

A comprehensive literature review is presented in this chapter, which sheds light
on the phenomenon of fines migration in sandstone reservoirs, and the different factors that
contribute to it. It is well-documented that fines migration can have a detrimental impact
on rock permeability, and the initiation of fines migration is determined by various forces
such as attraction, repulsion, gravitational, and hydrodynamic forces. These forces are
themselves influenced by factors such as brine salinity, ionic strength, pH, and the rate of

injection or production in the SFB system. Furthermore, injection brines typically contain
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both monovalent and divalent ions. Notably, even a small quantity of divalent ions can
have a significant impact on reducing the CSC of the injection brine. This is because
divalent ions have a greater charge density than monovalent ions, which makes them more
effective in reducing the repulsion forces between fine particles and sand grains. As a
result, the presence of divalent ions in the injection brine can lead to a lower CSC, which
can in turn reduce the risk of fines migration. In order to control fines migration in
sandstone formations, the literature review highlights the extensive use of nanoparticles as
one of the most effective strategies. Nanoparticles can alter the surface potential of the
rock, thereby reducing the repulsion force between fines and sand grains, and ultimately,
suppressing the expansion of EDLs around sand grains and fine particles.

In the upcoming chapters, the DLVVO modeling approach has been systematically
employed to predict critical parameters such as the CSCs for both monovalent and divalent
brines, as well as the combination brines. Accurately defining the SFB system under
consideration is crucial for applying the DLVO model and predicting the initiation
conditions for fines migration during various EOR processes such as waterflooding,
alkaline flooding, and high-rate injection/production scenarios. Moreover, the
effectiveness of nanotechnology in controlling fines migration has been incorporated into
the DLVO model, which provides a comprehensive approach to assess the impact of

nanoparticles on controlling fines migration.
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CHAPTER 3: Application of DLVO Model for Low-Rate Fluid Flow

The well-known DLVO theory was established by Derjaguin, Landau, Verwey, and
Overbeek. It describes the van der Waals attraction potential (VLvw), electric double layer
potential (VepL), and the Born repulsion potential (Vgr) in the system, incorporating both
attraction and repulsion potentials. This theory assumes that the Vovw, Vept, and Ver
potentials are independent of each other. Therefore, for the particle-plate system, these
potentials can be combined to quantify the total interaction energy at each interacting
distance. This chapter is based on the results published in the referenced articles®®<,

3.1 Introduction

The migration of natural reservoir fines has been widely reported in previous
studies as a cause of productivity and injectivity decline in sandstone petroleum
reservoirs.67-1%% The fine particles attached to the rock coat the surface of the rock. As a
result, the detachment of these particles from the rock surface does not increase rock
permeability. However, the plugging of thin pores during fines migration blocks the flow
paths, resulting in a significant decrease in permeability with a high-pressure drop in the
SFB system. Fine particles are detached from the rock surface at a CSC, and their migration
and plugging can cause severe formation damage.”3436:37.170

Fines may be released and migrate under specific conditions and can be predicted
as a function of velocity, salinity, pH, the ionic strength of the injected brine, the
concentration of in-situ fines, and temperature.®"84 Fine particles are attached to the rock
surface by electrostatic and gravitational forces. Because of the high charge density in the
sand-fine-brine system, the electric double layers (EDLs) around fine and sand grains are
contracted, keeping the fine particles in equilibrium in a high salinity formation water
environment. However, when the system salinity drops due to the invasion of low-salinity

water in any operation, both electric double layers expand, fine particles are detached due

® Muneer, R.; Hashmet, M. R.; Pourafshary, P. DLVO Modeling to Predict Critical Salt Concentration to
Initiate Fines Migration Pre-and Post-Nanofluid Treatment in Sandstones. SPE J. 2022, 1-15.

¢ Muneer, R.; Hashmet, M. R.; Pourafshary, P. Application of DLVO Modeling to Study the Effect of Silica
Nanofluid to Reduce Critical Salt Concentration in Sandstones. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1186
(1), 12001.

d Muneer, R.; Hashmet, M. R.; Pourafshary, P. Predicting the Critical Salt Concentrations of Monovalent and
Divalent Brines to Initiate Fines Migration Using DLVO Modeling. J. Mol. Lig. 2022, 352, 118690.
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to high repulsion, and migration begins within the reservoir, even at a low flow rate. Hence,
by altering the surface forces, fines can be released, make a suspension with the injection
brine, develop a colloidal system in the porous media, move with the injected fluid, and
block pore throats.?3’

Clay minerals, primarily kaolinite, illite, and chlorite, are the most widely
distributed minerals that produce migrating fines.>!’*12 However, unconsolidated sand or
silica silt can easily be detached and mobilized, resulting in a significant loss of
permeability. 12474817 An image of released and migrating kaolinite fines in the Berea
sandstone core captured using scanning electron microscopy (SEM) is shown in Figure 3.1.
Distilled water was injected into the core sample at a low rate, and it detached in-situ fines
due to an increase in repulsion forces. Fine particles moved in the direction of flow and
collected at the effluent. Thin and large kaolinite platelets are joined together by
electrostatic attraction to form thick booklets. The kaolinite platelet can plug even larger

pores after being detached from the sand surface.*’

100 nm
—
Mag= 2000KX

Figure 3.1 SEM image of produced in-situ fines.

Fines migration can occur in a variety of natural and technical processes, including
water aquifer recharging from a peripheral water source, disposal of produced water back
into underground porous and permeable formations, groundwater flows, drilling mud, and
completion fluid invasion in the near-wellbore region, acidizing and conventional

waterflooding treatments, petroleum production at high rates, and the inappropriate design
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of crude oil recovery methods. There are van der Waals attractive and electric double
layers, as well as Born repulsion forces, between the fines and sand grains in a reservoir
environment. The attractive forces retain fine particles in the porous media, whereas EDL
and Born repulsion forces tend to separate the fines and encourage migration, as presented
in Figure 3.2. The total interaction potential of the system is determined using the principle
of superposition, which takes into account both attractive and repulsive forces between
fines and sand grains. The salinity, chemistry, ionic composition, and injection rate of the
injected brine all have significant impacts on the procedure's efficiency by modifying the

surface forces in sandstone and carbonate reservoirs,26:28:31.175-177

®

Formation Water (FW) ™ sand Surface <+—> Van der Waals Force
Injection Water (Salinity < FW Salinity) B Fine Particle

Figure 3.2 Schematic of fines detachment caused by a salinity gradient.

3.2 Materials and Methods

This work is subdivided into two phases. The first phase consisted of modeling the
surface interactions using DLVO theory to predict the CSCs for monovalent and divalent
brines. Furthermore, the critical pH was also predicted using DLVO modeling. The second
phase included the validation of the developed model by performing corefloods and
determining the actual CSC for each scenario. The materials and methods used in each

phase are discussed hereafter.

3.2.1 DLVO Modeling
The objective of using DLVO theory in this research was to predict the CSC and
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critical pH for fines migration initiation for Berea outcrop samples. The input parameters
for the DLVO modeling included the measured zeta potentials at room temperature for the
sand-brine system, injection brine salinity and ionic strength, and average fine particle size.
The DLVO models presented in a previous study were used to compute the surface forces
and predict the CSC for both monovalent and divalent brines and also under varying pH

conditions.1’®

3.2.2 Monovalent and Divalent Brines

To determine the CSC for the sand-fine-brine system under investigation, different
brines were prepared with decreasing salinities ranging from 0.2 to 0.05M NaCl and
varying pH from 2 to 12. To prepare the brines, reagent grade NaCl provided by Sigma
Aldrich was mixed with distilled water in the required amount using a magnetic stirrer.
Formation water (FW) with a salinity of 77000 ppm was used to saturate the core samples
for the experimental phase of the study. The solutions were stored in air-tight containers to
avoid contamination and precipitation. Table 3.1 shows the composition and mass of NaCl
used for each brine as well as the composition of the formation water.

NaCl+CaCl> brines were prepared with varying compositions and salinities ranging
from 0.15M to 0.01M to predict the CSCs for the SFB systems under investigation. To
make these brines, Sigma-Aldrich reagent-grade NaCl and CaCl, were combined with
distilled water in calculated amounts using a magnetic stirrer. To avoid contamination and
precipitation, the prepared solutions were kept in airtight containers. The composition of
NaCl+CaCl> combinations, salinity, and ionic strength for each brine are shown in Table
3.2.

Table 3.1 Composition of formation water and injection NaCl brines.

Formation NaCl brines
lons | Wwater | 0.2M [ 0.15M [ 0.IM | 0.09M | 0.08M | 0.07M | 0.06M | 0.05M
[ppm]

Na* | 23426 | 4596 | 3447 | 2297 | 2068 | 1838 | 1608 | 1379 | 1150
Ca* | 4448

Mg® | 1300 - - - - - - - -
Cl | 47781 | 7093 | 5320 | 3547 | 3192 | 2837 | 2483 | 2128 | 1774
Total | 76955 | 11693 | 8770 | 5847 | 5260 | 4675 | 4091 | 3506 | 2922
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Table 3.2 Salinity and ionic composition of NaCl+CaCl; brines.

NaCl:CaCl, = 9:1 NaCl:CaCl, = 8:2
Salinity lonic Composition
(M) lonic lonic
strength | Na* | Ca** | CI- | Total | strength | Na* | Ca** | CI Total
(M) (M)
0.15 0.36 6207 | 1205 | 11699 | 19111 | 0.42M | 5518 | 2405 | 12763 20685
0.1 0.24 4138 | 802 | 7800 | 12740 | 0.28M | 3678 | 1603 | 8508 13790

0.05 0.12 2069 | 401 | 3900 | 6370 | 0.14M | 1839 | 802 | 4254 6895
0.01 0.024 414 80 780 1274 | 0.028M | 368 | 160 851 1379

NaCl:CaCl, =7:3 NaCl:CaCl, = 4:6
0.15 0.48 4828 | 3607 | 13826 | 22261 | 0.66M | 2759 | 7214 | 17016 26990
0.1 0.32 3219 | 2405 | 9217 | 14841 | 0.44M | 1839 | 4810 | 11344 17993

0.05 0.16 1609 | 1202 | 4609 | 7420 | 0.22M 920 | 2405 | 5672 8997
0.01 0.032 322 | 240 922 1484 | 0.04M 184 | 481 | 1134 1799

3.2.3 Zeta Potentials

For sand-brine zeta potential measurement, the Berea sandstone core sample was
crushed using a core-crushing apparatus and the crushed material was sieved through a 40
pum sieve to obtain a fine powder. The sand powder was thoroughly cleaned and washed
several times to remove the impurities and obtain a representative sandstone sample.
Several soakings in n-hexane, acetone, and distilled water were used to clean the sand. The
sand was then dried for 24 hours in an atmospheric oven at 60 °C, washed in 0.5M
hydrochloric acid, and finally washed in distilled water until the pH of the floating water
was equal to the pH of the source distilled water. The zeta potentials of all the samples
were measured using a Malvern Zetasizer after an equilibrium time of 24 hours to ensure
sufficient interactions between the sand particles and brine. Furthermore, the sand-brine
zeta potential data for KCI, CaClz, and MgClz solutions were obtained from the literature
and utilized in DLVVO modeling. The given work aimed to predict the CSCs of monovalent
and divalent salts in Berea sandstone samples using the DLVO modeling technique.
Measured/collected zeta potentials for the sand-brine systems, injection brine ionic
strength, and average fine particle size were utilized for the modeling, and CSCs were
predicted for each case. The zeta potentials of dispersed sand in brine were also measured
with varied pH using Malvern Zetasizer (NanoZS) and a Titrator system to quantify the

effect of pH on zeta potentials.
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3.2.4 Fines Characterization

One of the important input parameters for DLVO modeling is the size of the
movable fine particles present inside the porous media. The selection of a particular DLVO
model (plate—plate model, sphere—plate model) also requires prior knowledge of the shape
of the in-situ fines. For this purpose, the in-situ fine particles were collected by performing
a baseline flooding test on the same Berea sandstone core sample using distilled water. The
recovered effluent was heated in the oven at 120 °C to evaporate the water and an in-situ
fines sample was collected. The composition of the fine particles was determined through
X-ray diffraction (XRD), and they were mainly composed of kaolinite clay
(Al2Si20s(OH)s4). To estimate the average fine particle size, shape, and elemental

composition, scanning electron microscopy (SEM) was used as shown in Figure 3.1.

3.25 Rock Samples

To estimate the CSC for sandstone reservoirs, Upper Berea sandstone outcrop
samples were used. The elemental composition of the powdered rock sample was
determined by SEM-EDS and XRF and is presented in Figure 3.3 and Table 3.3. The
mineralogy of the rock sample was determined using XRD analysis, which revealed that
the sample was mostly quartz with small quantities of iron oxide (Fe203), magnesium oxide
(MgO), aluminum oxide (Al203), and aluminum silicate (Al=SiOs). as presented in Table
3.4. In total, 6 core samples with an average length of 7.5 cm and a diameter of 3.812 cm
each were cut and oven dried. The dry weights of the samples were measured, and the cores
were then saturated with formation water in a manual saturator by Vinci Technologies. The
wet weight of each sample was measured, and porosities were calculated. The average
liquid permeability and saturated porosity of the core samples were in the range of 300—

350 mD and 19.2-19.4%, respectively.
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Figure 3.3 Scanning electron microscopy-Energy dispersive spectroscopy (SEM-EDS)
results for sandstone sample.

Table 3.3 X-ray fluorescence (XRF) for sandstone sample.

Elements Concentration (%)
Si 64.199
Al 3.623
O 2.024
Fe 12.775
Ca 3.365
K 6.697
Mn 0.371

P 1.046
Cr 2.196
Cl 0.228

Table 3.4 XRD analysis for Berea sandstone core.

Chemical Compound | Chemical Formula Weight %
Quartz SiO; 87.14+50
Kaolinite AlLSi;05(0H)4 6.41+05
Aluminum oxide Al>O3 3.97+05
Iron oxide Fe,O3 1.67+£0.3
Magnesium oxide MgO 0.81+05

3.2.6 Coreflood Tests

A set of coreflood tests was first conducted to determine a CSC for NaCl brine. All

the experiments were performed at the ambient temperature of 24 °C. The confining
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pressure was set at 1100 psi while the backpressure was maintained at 500 psi. Fines
migration was observed using effluent turbidity and spectrophotometry results. A total of
four corefloods were designed with the injection sequence given in Table 3.5. A soaking
period of 15 hours was provided after each injection stage to achieve equilibrium and

ensure sufficient contact between the injected brine, fine particles, and sand surface.

Table 3.5 Injection sequence for coreflood tests.

Test No. Injection Design
Distilled water injection at increasing rates of 0.2 to 12 cc/min to collect maximum fines from
the core.

2 0.20M NaCl — 15 hrs. soaking — 0.20M NaCl
3 0.15M NaCl — 15 hrs. soaking — 0.15M NaCl
4 0.10M NaCl — 15 hrs. soaking — 0.10M NaCl

1

The first test was designed for the collection of in-situ fines by saturating and
flooding the core with distilled water. Experiments 2, 3, and 4 were designed to determine
the critical salt concentration for the sand-fine-brine system. The designed NaCl brine was
injected at a rate of 0.2 cc/min for 2 to 3 pore volumes (PVs) and a soaking period of 15
hours was provided. After soaking, the same brine was injected for 3 to 4 PVs, and the
effluents’ turbidity and light absorbance were analyzed for fines production. The pressure
drop data were also recorded to observe any pressure changes caused by fines release,
mobilization, and production. The same procedure was followed for all the tests until the

critical salt concentration was obtained.

3.2.7 Effluent Analysis

The effluents recovered during coreflood tests were analyzed for the presence of
fines using two techniques. The turbidity was measured using a turbidity meter for each
PV collected, and the critical salt concentration was determined based on the ionic strength
at which a sudden increase in turbidity was observed. An increase of 3—4 times and more
in the effluent turbidity compared to the base brine injection stage was set as a criterion for
CSC determination based on turbidity analysis. To confirm the turbidity results, the light
absorbance of the effluents was also measured using a UV-Vis spectrophotometer. The
fines containing effluents showed a relatively higher absorbance value, indicating the CSC
in the SFB system under study. The experimental critical salt concentration values obtained
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by turbidity and absorbance analysis were used to validate the DLVO models and

quantitatively assess the effectiveness of nanotechnology.

3.3 Results and Discussion

3.3.1 Zeta Potential Measurements

Using a magnetic stirrer and an ultrasonic homogenizer, clean and washed sand
particles were dispersed in NaCl brines, and the zeta potentials were measured for each
case. A decrease in zeta potentials was observed with decreasing NaCl solution salinity
(M), which corresponds to the expansion of the electric double layer, increase in the Debye
length, and increase in the repulsive forces between sand grains and fine particles.
Similarly, zeta potential also decreased with increasing pH of the solution due to an
increase in OH™ ions concentration. The measured zeta potentials are given in Table 3.6.

Table 3.6 Measured zeta potentials.

NaCl Salinity (M) Measured Zeta Potential (mV)
0.20 -29.5
0.15 -30.6
0.11 -30.9
0.10 -30.8
0.09 -31.6
0.085 -32.0
0.08 -325
0.075 -33.3
0.07 -32.8
0.06 -33.6
0.05 -35.2

The zeta potential data for NaCl - sand, and NaCl+CaCl,—sand solutions of various
concentrations were measured in the lab using a Zetasizer. With decreasing NaCl solution
salinity (M), zeta potentials also decreased, corresponding to the expansion of the electric
double layer, increase in Debye length, and increase in repulsive forces between sand
grains and fine particles. In contrast to simply NaCl-sand zeta potentials, the presence of
varying quantities of CaClz in NaCl-sand solutions raised the zeta potential. Because
calcium ions have a double charge, the solution has a higher ionic strength than NaCl,
resulting in a shorter Debye length and less repulsion force in the presence of divalent salt.

Due to the valence of one, the salinity and ionic strength of monovalent salt solutions

58



remain the same, however, adding divalent salt to monovalent salt solutions increases the
ionic strength of the solution because of the high charge and the valence of two.

The zeta potential data for KCl-sand, CaCl,—sand, and MgCl>—sand systems were
acquired from various sources. Because the KCI salt solution contains a single charge, its
salinity and ionic strength remain constant. However, because of their valence of two and
high charge, the ionic strength of CaCl, and MgCl. solutions differs from their salinity.
The Debye length is suppressed by the high ionic strength of the divalent salt solutions,
resulting in high zeta potentials (more positive) and a weak repulsion between fines and
sand grains. Table 3.7 shows the measured and collected zeta potential data for monovalent

and divalent brines considered in this study.

Table 3.7 Zeta potential data.

Salini lonic strength | Zeta potential Operatin
Type of salt (M)ty (M) 9 (Fr)nV) co[?] dition% Data source
0.15 0.36 -12.6
NaCl+CacCl, 0.1 0.24 -16.3
(9:1) 0.05 0.12 -18.2
0.01 0.024 -21.1
0.15 0.42 -10.2
NaCl+CacCl, 0.1 0.28 -12.1
(8:2) 0.05 0.086 -15.8 Measured in
0.01 0.028 -17.1 pH=6.9-7.1, the lab using
0.15 0.48 -8.5 Temp = 25°C a Zetasizer
NaCl+CacCl, 0.1 0.32 -11.6
(7:3) 0.05 0.16 -13.5
0.01 0.032 -15.1
0.15 0.66 -5.9
NaCl+CacCl, 0.1 0.44 -8.3
(4:6) 0.05 0.22 -10.5
0.01 0.04 -11.5
0.00001 0.00001 -75
0.007 0.007 -57
KCl 0.011 0.011 -48 pH = 6.0, Alkafeef S. F.
0.027 0.027 -27 Temp = 25°C etal. 17
0.08 0.08 -16
0.1 0.1 -11
0.45 1.35 -4.0
0.35 1.05 -6.03 Xie et al
0L 0.3 .33 pH=7-73 Shuai Li et
CaCl, 0.09 0.27 =55 Temp =23 -25°C | al., and Jan et
0.045 0.135 -7.03 al:’lgo_lgz
0.02 0.06 -10.2
0.015 0.045 -10.8
0.53 1.59 -4 .
MgCl 045 135 75 pH = 6_.8 -74 . Xieetal,
0.45 135 86 Temp =20 -25°C | Shehata et al.,
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0.11 0.33 -5 and Farooq et
0.053 0.159 -5.8 al, 163180183
0.02 0.06 -10.1

The zeta potentials of dispersed sand particles were measured with varying pH of
the dispersion as shown in Table 3.8. As the pH of the solution increases, the electric double
layer expands, and the corresponding zeta potential decreases. To further assess the effects
of pH level changes in a high-salinity system, consisting of crushed sandstone grains with
kaolinite particles and a 0.2M solution of 8 wt% NaCl with 2 wt% CaCl,, zeta potential

data were collected from relevant literature.

Table 3.8 Measured and collected zeta potential data.

Medium and ionic strength pH Zeta Source
2 -5
3 -9
4 -12.5
5 -15
0.2M NaCl 6 182 Measured by
7 -20.4 Zetasizer with a
8 237 titrator
9 -25.8
10 -27.5
11 -28.9
12 -31
2 -7
35 -11
5 -16
2M (8 Wt(;/:"a'é";‘zc)' 2wt [y 225 Singh et al. 1%
6.5 -26
7 -28
8.5 -32

3.3.2 Development of zeta potential correlations
To determine zeta potentials at the desired salinity, correlations for the KCI - sand,

CaCl; - sand, MgCl: - sand, and NaCl+CaCl>—sand systems were developed based on the

measured and gathered zeta potential data in Table 3.7.

3.3.3 Correlation for KCI-Sand System
Based on the data collected for the KCl-sand system (pH = 6.0, temperature = 25

60



°C), two linear correlations were developed to estimate the zeta potential of the given
system at high and low salinity conditions, as shown in Figure 3.4. The developed
correlations for high-salinity (0.027-0.1 M) and low-salinity (0.0001-0.027 M) conditions
are presented in Equations 3.1 and 3.2, respectively.

(-potential = 216.8 xM — 32.959 (3.1)
{-potential = 1713.3 xM — 71.029 (3.2)
0
0] 0.02 0.04 0.06 0.08 0.1 0.12
000 °
........... @
S -20 e y = 216.8 - 32.959
S o R? =0.9982
= 30 RMSE = 0.28
8 s
E a0
5 |y =1713.3x - 71.029
L 50 o R2=0.9644
ke RMSE = 3.06 @ High Salinity
N °
60 ® Low Salinity
-70 --------- Linear (High Salinity)
e e Linear (Low Salinity)
-80

KClI Salinity (M)
Figure 3.4 Zeta potential correlations for KCl-sand system.

3.3.4 Correlation for CaClz-Sand System

Based on the data obtained in Table 3.7 for the CaCl>—sand system (pH = 7-7.3,
temperature = 23-25 °C), two linear correlations were developed to estimate the zeta
potential of the CaCl,—sand system at high and low salinity conditions, as shown in Figure
3.5.
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Figure 3.5 Zeta potential correlations for CaCl,—sand system.

The developed correlations for the high-salinity range (0.07-0.45 M) and low-salinity
range (0.015-0.07 M) conditions are shown in Equations 3.3 and 3.4, respectively.

(-potential = 5.6077 xM — 7.1356 (3.3)

(-potential = 70.262 xM — 11.369 (3.4)
3.3.5 Correlation for MgCl2-Sand System
Two linear correlations were developed based on the data collected in Table 3.7 for

the MgCl; - sand system (pH = 6.8-7.4, temperature = 20-25 °C), as shown in Figure 3.6,

to determine the zeta potential of the given system for high and low salinity conditions.
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Figure 3.6 Zeta potential correlations for MgCl>—sand system.
The developed correlations for the high-salinity range (0.07-0.45 M approx.) and low-
salinity range (0.015-0.07 M) conditions are shown in Equations 3.5 and 3.6, respectively.

(-potential = 2.381 xM — 5.2619 (3.5)

(-potential = 50.554 xM — 9.9662 (3.6)

3.3.6 Correlations for NaCl+CaClz-Sand System

Table 3.7 shows the zeta potential values for NaCl + CaCl> - sand systems at various
salinities with varied proportions of monovalent and divalent salts. To determine the zeta
potentials at specified lower salinity values, correlations were developed for 9:1, 8:2, 7:3,
and 4:6 cases of mixed solutions of NaCl+CaCl, salts as presented in Figure 3.7, and

Equation 3.7 to Equation 3.10.

{-potential = 62.009xM — 22.131 (3.7)
(-potential = 52.099 xM — 17.838 (3.8)
(-potential = 46.343 xM — 15.767 (3.9
{-potential = 40.677 xM — 12.202 (3.10)
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Figure 3.7 Zeta potential correlations of NaCl+CaCl,—sand systems for proportions of

9:1, 8:2, 7:3, and 4:6.

3.3.7 DLVO Modeling and CSC Prediction for Monovalent and Divalent Salts

The following section presents the DLVVO models for the prediction of CSC for

3.3.7.1 DLVO Model CSC for NaCl Brine
The measured zeta potentials for dispersed sand particles, the salinity of each NaCl

NaCl, KClI, CaClz, MgCl,, and combinations of NaCl+CaCl; brines.

DLVO model was developed using Equation 2.3, as shown in Figure 3.8.

brine, and the average size of fine particles measured by scanning electron microscopy
were used to quantify the attractive and repulsive surface forces between sand grains and
fine particles using Equations 2.4, 2.10, and 2.13. The dimensionless total interaction

energy of each system was then calculated using the principle of superposition and the
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Figure 3.8 DLVVO modeling to predict CSC for NaCl brine.

In the high salinity environment of 0.2M NaCl solution, the Debye length and
electric double layers were compacted and van der Waals attractive forces dominated the
repulsive forces, and the resultant total energy of the system remained negative, which
implied that there was no fines migration in the system. Similar results were obtained for
the 0.15M to 0.12M NacCl brine scenarios with the total interaction energy in the negative

region with a minor increment in the Debye length as shown in Table 3.9.

Table 3.9 The Debye length and potential barrier as a function of different salinities.

salinity (M) | k*(nm) — Veparrie
0.2 0.685 -93.02 --
0.15 0.791 -49.49 --
0.14 0.819 -36.94 --
0.13 0.850 -24.55 --
0.12 0.885 -11.10 --
0.11 0.924 0.18 0.18
0.1 0.969 7.21 7.21

However, for 0.11M brine, a further increase in Debye length was observed in the
model and the total interaction energy moved from a negative to a positive value with a
potential barrier of 0.18 dimensionless energy, indicating the dominance of repulsive forces
in the system at a separation distance of 0.924 nm. This can be attributed to the expansion

of the electric double layers around the fines and sand grains under low salinity conditions.

65



Based on the DLVVO model results, it was inferred that 0.11M NaCl was the CSC for the

SFB system under investigation.

3.3.7.2 DLVO Model CSC for KCI Brine

Zeta potentials at desirable salinities were determined by applying Equation 3.2 for
the low-salinity KCI-sand system. Using the computed zeta potentials for dispersed sand
particles in KCI solutions, the attractive and repulsive surface forces between sand grains
and fine particles were evaluated using a similar scenario of the NaCl-sand system
presented in the Section. The dimensionless total interaction energy of each case was

estimated, and the DLVVO model was constructed as illustrated in Figure 3.9.

200
0
8 -200
=
8
[72]
S -400
E
a
£ -600
> ——007MKCI
| ——0.06 MKCI
-800 | | +—0.05 M KCI
——0.04 M KCI
+—0.03 M KCI
-1000 U

Separation Distance - h (nm)
Figure 3.9 DLVO modeling to predict CSC for KCI brine.

The DLVO model displays the overall interaction energy (V7) in the negative
region at 0.07M KCI-system salinity, showing the dominance of attractive forces between
fines and sand grains. However, as the system salinity decreased in steps, the Et value
shifted from negative to positive at a salinity of 0.04M KCI due to the expansion of electric
double layers, indicating that the repulsion forces had overcome the attraction forces and
fines release could occur in the system at a salinity of 0.04M, which is the CSC for the

KCl-sand system.

3.3.7.3 DLVO Model CSC for CaClz and MgCl2 Brines
The zeta potentials of the CaClz-sand and MgClz-sand systems were calculated
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individually under low salinity conditions (0.005, 0.0005, and 0.0001M) using Equations
3.4 and 3.6. As shown in Figures 3.10 and 3.11, the DLVO models were developed to
characterize the overall interaction energy of the system (V1) in each situation to determine
the CSC for divalent salts. The V1 for separate brines of CaCl, and MgCl; salts with
salinities of 0.005 and 0.0005M remained in the negative zone. The reason for this is that
the ionic strength (Is) of divalent salt solutions is larger than their salinity, and this higher
ionic strength reduces the Debye length, resulting in contracted electric double layers and
reduced repulsion even at lower salinities of 0.005 and 0005M. However, when the salinity
was reduced further in both cases, the total system energy became positive at a salinity of
0.0001M, showing that both CaCl, and MgCl> brines have a CSC of 0.0001M.

200

-200

-400

V, Dimensionless

-800 ——0.005 M CaCl2
——0.0005 M CaCl2
»—(.0001 M CaCl2

-1000 L—L

Separation Distance - h (nm)
Figure 3.10 DLVO modeling to predict CSC for CaCl; brine.
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Figure 3.11 DLVO modeling to predict CSC for MgCl. brine.

As given in Equation 2.1, one of the input parameters used to compute Debye length
is the brine's ionic strength. Because monovalent ions have a single charge, their salinity
and ionic strength remain constant. On the other hand, due to the valence of two, the ionic
strength of divalent brine is higher than its salinity, which prevents the expansion of EDLSs.
Figure 3.12 shows the comparison of Debye lengths for monovalent and divalent ions for
the same salinity. In the presence of divalent ions, the Debye length remains shorter than
in the presence of monovalent ions. A Debye length of 0.969 nm was obtained with a
salinity of 0.1M for NaCl, whereas a Debye length of 0.560 nm was obtained with the same

salinity of CaCls.
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Figure 3.12 Comparison of Debye lengths in monovalent and divalent ions.
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3.3.7.4 Model CSC for NaCl+CacCl2 (9:1, 8:2, 7:3, and 4:6)

As illustrated in Figure 3.13, DLVVO models were made to examine the combined
influence of monovalent and divalent ions on fines migration and predict CSC using the
measured zeta potentials for the NaCl+CaCl.-sand system (9:1) provided in Table 3.7.
According to the DLVO model, adding a small amount of CaCl> to a NaCl solution lowers
the CSC from 0.1M for a pure NaCl - sand system to 0.01M for a combination of NaCl +
CacCl; brine. This is because divalent ions can inhibit the expansion of electric double layers

even at reduced salinity.
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Figure 3.13 DLVO modeling to predict CSC for NaCl+CaCl brine (9:1)

Similarly, zeta potentials for NaCl+CaCl>-sand systems were determined using
proportions of 8:2, 7:3, and 4:6, and three correlations were developed. Zeta potentials for
reduced salinities were determined using Equations 3.7 to 3.10, and DLVO models were
developed to determine CSCs for NaCl+CaCl> proportions of 8:2, 7:3, and 4:6, as shown
in Figures 3.14-3.16. Based on surface force analysis and computation of total interaction
energy of given systems, the CSCs were found to be 0.003M, 0.001M, and 0.0004M for
NaCl+CaCl. proportions of 8:2, 7:3, and 4:6, respectively.
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Figure 3.14 DLVO modeling to predict CSC for NaCl+CaCl> brine (8:2).
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Figure 3.15 DLVO modeling to predict CSC for NaCl+CaCl> brine (7:3).
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Figure 3.16 DLVO modeling to predict CSC for NaCl+CaCl; brine (4:6).

It was observed that increasing the divalent salt concentration in NaCl brine
decreases the CSC because of a reduction in the electric double layers. A 100% NaCl brine
has a higher CSC than a 100% CaClz brine, which has a lower CSC. Based on the CSC
results from Figure 3.8, as well as Figures 3.14-3.16, a trend has been established to
describe how increasing divalent ions concentration reduces the CSC due to the gradual

contraction of electric double layers, as shown in Figure 3.17.
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Figure 3.17 A trend between CSC and the concentration of monovalent and divalent ions.
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3.3.7.5 Critical pH by DLVO Modeling

Surface forces between fine and sand grain were estimated using observed zeta
potentials under various pH conditions and brine ionic strength from Table 3.8. The total
interaction energy of each system was determined using DLVO modeling, as shown in
Figure 3.18. Using the models presented in Chapter 2, surface forces were determined. The
sum of attraction and repulsion potential is the total interaction energy of the system under
consideration. Due to compacted electric double layers around fines and sand grains in a
low pH environment, such as a pH=3 solution, forces of attraction dominate repulsion
forces, and the total energy is negative, indicating that there will be no fines migration in
the system. The same findings were achieved for the total interaction energy in the negative
region for pH 4-7 environments. However, for brine of pH=8, the total interaction energy
shifted from negative to positive indicating the dominance of repulsive forces in the system
at a separation distance of around 0.25 nm. This can be attributed to the expansion of
electric double layers around fines and sand grains under high pH conditions. Based on the
DLVO model results, pH 8 was predicted to be the critical pH, and fines migration in the

sand-fine-brine system may occur at or above this value.
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Figure 3.18 Prediction of critical pH using DLVVO modeling.
Similarly, a DLVO model has been developed by using the data of Singh et al.'8

to analyze the effect of pH values ranging from 2 to 8.5 as shown in Figure 3.19. The
critical pH value to initiate fines migration is between 6 and 6.5 for this case. Thus,

maintaining the system pH below 6.5 can prevent fines migration. This calculation suggests

72



that the use of alkaline flooding can lead to fines migration, as the pH level during alkaline

flooding exceeds 7.
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Figure 3.19 Prediction of critical pH using DLVO modeling.

3.3.8 Experimental Validation of DLVO Models

Three corefloods were performed on the Berea sandstone cores saturated with
formation water to validate the DLVVO modeling results. During the first coreflood, three
pore volumes (PVs) of 0.2M NacCl brine were injected at a low rate of 0.2 cc/min, and the
pressure drop across the core with effluent turbidity against each PV was measured as
shown in Figure 3.20a. Later, 15 hours of soaking was provided to achieve equilibrium
between the attractive and repulsive surface forces as the system salinity was reduced from
7.7 wt% (1.51M FW) to 1.2 wt% (0.2M NacCl). After the soaking period, the same 0.2M
NaCl brine was injected to check the initiation of fines migration in the system. The effluent
collected after the 4th PV showed turbidity of 1.35 NTU, which may be due to some
mineral dissolution in the SFB system. The average turbidity and absorbance of the
effluents were measured for each injection stage based on the set criteria and as given in
Table 3.5. The pressure drop remained stable, implying that the attractive forces were
dominant during the 0.2M NaCl injection scenario. Moreover, a low value of light
absorbance also confirmed the absence of fines in the effluent.

For the second coreflood, the same methodology was followed, and the pressure
drop, and effluent turbidity were measured as depicted in Figure 3.20b. The average

turbidity and absorbance of the effluents before and after soaking were still low as shown
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in Table 3.10, showing that no fines had been released and migrated in the system under
the given conditions. Following the same procedure, the third core flood was carried out.
The average turbidity was 1.05 NTU with a stable pressure drop. However, once the
injection resumed after the soaking period, the pressure drop in the system spiked to a high

value with considerable fluctuations, as shown in Figure 3.20c.
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Figure 3.20 Pressure drops and effluent turbidity for (a) 0.2M, (b) 0.15M, and (c) 0.1M
NaCl.
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Table 3.10 Effluent turbidity and absorbance analysis for estimation of CSC.

Salinity (M) Turbidity (NTU) Absorbance (ABS)
0.20 1.35 0.025
0.15 1.90 0.167
0.10 17.6 0.415

The effluent recovered after the 4" PV had the highest turbidity of 17.6 NTU and
light absorbance of 0.415 ABS, indicating the presence of fines in the effluent. In addition
to effluent turbidity measurements, effluent absorbance was also measured using a UV-
VIS Spectrometer to confirm the presence of fines in the effluent. The critical salt
concentration for the SFB system was estimated to be between 0.15M and 0.1M NaCl
based on the coreflood results. These results validated the developed DLVO models, and a
close agreement was found between the DLVO prediction of 0.11M NaCl and the
experimental results.

Furthermore, the CSCs for the brines of KCI, CaCl,, and MgCl. were validated
using the results of the experimental study by Khilar & Fogler.}” They measured the CSCs
for monovalent and divalent ions in several experiments on sandstone samples. Table 3.11
illustrates the experimental data of the CSCs that are consistent with the predictions of the
DLVO models. Our DLVO modeling technique is straightforward and has low error since

it accurately predicts the CSC without requiring extensive experimentation.

Table 3.11 Experimental validation of CSC predicted by DLVVO models.

Salt type CSC predicted by the DLVO model | Experimental CSC Validation source
NaCl 0.11M 0.1M Muneer et al 18
KCI 0.04 M 0.044 M
CaCl, 0.0001 M <0.0001 M Khilar and Fogler.Y’

MgCl, 0.0001 M <0.0001 M

3.4 Summary

Fines migration in sandstones is a well-known phenomenon during drilling and
completion operations, conventional waterflooding, alkaline flooding, water aquifer
recharging from an external water source, and formation water disposal in underground

formations. In this context, the prediction of the CSC and critical pH is crucial to control
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fines migration to prevent formation damage. The following conclusions are made:

Sand-fine-brine systems were defined, and important input parameters such as fine particle
size, zeta potentials, and system pH and temperature were carefully measured to minimize
the error.

The CSC of monovalent brines was higher than that of divalent brines. This is because
monovalent brine has the same salinity and ionic strength whereas the ionic strength in
divalent brine is greater than the salinity due to the double charge.

In standalone cases, the electric double-layer expansion in the presence of monovalent ions
is greater than that of divalent ions. The greater expansion of EDLs in the presence of
monovalent brine is attributed to the single charge on ions, which leads to the rapid
generation of a repulsion force when salinity is reduced.

For monovalent brines, the DLVO models predicted CSCs of 0.11M, and 0.04M for NaCl
and KClI, respectively, and experimental CSCs were found comparable to predicted values.
The presence of divalent ions in the formation water and injection brine is beneficial in the
retention of fines and results in a lower CSC. The DLVO model predicted a CSC of
0.0001M for the CaCl, and MgCl. brines, which was confirmed by experimental results.
Monovalent and divalent ions are always present in the formation water and injection
brines in different concentrations. For different scenarios of combined NaCl+CaCl2 brines
in proportions of 9:1, 8:2, 7:3, and 4:6, the DLVO model predicted CSCs of 0.01M,
0.003M, 0.001, and 0.0004M, respectively.

A critical pH for a sand-fine-brine system was also predicted using the DLVO modeling
technique. The DLVO model predicted a critical pH of 8 at which the total interaction
energy of the SFB system moved from negative to positive, indicating the dominance of
repulsion forces in the system.

Based on the quantification of surface forces, DLVO modeling is a useful tool for
estimating the CSCs in the presence of monovalent and divalent ions, both individually

and in combinations, as well as the critical pH under varying pH conditions.
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CHAPTER 4: Application of Nanoparticles to Control Fines
Migration

The application of nanoparticles is one of the emerging technologies used to fix the fines
migration problem in sandstone reservoirs. Silica nanoparticles, due to their unique
properties and surface characteristics, have shown promising potential in mitigating fines
migration-related problems. The mechanisms behind this mitigation can involve the
adsorption of nanoparticles on the sand surface and reduction in electric double-layer
repulsion force. Silica nanoparticles typically carry a net negative charge, which can
interact with the negatively charged fine particles present in the reservoir or porous media.
This electrostatic attraction helps immobilize the fines and prevents them from moving
with the flow of fluids, thereby reducing the risk of pore blockage and formation damage.
This chapter presents the incorporation of the effect of silica nanoparticles in the DLVO
model and demonstrates the application of nanotechnology to control fines migration in
sandstone reservoirs. This chapter is based on the results published in the referenced

articles®",

4.1  Introduction

The DLVO theory finds its application in the petroleum industry for assessing the
surface forces between fine particles and sand grains when dealing with nanofluid injection
scenarios. DLVO-based interactions have been found to agree closely with experimental
results. Habibi et al. used NPs in synthetic cores to tackle fines migration, calculating total
interactions. MgO NPs reduced the repulsion force between fines and grain surfaces. %018
Arab et al. tested various nanoparticles to control fines migration during low-salinity
flooding on glass beads. ZnO and y-Al203 NPs were the most effective. They also
measured zeta potentials, using a DLV O sphere-plate model to calculate interactive energy,
which became attractive after nanoparticle application.®” In another study, Arab et al. used
SiO2 and MgO NPs in pre-flush mode, with 0.03% MgO NPs being the most successful in

¢ Muneer, R.; Hashmet, M. R.; Pourafshary, P. DLVO Modeling to Predict Critical Salt Concentration to
Initiate Fines Migration Pre-and Post-Nanofluid Treatment in Sandstones. SPE J. 2022, 1-15.

f Muneer, R.; Pourafshary, P.; Hashmet, M. R. Application of DLVO Modeling to Predict Critical pH for
Fines Migration Pre-and Post-SiO2 and MgO Nanofluid Treatments in Sandstones. J. Fluid Flow, Heat Mass
Transf. 2022, 9 (1), 106.
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controlling fines migration.”® Assef et al. used MgO NPs to mitigate colloidal particle
movement, achieving 97% retention of fines using the extended DLVO (X-DLVO)
theory.1® Zou et al. applied X-DLVO theory to study anionic polyacrylamide adsorption
onto coal and kaolinite particles, showing repulsive interactions between kaolinite and coal
particles after polymer adsorption, demonstrating coal purification efficacy.'%

Similarly, in sandstone reservoirs, the migration of fines can be greatly influenced
by the pH level of the injection water. Moreover, the pH of the SFB system may rise after
water injection due to the solubilization and dissolution of rock minerals such as calcite
and siderite. This has a considerable impact, particularly in the processes of alkaline
flooding and waterflooding, on the release of fine particles in sandstones above a specific
pH called a critical pH. The release of fines, because of an increase in the system pH, can
be attributed to an increase in the repulsive forces and can be modeled using the DLVO
approach.*®® The application of nanoparticles in the form of nanofluids provided promising
results in controlling fines migration, reducing the CSC, and improving the critical pH. The
DLVO models effectively incorporated the effects of silica nanoparticles, and all model

results were validated experimentally.

4.2 Materials and Methods

This work is divided into two phases. Initially, surface interactions were modeled
using the DLVO theory to predict the CSC and critical pH after nanoparticle application.
Subsequently, the developed models were validated experimentally. The materials and
methods utilized for each phase are discussed in the following sections.

4.2.1 DLVO Modeling

The objective of employing the DLVO theory in this study was to predict the CSC
and critical pH for initiating fines migration in Upper Berea outcrop samples following the
application of nanoparticles. The effectiveness of nanoparticles in reducing the CSC,
mitigating fines migration in sandstones, and enhancing the critical pH was assessed using
the developed DLVO models. To achieve this, the zeta potentials for the sand-NPs-brine
system under varying pH were utilized as input for the model, resulting in predictions of

reduced CSC and improved critical pH in the presence of nanoparticles.
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4.2.2 Nanofluid Preparation

To study the effect of nanoparticles on controlling fines migration, dispersed silica
nanoparticles were used in the form of nanofluid. The silica nanoparticles were selected
because they are hydrophilic, more stable, less toxic, readily available, and effective in
mitigating fines migration in sandstone formations.*367:77.7819L192 The sjlica nanoparticles
were of 20 nm size and obtained from Glantreo Innovative Scientific Solutions Ireland as
a concentrated dispersion with a concentration of 25 wt%. This dispersion was diluted by
adding 0.15M NacCl brine to prepare 0.05 wt% and 0.1 wt% silica nanofluids.

4.2.3 Zeta Potentials

For sand-NPs-brine zeta potential measurements, the Upper Berea sandstone core
sample was crushed and sieved to obtain a fine sand powder. The sand was thoroughly
cleaned with n-hexane, acetone, and distilled water, then dried and washed in hydrochloric
acid and distilled water until the pH matched the source water. Cleaned sand was dispersed
in 0.05 wt% and 0.1 wt% silica nanofluids using a magnetic stirrer and ultrasonic
homogenizer. Zeta potentials were measured with a Malvern Zetasizer after 24 hours of

equilibration to ensure sufficient interactions between particles.

4.2.4 Coreflood Tests

Coreflood tests were conducted to estimate the reduction in CSC after the
application of nanoparticles. Two corefloods were designed with the injection sequence
givenin Table 4.1. A soaking period of 15-24 hours was provided after each injection stage
to achieve equilibrium and ensure sufficient contact between the injected brine, fine
particles, sand surface, and nanoparticles where used.

Table 4.1 Injection sequence for coreflood tests.

Test No. Injection Design

0.15M NaCl —15 hrs. soaking — 0.05 wt% SiO, NF — 0.1M NaCl — 0.09M NaCl —»
0.08M NaCl— 0.07M NaCl — 0.06M NaCl

0.15M NaCl —15 hrs. soaking — 0.1 wt% SiO, NF — 0.1M NaCl — 0.09M NaCl — 0.08M
NaCl — 0.075M NaCl — 0.07M NaCl

In the first experiment, a 0.05 wt% silica nanofluid was injected into the core
sample at a rate of 0.02 cc/min for 5-6 PVs. This was necessary to provide sufficient time
for the silica nanoparticles to be in contact with the sand and fines surface and alter the
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surface properties. Afterward, the injection of nanofluid was stopped and 24 hours of
soaking time was given. The reduced CSC was then determined by successively injecting
brines having ionic strength below CSC, giving 15 hours of soaking time at each step and
again flooding with the same brine for a couple of PVs until the production of the fines
was observed in the effluent. The same steps were followed in the second test with the only
difference in the nanofluid concentration. 0.1 wt% silica nanofluid was used in this
experiment and the reduced critical salt concentration was experimentally determined.
Experiments were conducted to determine the CSC with and without NPs. By knowing the
actual CSC, it would be clear at what salinity the total surface force shifts from attractive
to repulsive. The experimental results were then used to validate the DLVO modeling

results.

4.2.5 Effluent Analysis

Effluents from coreflood tests were analyzed for fines using turbidity and UV-VIS
Spectrophotometer. The CSC after the application of nanoparticles was determined based
on the sudden increase in effluent turbidity. Higher absorbance values confirmed fines

presence, validating DLVVO models for nanotechnology effectiveness.

4.3 Results and Discussion

4.3.1 Zeta Potential Measurements

Using a magnetic stirrer and an ultrasonic homogenizer, clean and washed sand
particles were dispersed in silica nanofluids, and the zeta potentials were measured for each
case. The application of nanofluids decreases the repulsion between fine particles and sand
grains which results in increased zeta potential corresponding to the contracted electric
double layers around sand grains and fine particles. The measured zeta potentials are given
in Table 4.2.

Table 4.2 Measured zeta potentials with nanofluid.

NaCl Measured Zeta Potential Measured Zeta Potential
Salinity (M) | after 0.05 wt% Nano (mV) | after 0.1 wt% Nano (mV)

0.10 -28.2 -27.0

0.09 -28.5 -27.3

0.085 -28.9 -275

0.08 -29.0 -21.7
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0.075 -29.1 -28.1
0.07 -29.1 -28.2
0.06 -29.4 -28.5
0.05 -30.5 -28.6

The zeta potentials of dispersed sand particles were measured before and after the
application of SiO2 nanofluid as shown in Table 4.3. As the pH of the solution increases,
the electric double layer expands, and the corresponding zeta potential decreases. On the
other hand, the application of silica nanoparticles decreases the expansion of the EDL and
increases zeta potential. To further assess the effects of pH level changes in a high-salinity
system, consisting of crushed sandstone grains with kaolinite particles and a 0.2M solution
of 8 wt% NaCl with 2 wt% CaCl,, zeta potential data were collected from relevant
literature. Moreover, the zeta potential data for 0.0075wt% MgO nanoparticles were also

obtained from the literature.

Table 4.3 Measured and collected zeta potential data with NPs.

Medium and ionic pH Zeta with NPs Source
strength
2 -3
3 -7
4 -10
5 -12
0.2M NacCl, and N
_ _ 6 145 Measured by
with 0.1wt% SiO; 7 -16.1 Zetasizer with a
NPs 8 186 titrator
9 -20.2
10 -21.9
11 -23.7
12 -24.9
9 -1.5
0.02 M NaCl with 10 8.2
0.0075wt% MgO Assef et al. 188
NPs 11 9.1
12 -9.7

4.3.2 DLVO Modeling for Nanofluid Application to Predict CSC

Silica nanoparticles adsorb on the surface of sand grains via nanofluid, changing
the surface potential and increasing the system's attractive potential by reducing repulsive
forces. A DLVO model with 0.05 wt% (500 ppm) silica nanofluid and NaCl brine salinity
descending from 0.1M to 0.05M was prepared using the measured fine particle size,
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measured zeta potentials, and calculated Hamaker constant for the given system. It is

evident from Figure 4.1 and Table 4.4 that the total interaction energy of the system shifts

from negative to positive at a salinity of 0.085M NacCl, corresponding to an increase in

Debye length from 0.96 to 1.05 nm. Therefore, the electric double layers around the fine

particle and sand grain have expanded and overlapped each other under low salinity

conditions of 0.085M, causing increased repulsive forces and generating an energy barrier

of 0.11 V7 that dominated the attractive forces. In addition, decreasing the salinity from

0.08M to 0.05M caused a further increase in Debye lengths and strong repulsion, with the

given potential barriers in Table 4.4.
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Figure 4.1 DLVO model showing the effectiveness of 0.05 wt% silica nanofluid.
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Table 4.4 The Debye length and potential barriers post 0.05 wt% nanofluid treatment.

Salinity (M) k't (nm) Traximum Toarrier
0.1 0.97 -27.03

0.09 102 -11.91 -

0.085 1.05 0.11 0.11
0.08 1.08 3.75 3.75
0.07 116 14.56 14.56
0.06 1.25 49.64 49.64
0.05 1.37 79.47 79.47

The DLVO model predicted a 23% reduction in CSC following the application of
0.05 wt% silica nanofluid and a new CSC was forecasted to be 0.085M NaCl brine. The
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increase in the attractive surface potential was attributed to the adsorption of silica
nanoparticles onto sand grains which caused fine particles to firmly attach to the rock
surface in even a reduced salinity environment. The increased zeta potential value indicated
a reduction in repulsive surface forces of sand grains, which eventually controlled the fines
migration in the sand-fine-brine system.

To analyze the effect of the nanoparticles concentration on controlling fines
migration, another DLVVO model was developed with 0.1 wt% (1000 ppm) silica nanofluid
considering the similar case of NaCl brine with a gradually decreasing salinity from 0.1M
to 0.05M as shown in Figure 4.2. Silica nanofluid of 0.1 wt% proved to be more effective
because it reduced the CSC by 32% compared to the base case, and the DLVO model
predicted it to be 0.075M NaCl brine. The attractive energy shifted to repulsive in a 0.075M
brine environment with a barrier of 0.10 V+, as shown in Table 4.5. These findings are
explained by the high concentration of nanoparticles in the nanofluid, which caused a
higher silica nanoparticle adsorption on the sand surface, resulting in a strong attraction

that kept fine particles in the system.
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Figure 4.2 DLVO model showing the effectiveness of 0.1 wt% silica nanofluid.

Table 4.5 The Debye length and potential barriers post 0.1 wt% nanofluid treatment.

Sallnlty (M) k—l(nm) Tymaximum Tparrier
0.1 0.969 -38.97
0.09 1.02 -26.41
0.08 1.08 -10.88
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0.075 1.12 0.10 0.10
0.07 1.16 6.89 6.89
0.06 1.25 27.33 27.33
0.05 1.37 38.13 38.13

4.3.3 Effect of SiO2 Nanofluid on Critical pH

The surface forces between fines and sand grains were quantified using zeta
potentials under different pH conditions with the utilization of 0.1 wt% SiO> nanofluid,
brine ionic strength, and average fine particle size, and the total interaction energy of each
system was calculated using DLVO modeling, as shown in Figure 4.3. By altering the
surface charge of sand grains, silica nanoparticles assisted in limiting the expansion of
electric double layers in high pH environments. Forces of attraction dominate repulsion
forces in the presence of compacted electric double layers around fines and sand grains in
the pH range of 6-10, and the total energy is negative without any fines migration in the
system. The overall interaction energy shifted from negative to positive for brine with
pH=11, suggesting the dominance of repulsive forces in the system. This occurs because
of nanoparticles’ adsorption on the surface of the sand grains, which causes the electric
double layers to contract even under higher pH values. The results of the DLVO model
indicated that pH 11 would be the new critical pH, and it was projected that fines migration

in the SFB system would take place at this value or higher after the application of SiO>

nanofluid.
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Figure 4.3 Prediction of a new critical pH after the application of SiO. nanofluid.
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4.3.4 Effect of MgO Nanofluid on Critical pH

The zeta potential data obtained from Table 4.3 for a 0.0075 wt% MgO nanofluid
with different pH values were utilized to construct the DLVO model. This was done to
determine the critical pH value and to compare it with the case of SiO. nanofluid. The
surface forces between fines and sand grains were measured using zeta potentials at various
pH levels with MgO nanofluid, brine ionic strength, and average fine particle size, and the
total interaction energy of each system was computed using DLVO modeling, as shown in
Figure 4.4. It is noticeable that forces of attraction outweigh forces of repulsion when
compacted electric double layers are present surrounding fines and sand grains in the pH
range of 9 to 11, and the total energy remains negative with no fines migration in the
system. However, for brine with pH=12, the total interaction energy changed from negative
to positive, indicating that repulsive forces dominated the system. As predicted, fines
migration in the SFB system would occur at pH 12 or higher after the application of 0.0075
wt% MgO nanofluid, according to the results of the presented DLVO model.
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Figure 4.4 Prediction of a critical pH after the application of MgO nanofluid.

4.3.5 Experimental Validation of Silica Nanofluid Application

The first coreflood was performed to validate the DLVO prediction after the
application of nanofluid. The formation water-saturated core was first flooded with 3 PVs
of 0.15M NaCl brine, and an average turbidity of 0.72 NTU was measured with a stable
pressure drop. Later, 6 PVs of a designed nanofluid (0.05/0.1 wt% silica nanoparticles +
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0.15M NacCl brine) were injected at the lowest rate of 0.02 cc/min, providing maximum
contact time for the nanoparticles to adsorb on sand grains and fine particles. 24 hours of
soaking was also provided to ensure proper interaction between the nanoparticles and rock
to change the surface potential of the sand grains. After the adsorption of silica
nanoparticles and soaking period, a flooding sequence of post-nanofluid treatment was
started with 0.1M NaCl brine injection, and 3 PVs were injected at 0.2 cc/min following a
15-hour soaking period. Following the same methodology, the injection was continued in
steps with 0.09M and then 0.08M NacCl brines, measuring stable pressure drops with low
turbidities. However, when the injection of 0.08M NaCl brine was resumed after the
soaking period, pressure fluctuations and an increased pressure drop were observed as
shown in Figure 4.5. The effluent collected for the 21% PV showed the first peak of
turbidity, indicating that the critical salt concentration was between 0.09M and 0.08M
NaCl, which is in agreement with the DLVO estimation (0.085M). To verify the fines
detachment under the 0.08M salinity condition, the next injection was carried out with
0.075M NacCl brine, and after the soaking period, the turbidity and absorbance reached
even higher values, confirming that fines migration had already been initiated under 0.08M

salinity injection as shown in Table 4.6.

100 10
—o— Ap Turbidity

90 A
0.15M | 0.05wt% Nano 0.1M

o
o
=]
<

0.075M 0.07M .8
80

70 A

60 1

=~ 15 hours |
L

24 hours

50 1

Ap - psi

40 -

Turbidity - NTU

30 1

[ soaking time = ~ 15 hours |

| Soaking time

]! | Soaking time = ~ 15 hours |

f [ Soaking time = ~ 15 hours |

T o
o
! | [ Soaking time=~15hours | £

E=

20 1

=
| Soaking time
F

10 f‘-gﬂ-o-u_s_z_ru

=ttt |

0 + — T T T — T T T T T -

0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30
PVI

2

Figure 4.5 Pressure drop and effluent turbidity results show a reduction in CSC after 0.05
wt% nanofluid application.

The second coreflood was run with the same flooding sequence as in the previous
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test, with the only difference in the concentration of silica nanoparticles, which was 0.1
wt% in this case. The turbidities and pressure drop against each PV were measured and are
presented in Figure 4.6. The turbidity and absorbance values for each flooding stage are
given in Table 4.6. Based on the high turbidity and absorbance values and pressure drop
fluctuations, the new reduced CSC after 0.1 wt% nanofluid treatment was found to be
between 0.08M and 0.07M NaCl, showing a 9% greater reduction compared to the case
with 0.05 wt% NPs. The experimental critical salt concentration was found to be in close
agreement with the DLVO model’s predicted CSC of 0.075M NaCl.
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Figure 4.6 Pressure drops and effluent turbidity results show a reduction in CSC after 0.1
wit% nanofluid application.

Table 4.6 Effluent turbidity and absorbance analysis for estimation of CSC post-NF

treatment.
NPs Concentration (wt%) Salinity (M) Turbidity (NTU) | Absorbance (ABS)

0.15 0.52 0.153

0.10 0.55 0.086

0.09 0.60 0.088

0.05 0.08 2.65 0.105
0.075 6.91 0.251

0.07 5.66 0.198

0.15 1.46 0.167

01 0.10 1.80 0.136
' 0.09 0.87 0.089
0.08 141 0.176
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4.4

0.07 6.05 0.214

Summary

This research focused on the use of silica nanoparticles, but our proposed method
is equally applicable to other types of nanoparticles. The measurement of zeta
potential will differ because different nanoparticles have different charges and the
ability to change the surface potential of sand grains.

Based on the quantification and analysis of surface forces of attraction and
repulsion between fine particles and sand grains, the concept of DLVO modeling
was applied in the presence of silica nanoparticles, and it predicted the CSCs of
0.085M (4900 ppm) and 0.075M (4400 ppm) NaCl for 0.05 wt% and 0.1 wt%
nanofluid treatments, respectively, showing the effectiveness of nanoparticles in
reducing the repulsion forces.

In comparison to the case without nanofluid, the use of silica nanofluid increased
the zeta potential (more positive) of sand grains, resulting in less repulsion between
fines and sand. As a result, the critical salt concentration was reduced by 23 to 32%.
Coreflooding was performed systematically, with the effluent collected after each
pore volume. The predictions of the DLVO models have been validated
experimentally through turbidity and spectrophotometry analysis of effluents, and
this tool can be used to estimate the CSC without requiring extensive coreflood
experiments.

In addition, after the application of 0.1 wt% SiO2 nanofluid, the DLVO model
predicted a new critical pH of 11. The DLVO model predicted a new critical pH of
12 after the application of 0.0075 wt% MgO nanofluid. Even at extremely low
concentrations, MgO nanofluid application was shown to be more effective than
Si0O2 nanofluid application.

The DLVO approach can model the CSC and critical pH and explain how
nanoparticles effectively reduce repulsive forces and therefore limit fines

migration.
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CHAPTER 5: Development of an Updated DLVO Model for High-

Rate Fluid Flow in Sandstone Reservoir
Fines migration causes formation damage in sandstone reservoirs and water-bearing
subsurface formations. Several factors affect fines migration such as composition and
salinity of permeating brine, flow rate, and system pH. Electrostatic forces of van der Waals
attraction and electric double-layer repulsion, and gravitational force all contribute to the
detachment of fines and migration under certain conditions. On the other hand,
hydrodynamic force plays an important role in a high flow rate injection or production
operations and can trigger fine migration. An integrated model of electrostatic,
gravitational, and hydrodynamic forces has been developed to estimate the critical injection
rate of NaCl brine for fines migration initiation in subsurface formations. The DLVO
modeling approach was modified by considering electrostatic, hydrodynamic, and
gravitational forces. Parameters such as injection brine salinity, average fine particle size,
and zeta potential of sand-brine systems were used, and effective forces were quantified.
A microscopic force and torque balance approach was applied to model hydrodynamic
forces to modify the DLVO model. The developed models were validated with
experimental results. The profiles of injection velocity versus fine particle radius were
generated and the models predicted critical flow rates of 0.9, 2.6, and 3.8 cc/min for 0.15
M, 0.2 M, and 0.25 M NacCl, respectively. For model validation, the coreflood experiments
were performed on Berea sandstone core samples under given salinities, and critical flow
rates were determined. Comparable experimental results were obtained with critical flow
rates of 1, 3, and 4 cc/min for 0.15 M, 0.2 M, and 0.25 M NaCl, respectively. In addition,
sensitivity analysis assesses the impact of different forces on the fines migration
phenomenon. Regulating the injection/ permeating fluid rate and salinity can avoid fines
migration and associated permeability impairment. The following sections present a novel
approach incorporating electrostatic, gravitational, and hydrodynamic forces to accurately
predict fines mobilization in fine-containing subsurface formations. This chapter is based

on the results published in the referenced article®.

9 Muneer, R.; Pourafshary, P.; Hashmet, M. R. An Integrated Modeling Approach to Predict Critical Flow
Rate for Fines Migration Initiation in Sandstone Reservoirs and Water-Bearing Formations. J. Mol. Lig.
2023, 121462.
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5.1 Introduction

Based on the formation and composition of these porous and permeable rocks, fine
particles are present and remain in equilibrium under the formation water environment.
The electric double layers around fine and sand grains contract as a result of the high charge
density in the sand-find-brine system, keeping the fine particles in equilibrium in a
high salinity environment.*®® However, this equilibrium is disturbed and fines migration is
triggered when the formation water salinity goes below a threshold value known as a CSC,
system pH rises above a critical pH value, and injection/production or permeating fluid rate
exceeds the critical rate.!® In sandstone petroleum reservoirs, formation water salinity is
reduced or pH is increased by injecting low salinity water, or high pH water during
waterflooding and alkaline flooding processes, respectively. On the other hand, in aquifers,
salinity may reduce due to recharging with fresh water, and pH may increase owing to in-

situ chemical reactions caused by minerals.'%

Adhesion and hydrodynamic forces produce torques on fine particles that are
attached to the rock surface. The adhesion forces between particles and the rock surface
include electrostatic and gravity forces. The electrostatic forces include van der Waals
attraction and electric double-layer repulsion force. The flow rate of injection fluid controls
the hydrodynamic forces, while the particle and permeating fluid densities control the
gravity forces. Water injection in petroleum and geothermal reservoirs may cause in-situ
fines detachment from the rock surface under the shearing effect of injection fluid.
Particularly in reservoirs with weak cementation, the unequal torques may cause pore
blockage and reduce formation permeability.®® Ochi et al. looked into the impact of flow
rates on fines migration and found that there is a threshold fluid velocity above which
permeability reduces due to the detachment of fine particles. They deduced from their
observations that formation permeability was influenced by injection velocity.®
Bedrikovetsky et al. utilized the concept of maximum retention and successfully modeled
it considering the effect of injection fluid velocity. Their model showed that after raising
the fluid velocity to a threshold level, particles might be quickly dislodged from the sand
surface. Conversely, lowering the velocity results in a greater retention concentration up to
a maximum owing to given hydrodynamic conditions.”® Numerous imaging studies carried

out on the synthetic core of glass beads have supported the velocity-dependent fines
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detachment. The shearing force increases with velocity, and particle detachment and
mobilization may happen when hydrodynamic force is greater than adhesion forces.’* "
Despite the imposed flow rate causing a hydrodynamic shearing exceeding the critical
threshold, Torkzaban et al. determined that a single layer of attached fine particles is partly
removed rather than fully. Due to the variability of pore structure, surface charge, and

roughness, hydrodynamic and adhesion forces vary spatially.’

For injection at low rates and below the critical rate, the effect of the electric double-
layer repulsion force is more dominant to initiate fines migration. Therefore, as all previous
models were developed at low rates, the effect of hydrodynamic force was neglected.
However, at higher rates, hydrodynamic force plays a significant role in detaching the fines
from the rock surface. In this context, the conventional DLVO approach is not valid at high
rates and does not incorporate the effects of hydrodynamic force. This chapter presents a
novel integrated model considering electrostatic and hydrodynamic forces and predicts
critical rates for different salinity NaCl brines. The new model was validated with

experimental critical rates and comparable results were obtained.

5.1.1 Fines Detachment Model

Figure 5.1 depicts a schematic of a fine particle on a sand grain, together with the
drag, lift, gravitational, and effective electrostatic forces that are at play. A microscopic
force balancing method works with forces and torques acting on a particle depending on
the configuration. The hypothesis states that if electrostatic and gravitational forces prevail
over hydrodynamic forces, a fine particle will remain attached to the sand grain. On the
other hand, if the overall electrostatic force holding a particle close to a surface is less than
the hydrodynamic shear, the particle is mobilized by the flow.!**%° As a result, the
migration and deposition of a single colloid rely on the equilibrium between the forces of
attraction and repulsion acting on it. VVarious studies used the microscopic force balancing
method extensively to forecast the deposition and migration of fine particles.?22% As
depicted in Figure 5.1, a single particle will remain attached to the sand surface until the
attaching torques are balanced out by the ones required to detach it. The fine particle may
be mobilized by the drag force when there is a decrease in ionic strength and an increase

in corresponding electrostatic repulsion.
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Figure 5.1 Schematic of acting forces and moment arms of a single particle on the sand
surface.

The torque balance is shown in Equation 5.1 where drag, lift, gravitational and electrostatic
forces, as well as an external moment of viscous stress “Mg”, are taken into

account.197’204'205
Fdld + Flll + Md = (F.;] + Fe)Il (51)
wlg=1, and I, =7

The forces Fq, Fi, Fg, and Mg are given by Equations 5.2-5.5, respectively.’$:206-208

Fyq = 1.7009 x6mrury vg (5.2)
1.5
F, = 81.2\/pu(rsvs) (5.3)
4
Fy =31 (or = p)g (5.4)
Mg = 0.943993 X 8muryvs (5.5)
and,
(p—17)"
_ p_'f
vy = 2V (1 - T) (5.6)

Incorporating Equations 5.2-5.5 in Equation 5.21 and replacing lq and I} with “rs” to get

Equation 5.7.

1.7009 X 6mursvsly + 81.2,/pu(rsvs)*°1; + 0.943993 X 8mur,vs = (F"Q + Fe)ll

10.21mpvgrs® + 81.21/pu(rfvs)1'5rf + 7.55nursvg = (F, + F,)ry (5.7)
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Given the conditions that fine particles will detach and move when the injection velocity

exceeds the critical velocity, as shown in Equation 5.8.

1.5
10.21mtpuryvg crie + 81.2./p,u(rfvsjcrit) + 755 v criy > Fy + Fp (5.8)

When the injection velocity is low, the lift force is relatively insignificant in
comparison to the drag force. In this case, Equations 5.6 and 5.7 are used to derive the final
model presented in Equation 5.9, which is used to generate velocity profiles for brines with

different salinity. The derivation of Equation 5.9 is given in Appendix -A.

er(er - rf)(17.767t,urf) -
T

v=(F+F,) (5.9)

When the salinity is less than CSC, the electric double layer repulsion becomes
significant and fines migration starts even at a low rate indicating the hydrodynamic force
is insignificant. However, at high rates, the hydrodynamic force becomes significant and
fines migration begins in the porous medium even at salinity above the CSC. Equation 5.9
presents an integrated model that incorporates the effect of hydrodynamic, effective

electrostatic, and gravitational forces.

5.2 Materials and Methods

The materials and methods used have been discussed in the following sections.

5.2.1 Berea Sandstone Sample Preparation

To estimate the critical flow rate for NaCl brines in sandstone reservoirs, Berea
sandstone outcrop samples containing fine particles were used. Three core samples in total
were cut, each with a diameter of 3.8 cm and an average length of 7.6 cm. The cores were
saturated with 77000 ppm formation water with a manual saturator provided by Vinci
Technologies after the dry weights were measured. After the core saturation, porosities
were determined by measuring the wet weight of each sample. The average porosity of the

core samples was in the range of 19.4-19.5%.

5.2.2 Brines
To determine the experimental critical velocity/ flow rate, injection brines of 0.15

M, 0.2 M, and 0.25 M NaCl were prepared. To make the brines, reagent-grade sodium
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chloride (NaCl) supplied by Sigma Aldrich was combined with the required quantity of
distilled water and stirred with a magnetic stirrer. For the experimental phase of the
research, core samples were saturated with formation water (FW) that had a salinity of
77,000 ppm. To prevent precipitation and contamination, the brines were kept in airtight
containers. Table 5.1 shows the composition and concentration of formation water as well

as each injection brine.

Table 5.1 Composition and concentration of formation water and injection brine.

NaCl injection brines
FW
lons 0.25M 0.2M 0.15M
[ppm]
Na* 23426 5747 4596 3447
Ca? 4448
Mg?* 1300 - - -
Cr 47781 8863 7093 5320
Total 76955 14610 11693 8770

5.2.3 Zeta Potential Measurements

The Zeta potential of sand grains is one of the key input parameters for DLVO
modeling. The cleaned sand was then dried and mixed in the various molarity brines listed
in Table 5.1 using a magnetic stirrer for 30 minutes and an ultrasonic homogenizer at 70%
power for 45 minutes. A Malvern Zetasizer was used to measure the zeta potential of each

sample after the sand particles had been properly dispersed in the given brines.

5.2.4 Integrated Fines Detachment Modeling

An integrated fines detachment model was developed incorporating hydrodynamic,
electrostatic, and gravitational forces, as presented in Equation 5.9. The derivative of
potential energy with respect to separation distance is equal to the force. Therefore, the
derivative of Equations 2.4 and 2.10 from Chapter 2 with respect to separation distance
converted potential energy into force and the summation of attraction and repulsion forces
was the effective electrostatic force (Fe) acting on a fine particle. VT was converted to Fe
so that it could be compared to other forces such as Fq, Fi, and Fq with consistent units.
Later, the developed fines detachment model was utilized to generate velocity profiles for

brines of different salinity.
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5.2.5 Coreflooding Experiments

To validate the integrated model, coreflooding tests were performed. In all the tests,
the brine salinity was set above the CSC and each test was started with a low rate of 0.2
cc/min and increased to higher rates in steps until the fine particles were observed in the
effluent. Pressure drop data were recorded to observe any pressure changes caused by fines
release, mobilization, and production. Furthermore, turbidity measurements were made for
each pore volume to confirm the presence of fines in the effluent. Corefloods were
conducted to estimate the experimental value of the critical velocity at a specific salinity.
A total of three coreflooding tests were designed for different salinities with the increasing

injection rates given in Table 5.2.

Table 5.2 Brine injection design for corefloods.

CorNeLIood Brine Injection Design
1 0.15 M NaCl injection at 0.2 cc/min — 1 cc/min — 2 cc/min — 3 cc/min — 4 cc/min — 5 cc/min
2 0.20 M NaCl injection at 0.2 cc/min — 1 cc/min — 2 cc/min — 3 cc/min — 4 cc/min — 5 cc/min
3 0.25 M NaCl injection at 0.2 cc/min — 1 cc/min — 2 cc/min — 3 cc/min — 4 cc/min — 5 cc/min

5.2.6 Effluent Analysis

The effluents collected during coreflooding experiments were tested for the
presence of fine particles using two methods. Firstly, for each PV collected, the turbidity
was measured using a digital turbidity meter. A UV-visible spectrophotometer was also

used to assess the effluents' light absorption to verify the turbidity data.

5.2 Materials and Methods

5.3.1 Zeta Potential Data Measurement and Collection

Zeta potentials of dispersed sand particles in NaCl brine of 0.25 M, 0.2 M, and 0.15
M were measured, as shown in Table 5.3. The measured zeta potentials of the dispersed
sand particles were also compared to the developed correlations from our earlier work’8,
and the values were observed to be quite close to each other within the permissible error
range. The expansion of the electric double layer (EDL), increase in the Debye length, and
the corresponding increase in the repulsive force for sand grains are all associated with a
reduction in zeta potential values as the salinity of the NaCl solution decreases from 0.25
M to 0.15 M.
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Table 5.3 Measured zeta potential data for sand.

NaCl salinity Measured zeta Zeta potential using Error
(M) potential correlation (%)
0.25 -27.3 -27.6 -1.1
0.20 -29.5 -28.9 2.0
0.15 -30.6 -30.2 1.3

5.3.2 Fines Detachment Model Results

At low flow rate injection of brine, electrostatic forces control the fines detachment.
Surface force models were utilized to estimate the attraction and repulsion surface forces
between sand grains and fine particles using the observed zeta potentials for dispersed sand
particles, the salinity of each NaCl brine, and the average size of fine particles assessed by
SEM. Following this, the total dimensionless interaction energy was estimated for each
case using the superposition principle, using Equation 2.3 from Chapter 2, as shown in
Figure 5.2. The Debye length and electric double layers were compressed in the high
salinity environment of 0.25 M NaCl brine and the van der Waals attraction force exceeded
the repulsive forces. As a result, the system's overall interaction energy remained negative,
indicating that there had been no fines migration in the sand-fine-brine system. Similar
outcomes were observed for 0.2 M and 0.15 M NaCl brines, with the total interaction
energy in the negative zone with a slight increase in the Debye length, as shown in Table
5.4. This was because all of these salinities were higher than the CSC for NaCl, which was
determined to be 0.11 M NaCl in our previous research.'8 Since total interaction energy
(V) is in the negative region as illustrated in Figure 5.2 and Table 5.4, there is no potential
barrier (Vrsarrier) predicted by the DLVO model. The potential barrier is the height of total
interaction energy in the positive region (V1>0) corresponding to the dominance of
repulsion forces in the sand-fine-brine system. It exists when the system salinity is below
CSC and the repulsion force exceeds the attraction force. There is no potential barrier when
the salinity is above CSC as presented in Figure 5.2. This potential barrier may rise or
decrease depending on how the salinity or pH of the injected water affects the surface
charge of the sand grains.

96



100

-100 A

-200 A

V-, Dimensionless

-300 +

-400 -

—+—0.25 M NaCl
+—0.2 M NaCl
—e— (.15 M NaCl

-500

Separation Distance, h (nm)

Figure 5.2 DLVO models for different salinities.

Table 5.4 Effect of brine salinity on Debye length and potential barrier.

Sa“nlty (M) k-l(nm) TMaximum TBarrier
0.25 0.613 -137.8 Does not exist
0.2 0.685 -93.02 Does not exist
0.15 0.791 -49.49 Does not exist

At higher injection rates, detachment

may occur even when the salinity is above

CSC, as hydrodynamic force becomes important. Hence Equation 5.9 should be applied as

the integrated model to consider both electrostatic and hydrodynamic forces. Table 5.5

provides the estimated effective electrostatic forces for each salinity. It is evident that the

effective electrostatic force for 0.15 M is less than 0.25 M, and as a result, increasing the

injection rate under a reduced salinity environment would cause fines migration sooner

compared to high salinity conditions.

Table 5.5 Relevant parameters for velocity profiles.

Brine salinity (M)

Parameters
0.25 0.20 0.15
Effective electrostatic force, Fe (kg-m/s?) | 4.50x10** | 1.80x10 | 1.04x107"?
Brine viscosity, p (kg/m-s) 0.000965 0.001005 0.001057
Pore radius, rp (m) 5x10°

Using Equation 5.9 and relevant data from Table 5.5, the velocity versus fine

particle radius profiles were developed as shown in Figure 5.3. It explains how the fines

97



detachment velocity varies with fine particle radius and salinity. It is observed that all fines
of any size detach easier at lower salinity due to the higher repulsion electrostatic force.
Figure 5.3 also shows that more hydrodynamic force is required to detach smaller fines, as
the attraction van der Waals force is high. However, the detachment hydrodynamic force
becomes high when the fine particle radius is over 1000 nm (1x10® m) due to the
gravitational force. Considering the fine size, the critical velocity can be determined. For
instance, for 0.15 M and 0.25 M cases, fine particles of 400 nm (4x10”" m) radius are

detached at injection velocities of 1x10 m/s and 6x1072 m/s, respectively.
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Figure 5.3 Effect of brine salinity on velocity profiles.

5.3.3 Critical Velocity Prediction at Different Salinities

Figure 5.3 has been split and separate results are presented in Figure 5.4 (a-c) for
0.25 M, 0.2 M, and 0.15 M NacCl brines, respectively. For 0.25 M salinity, the critical
velocity was predicted to be 3.8 cc/min above which the injection brine velocity line
intersected the developed velocity profile suggesting that above this injection velocity, fine
particles will detach and migrate in the porous media, as described in Figure 5.4 (a). The
velocity profile intersection (Fq >Fg+Fe) implies that hydrodynamic forces are greater than
electrostatic and gravitational forces in the porous media. The same methodology was
applied to 0.2 M and 0.15 M cases, and critical velocity was predicted to be 2.6 cc/min and

0.9 cc/min, respectively, as presented in Figures 5.4 (b) and 5.4 (c). The decrease in critical
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velocity was attributed to the expanded electric double layer due to a reduction in salinity
from 0.25 M to 0.2 M and onward, resulting in a higher repulsion force. Fine particles of
1700 nm and above would be detached and moved under a salinity range of 0.15 M to 0.25
M NacCl and the corresponding predicted critical rate and critical velocity are given in Table
5.6. The detached fine size distribution at different injection rates is comparable to what is

available in the literature. 209410
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Figure 5.4 Velocity profiles and critical velocity prediction for (a) 0.25 M (b) 0.2 M (c)
0.15 M.

Table 5.6 Predicted critical velocity against each salinity.

NaCl brine salinity Critical Injection Rate | Corresponding Critical Velocity
(M) (cc/min) (m/s)
0.25 3.8 2.85x10*
0.20 2.6 1.95x10*
0.15 0.9 6.74x10°

5.3.4 Coreflooding Results
Three corefloods were performed on FW-saturated Berea sandstone cores to assess

the effect of hydrodynamic forces and to determine the critical velocities based on different
brines to validate the developed models. During the first coreflood, three pore volumes
(PVs) of 0.25 M NacCl brine were injected at a low rate of 0.2 cc/min, and pressure drop
(Ap) across the core was measured with effluent turbidity against each pore volume injected
(PVI) as shown in Figure 5.5. The system salinity was reduced from 1.51 M to 0.25 M, and
15 hours of soaking were given to guarantee adequate contact between the injected brine,
sand surface, and fine particles for surface potential changes, and to achieve equilibrium
between attraction and repulsion forces. After the soaking period, the same 0.25 M NaCl
brine was injected at a high rate of 1 cc/min to check the initiation of fines migration in the
system due to hydrodynamic forces. For the injection rates of 1, 2, and 3 cc/min, no fines
were observed in effluents and the turbidity value remained low. However, when the
injection was increased to 4 cc/min, a high-pressure drop with fluctuations was observed,

the collected effluent indicated fine particles and turbidity measurement showed a high
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value of 75.4 NTU confirming the presence of fines. The results concluded that the 4
cc/min injection rate was a critical rate that triggered fines migration in the porous media
owing to increased hydrodynamic forces. Two more corefloods were conducted using the
same methodology for salinities lesser than 0.25 M NaCl. The tests were carried out with
a step-by-step increase in injection rate, pressure drop, and effluent turbidity were
measured. The critical rates were determined to be 3 cc/min and 1 cc/min for 0.2 M and
0.15 M salinity, respectively, as shown in Figures 5.6 and 5.7. Similar to the 0.25 M
scenario, at the critical rates, the effluent turbidity spiked confirming the presence of fines
triggered by hydrodynamic forces. Based on these results, the developed models were
validated with the experimental critical velocities for given salinities, and the results are
summarized in Table 5.7.
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Figure 5.5 Ap and effluent turbidity showing critical rate for 0.25 M NaCl injection.
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Figure 5.6 Ap and effluent turbidity showing critical rate for 0.2 M NaCl injection.

80 80
| —e— Ap —— Turbidity
70 A 5 cc/min - 70
0.2
60 1 cc/min i1 cc/mini2 cc/mini 3 cc/min 4 cc/min - 60
50 - 3 L 50 o
= = [
g = z
S 40 2l - 40 <
[=" @ =
< E S
30 2 - 30 &
£ —
2 2
20 4 Mﬂm r“'“\., 20
AL
10 - 10
L'—\_l
O T T T T O

0 5 10 15 20 25
PVI

Figure 5.7 Ap and effluent turbidity showing a critical rate for 0.15 M NaCl injection.

During the coreflood tests, the turbidity measurements were carried out for each PV
to confirm the presence of fines. Before the critical rate was achieved, the effluent average
turbidity remained low and close to the turbidity of the injection brine. However, at the
critical rate, the change in pressure drop increased, the effluent turned hazy, and turbidity
spiked to a high value indicating the presence of fines. The percentage increase in pressure
drop and peak turbidity values at the critical rate for each brine are given in Table 5.7.

Furthermore, to validate turbidity results, effluent absorbance was measured using a UV-
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vis Spectrometer confirming the presence of fines at given velocities. The experimental
critical rates based on coreflood pressure data, effluent turbidity, and absorbance were

found in close agreement with the model prediction.

Table 5.7 Effluent turbidity and absorbance analysis for given NaCl brine.

NaCl brine salinity | Critical Injection Rate Ap change Turbidity | Absorbance
(M) (cc/min) (psi) (NTU) (ABS)
0.25 4 10 — 25% increase 75.4 0.377
0.20 3 20 — 40% increase 58.6 0.293
0.15 1 20 — 40% increase 44.9 0.225

5.4 Experimental Validation

Predictions of the critical rate for each salinity using the fines detachment model
were validated by coreflood experiments and a close match was found with less than a 10%
error. Figure 5.8 with R? = 0.9918 indicates an acceptable agreement between model
predictions and actual results. Hence, the developed fines detachment model can be used

to predict the critical rate for a given salinity.
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Figure 5.8 Close agreement between model predictions and experimental results.

Inaccurate measurements of input parameters such as injection brine density,
viscosity and salinity, zeta potential measurement, and fine particle size might all be
sources of error in the model. The accuracy of the model and its predictions depend on the

accuracy of the measured input parameters. Brines with the desired level of salinity were
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prepared by following the prescribed procedure and using only pure chemicals purchased
from Sigma-Aldrich. After that, the density and viscosity of the brine were measured with
a calibrated Anton Paar's viscometer, and the salinity was confirmed with a salinity meter.
Zeta potentials were measured using the Malvern Zetasizer Nano ZS after preparing sand-
brine dispersions following standard procedure. Three measurements were taken for each
dispersion to guarantee the data's accuracy, and the model utilized the average value.
Furthermore, the average fine particle size was measured using a high-precision Zeiss 540
crossbeam scanning electron microscope. In order to minimize error and get reliable

predictions, these accurately measured parameters were employed in modeling.

5.4.1 Limitations of the Model

The fines detachment model is a useful tool for predicting critical flow rate

considering NaCl brine, however, it has some limitations, which are given below:

i.  The model can forecast the beginning of fines migration in the porous medium, but
it is unable to estimate the number of fines that will detach and migrate.
ii. It does not show anything regarding the reattachment of detached fines.
ili.  The model cannot predict sudden changes in surface charges and the

accompanying surface forces.

5.4.2 Sensitivity Analysis of Affecting Parameters

The velocity profiles presented in Figure 5.3 are dependent on van der Waals
attraction, electric double-layer repulsion, hydrodynamic force, and gravitational force.
The following section shows the importance of each force under different conditions and
the sensitivity of input parameters.

5.4.2.1 Effect of Electrostatic Attraction and Repulsion Forces

Both electrostatic forces of van der Waals attraction and electric double-layer
repulsion affect the detachment of fines from the sand surface and critical velocity under
high and low salinity conditions, as can be seen in Figure 5.9. The attraction force attaches
the fines to the sand surface while the repulsion force tends to detach them. The net effect
of these electrostatic forces determines what the critical velocity would be for a given

salinity. Figure 5.9 shows that when attraction dominates and repulsion is insignificant in
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an extremely high salinity environment, the critical velocity is higher compared to a low
salinity case. When the attraction force is significant, the hydrodynamic force of the
permeating liquid must overcome the existing force, resulting in a higher critical velocity.
However, in a low salinity condition, the dominance of the repulsion force results in a
reduced critical velocity. For instance, considering a constant fine particle radius of 400
nm, the critical velocity is predicted to be 1.7x10 m/s in the presence of a dominating
attraction force in a high salinity environment. However, it decreases to 3x10° m/s in a
low salinity environment with substantial repulsion force, as described in Figure 5.9. To
avoid underestimating or overestimating the critical velocity, it is essential to take both

attraction and repulsion forces into account.
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Figure 5.9 Effect of electrostatic attraction and repulsion forces on critical velocity.

5.4.2.2 Effect of Gravitational Force

Gravitational force is another influential parameter in the velocity profile, and it
increases with the fine particle radius. Considering Figure 5.10 (a), for the smallest fine
particles on the left side, the gravitational force is insignificant, and the velocity profile is
governed by effective electrostatic force. The critical velocity decreases gradually in the
region where Fe > Fg because the electrostatic forces are decreased as the fine particle
radius increases triggering fines migration even at low hydrodynamic force. However, for
bigger fine particles, the gravitational force dominates the effective electrostatic force, and

the velocity profile shows an upward trend with higher critical velocity in the region where
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Fe > Fe. The bigger fine particles exert high gravitational force and require higher velocity
to move. On the other hand, Figure 5.10 (b) shows a comparison of velocity profiles with
and without considering gravitational force with effective electrostatic force. It is observed
that the velocity profile neglecting Fc shows a linear trend with a negative slope indicating
that bigger fine particles are easy to roll with a low critical velocity. However, this
observation does not comply with the theory since bigger fine particles require high drag
to move. Therefore, the effect of gravitational force must be included in the velocity profile

to achieve realistic and accurate results.
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Figure 5.10 (a) Effect of both Fg and Fe on velocity profile (b) for Fg = 0.

5.4.2.3 Effect of Pore Radius and Injection Brine Viscosity
Pore radius and injection brine viscosity are also influential parameters and impact

velocity profiles are described in Figures 5.11 (a) and (b), respectively. When the pore
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radius increases, the velocity profile shifts downward indicating that at a given fine particle
radius, the critical velocity will be lower. This is because injection brine can easily flow
through larger pores exerting stress on pore walls and available fines resulting in a lower
critical velocity. On the other hand, smaller pores have more constrictions requiring extra
stress on pore walls, high-pressure drop, and a lower critical velocity, as shown in Figure
5.11 (a). Also, increasing injection brine viscosity shifts the velocity profile downward
indicating that extra drag/hydrodynamic stress provided by high viscosity brine may result

in a lower critical velocity, as described in Figure 5.11 (b).
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Figure 5.11 (a) Effect of pore radius (b) effect of permeating brine viscosity on velocity
profiles.
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5.5

Summary
Under certain conditions, fines migration and straining are well-documented

problems in sandstone reservoirs and water-bearing formations. In this context, the

estimation of critical rate/ velocity is imperative in predicting fines migration and avoiding

formation damage.

Electrostatic, gravitational, and hydrodynamic forces act on fine particles, and a
balance among these forces is required to keep fines attached to the rock surface.
Van der Waals’ attraction and gravitational forces keep fine particles attached to
the rock surface, whereas electric double-layer repulsion and hydrodynamic forces
tend to detach and move them in the porous medium.

A microscopic balance between attraction and repulsion forces determines the
conditions for fines migration initiation based on system salinity and injection rate.
Under a high salinity of 0.25 M NacCl, the van der Waals attraction force dominates
the EDL repulsion force and results in a higher critical rate whereas reduced salinity
results in an increased repulsion force and a lower critical rate.

The developed fines detachment model can predict the critical rate for a specific

salinity environment and help avoid fines migration.
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CHAPTER 6: Upscaling of Core-Scale Results to Reservoir-Scale

The current chapter presents the upscaling of DLVVO modeling and coreflooding results in
terms of permeability impairment due to fines migration after the critical salt concentration
(CSC) has been reached. In Chapter 2, the DLVO model predicted a CSC of 0.11M for
NaCl brine, and the coreflood test validated it with a 40% decline in permeability due to
fines migration and straining. An exponential model based on the pressure difference (Ap)
from coreflooding and the injection brine salinity (0.2M, 0.15M, and 0.1M NaCl) has been
developed. The model predicted the Ap within the acceptable error range of +10%. The
core permeability before and after the soaking period was determined, and the developed
exponential model was used to calculate the model permeability (Kmoder). Using
experimental data, the skin factor for the core was calculated. For upscaling purposes, it
was assumed that the skin factor remained constant for the core and the reservoir. Using
the radial Darcy law, pressure profiles as a function of drainage radius were developed for
NaCl salinities of 0.2M, 0.15M, and 0.1M, considering the permeability before and after

the soaking period to upscale core data to reservoir data.

6.1 Introduction

The decrease in ionic strength and change in ionic composition of formation water
may lead to fines migration and permeability reduction in subsurface porous and permeable
sandstone reservoirs containing various types of clay minerals. Fines migration has been
reported by many researchers to have adverse effects on fluid productivity and injectivity,
and their release, migration, and straining can significantly impair the hydraulic
connectivity of the reservoir because they plug the actual path for fluid flow,2317:5280178.211
Russell et al. performed several flooding experiments on unconsolidated cores made of
silica sand and kaolinite and investigated permeability loss when injection fluid ionic
strength decreased from high to low salinity under a constant flow rate. They observed a
substantial decrease in permeability from 500 mD to ~20 mD when injection fluid NaCl
salinity decreased from 0.6M to 0.0001M.%” Yu, M. et al. conducted coreflood experiments
on sandstone samples and an 80% to 99% reduction in permeability was observed during
LSW injection while an increase in pressure drop of 200-250 psi was observed. This

translates into a pressure gradient of ~600 psi/ft. Such a high-pressure drop is not practical
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on a field scale as it will certainly fracture the rock.®® In another study performed by
Mansouri M. et al., around threefold increase in pressure drop was observed during LSW
flooding which was attributed to fines detachment and migration in the sand pack.*®
Similarly, the permeability of Berea sandstone cores was decreased from 120 mD to
0.03024 mD in flooding tests performed by A. Al-Sarihi et al. when the injection fluid was
switched from high salinity NaCl to deionized water. This huge decrease in permeability
was due to an extremely high-pressure drop across a 05 cm core sample. The fines
migration not only causes permeability impairment but also adversely affects the oil
recovery during low salinity or alkaline flooding by blocking the pore throats. A
considerable increase in pressure drop across the core samples during brine injection is a
clear indication of the productivity decline. They also utilized CaCl: brine to stabilize fines
by Ca?* ions and investigated its effect on low-salinity water injection.®

Upscaling coreflooding results to reservoir scale brings forth numerous advantages in the
field of reservoir engineering and management. The primary benefit lies in its cost-
effective nature, as it eliminates the need for extensive and costly field tests while still
providing valuable insights into large-scale sandstone reservoir behavior under different
salinity injection brines. By utilizing data from laboratory-based coreflooding experiments,
engineers can enhance the accuracy of reservoir performance predictions and reduce
uncertainties within reservoir models. Furthermore, upscaling allows for the integration of
fine-scale geological and petrophysical properties, resulting in more realistic reservoir
simulations and a deeper understanding of fluid flow dynamics. This, in turn, facilitates
better decision-making concerning reservoir development and strategies for injection brine

salinity during enhanced oil recovery.?2#13

6.2 Materials and Methods

This work is divided into two phases. The first phase involved data collection from
Chapter 2, and the development of a pressure drop versus injection brine salinity model.
The second phase comprised the generation of pressure drop profiles against drainage
radius for permeability before and after the soaking period to upscale core data to reservoir
data.
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6.2.1 Data Collection

The data collection involved gathering detailed information on core and fluid
properties, as well as injection rates, for a series of coreflood experiments conducted using
0.2M, 0.15M, and 0.1M NaCl brine solutions. The primary goal of this data collection
process was to determine the permeability values before and after a designated soaking
period, allowing for comparative analysis. Additionally, the aim was to develop a salinity
model that could accurately predict pressure drop with varying levels of salinity of NaCl

brine.

6.2.2 Pressure drop-Salinity Model Development

The model for pressure-drop versus brine salinity was developed using pressure-
drop data from each coreflood experiment involving 0.2M, 0.15M, and 0.1M NacCl brine
injections. By analyzing the collected data points, a best-fit model was derived, and the

resulting equation was utilized for prediction purposes.

6.2.3 Core Data to Reservoir Upscaling

For upscaling, core and fluid properties, as well as hypothetical reservoir data, were
used. Radial Darcy's law was employed to generate pressure drop profiles against drainage
radius using permeability before and after the soaking period. The comparative analysis of
these profiles indicated how the pressure drop spiked when the CSC was reached at 0.1M

NaCl injection.

6.3 Results and Discussion

6.3.1 Data Collection

The core and fluid properties, along with injection rate data, were collected for a
series of coreflood experiments conducted using 0.2M, 0.15M, and 0.1M NaCl brine
solutions. Additionally, permeability values before and after soaking were calculated for
the respective corefloods. These permeability measurements were crucial for upscaling the
core data to the reservoir scale. Core-3 results demonstrate around 40% reduction in
permeability at a CSC of 0.1M NaCl. The complete dataset is provided in Table 6.1.
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Table 6.1 Core and fluid properties.

Parameters Core-1 Core-2 Core-3
Injection brine salinity, M 0.2 0.15 0.1
Average Ap before soaking, psi 6.30 7.31 7.25
Average Ap after soaking, psi 6.61 7.62 12.11
Core diameter = core thickness, d, cm 3.81 3.81 3.81
Core length, L, cm 7.62 8 7.9
Area, A, cm2 11.40 11.40 11.40
y-brine, cp 1.001 0.9802 0.9311
Injection rate, , cc/sec 0.0033 0.0033 0.0033
Permeability, k before soaking, mD 5.02 4.57 4.36
Permeability, k after soaking, mD 4.97 4.39 2.61

6.3.2 Pressure-drop versus Salinity Model

The pressure drop versus brine salinity model was developed using pressure drop
data from Table 6.1. These experiments involved injecting brine solutions with salinities
of 0.2M, 0.15M, and 0.1M NacCl into the cores. The pressure-drop values measured during
these injections were recorded and used as data points for the model development. By
analyzing the collected data points, a best-fit model was formulated to accurately represent
the relationship between pressure drop and brine salinity as shown in Figure 6.1. This
model was developed using regression analysis and exponential equation to determine the
most suitable equation that describes the observed patterns. Equation 6.1 presents the

model for pressure drop as a function of salinity in Upper Berea Gray sandstone cores.
Ap = 1.5102 x (NacCl salinity) =08 (6.1)

Once the best-fit model was established, it was then utilized for predictive purposes.
This means that the developed equation can be used to predict the pressure drop for NaCl
brine injections in Upper Berea Gray sandstone with salinities outside the tested range. By
inputting the salinity value into the equation, the model can provide a reasonably accurate

prediction of the expected pressure drop under specific conditions.
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Figure 6.1 Pressure-drop versus NaCl brine salinity in Upper Berea Gray sandstone core.

Based on the developed model in Equation 6.1, the Darcy Equation has been
modified to incorporate the effect of injection brine salinity on permeability for the Upper
Berea Gray Sandstone reservoir. The modified Darcy equation is presented as Equation
6.2, with the permeability in this equation termed as Kmogel. Using Equation 3.2, the Kmodel
for 0.2M, 0.15M, and 0.1M NacCl brine injection was estimated to be 5.17 mD, 4.08 mD,
and 2.69 mD, respectively, after the soaking period. These results are in close agreement
with the actual results obtained during coreflooding, as presented in Table 6.1. By
considering the impact of injected brine salinity on permeability, reservoir and production
engineers can make more informed decisions related to fines migration control, reservoir

management, and fluid injection strategies for enhanced oil recovery.

i _ 14700qpL
model ™ 4(1.5102 x (NaCl salinity)=°891)

(6.2)

Using Equation 3.2, the Kmogel for 0.2M, 0.15M, and 0.1M NacCl brine injection was
estimated to be 5.17 mD, 4.08 mD, and 2.69 mD after the soaking period, respectively.
These results are in close agreement with the actual results obtained during coreflooding

as presented in Table 6.1.
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6.3.3 Core Scale Skin Factor Calculation

Considering the concept of radial Darcy law as shown in Equation 6.2 and based
on Apideal (at 0.2M NaCl) and Apactual (@t 0.1M NaCl) from Figure 6.1, the core-scale skin

factor is calculated using the following steps.

T
. 141.2quB ,EIZ (rw) + 5] o

141.2quB |In (:—;) +5| 141.2quB[in (:—;)]
kh B kh

Aactuat — Widear =
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kh T kh

Aactuat — Widear =

141.2quBS
APactual — Widear = T

_ kh(Apactual - Apideal)

S
141.2quB

(6.4)

Using Equation 6.4 and core properties from Table 6.1, the skin factor is calculated.

_5.02x0.125(12.11 — 6.61) _ 135
T 141.2x0.00181x1.001x1

6.3.4 Core Data to Reservoir Upscaling

It is assumed that the skin factor is the same for both the core and reservoir scales.
Figure 6.2 presents the schematic of the reservoir, illustrating the drainage radius, wellbore
radius, initial reservoir pressure, wellbore flowing pressure, and formation thickness. For
upscaling, core and fluid properties were utilized alongside hypothetical reservoir data as
presented in Table 6.2. The radial Darcy law, a fundamental equation governing fluid flow
through porous media, was employed to model the pressure drop phenomenon. Applying
Equation 6.3, pressure drop profiles against drainage radius were generated using skin

factor to examine the variation in Ap before and after fines migration.
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Figure 6.2. Schematic of a reservoir.
Table 6.2 Reservoir data.
Parameter Value
Drainage radius, re, ft 3000
Wellbore radius, rw, ft 0.5
Formation volume factor, B, RB/STB 1
Initial reservoir pressure, pe, pPsi 3700
Wellbore flowing pressure, pws, psi 2500
Formation thickness, h, ft 30
Te
141.2quB [1n (=) + S]
Ap = u (6.3)

kh

Figures 6.3 through 6.5 illustrate pressure drop profiles against drainage radius for
0.2M, 0.15M, and 0.1M NacCl brine injections, respectively. The comparative analysis of
these profiles revealed a significant increase in pressure drop once the CSC was reached
during the injection of 0.1M NacCl.
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Figure 6.3 Ap as a function of drainage radius for 0.2M NacCl brine injection.
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Figure 6.4 Ap as a function of drainage radius for 0.15M NaCl brine injection.
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Figure 6.5 Ap as a function of drainage radius for 0.1M (CSC) NaCl brine injection.

The generated pressure-drop profiles provided valuable insights into the behavior
of the reservoir based on upscaling. Figures 6.3 and 6.4 suggest that brine injection with
0.2M and 0.15M NaCl did not trigger any fines migration within the reservoir before and
after the soaking period. The soaking period allowed the injected fluid to interact with the
sand grains and fine particles, altering the surface forces and consequently affecting the
permeability due to fines migration. Upon analyzing the pressure drop profile in Figure
6.4, it was observed that before the soaking period, the pressure drop was comparable to
Figures 6.2 and 6.3, indicating a consistent permeability distribution within the reservoir.
However, after the soaking period for 0.1M NaCl injection, the pressure drop exhibited a
noticeable spike once the CSC was achieved at this salinity. The sudden increase in
pressure drop at the CSC suggested a significant fines detachment, migration, and straining,
which altered the flow behavior of the fluid within the reservoir. This increase in pressure
drop could be attributed to the alteration of the pore structure and pore throat plugging,
resulting in a reduction in permeability. Understanding such changes in pressure drop
profiles is crucial for assessing the effect of the injected fluid's salinity on reservoir

permeability due to fines migration and predicting its impact on reservoir performance.

6.4 Summary

In conclusion, this chapter has focused on the upscaling of coreflooding results to
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reservoir scale to better understand the permeability impairment caused by fines migration

after reaching the CSC. The data from coreflood tests demonstrated a significant 40%

decline in permeability due to fines migration and straining.

To gain further insights, an exponential model was developed based on the pressure
drop (Ap) observed during coreflooding and the injection brine salinity (0.2M,
0.15M, and 0.1M NaCl). The model demonstrated satisfactory performance,
accurately predicting the Ap within an acceptable error range of +10%. Utilizing
data on core permeability before and after the soaking period, the model
permeability (Kmoder) Was calculated using the developed exponential model.

To extend these findings to the reservoir scale, pressure profiles as a function of
drainage radius were generated using the radial Darcy law for NaCl salinities of
0.2M, 0.15M, and 0.1M. The upscaling process considered permeability changes
before and after the soaking period, effectively translating core data into reservoir
data using skin factor.

Overall, the comprehensive approach employed in this chapter has provided
valuable insights into the complex phenomenon of fines migration and its impact
on permeability impairment in the context of reservoir engineering. The integration
of DLVO modeling, coreflooding experiments, and the developed salinity model
has contributed to a deeper understanding of reservoir behavior under varying salt
concentrations. These findings have practical applications for enhanced oil

recovery strategies and optimizing reservoir performance.
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CHAPTER 7: Applications and Limitations

The following sections present the various applications of the DLVO modeling
approach in predicting critical parameters. Specifically, the significance of this approach
in predicting fines migration, which plays a pivotal role in mitigating formation damage in
sandstone reservoirs, has been highlighted. Additionally, the limitations inherent in the
current work are carefully outlined, shedding light on specific areas that warrant further
investigation. This exploration of both the applications and constraints of the DLVO
modeling approach serves as a crucial steppingstone, laying the groundwork for future

research endeavors in this field.

7.1  Applications of Current Research

For the proof of concept, the DLVO modeling approach was employed to model
the SFB system considering a single-phase system, and critical parameters such as critical
salt concentration, critical pH, and critical flow rate were predicted and validated
experimentally. The following section highlights the most significant applications of the
proposed approach on a field scale.

e Current research has a direct application in water aquifer recharging into sandstone
reservoirs where a change in salinity or pH of injecting liquid compared to
formation water salinity and pH may trigger fines migration. Fines migration during
aquifer recharging pertains to the movement of clay fine particles when water is
introduced into an aquifer. This phenomenon can result in clogs, reduced water
flow, and potential damage to the formation. Considering a single-phase system of
water aquifer, the DLVO model can effectively be employed to predict CSC,
critical pH, and critical flow rate to predict these critical parameters and avoid
formation damage.

e The proposed approach can also be applied to water disposal in sandstone
reservoirs. The fines migration issue encountered during the disposal of water into
sandstone reservoirs poses a notable problem within the domains of petroleum
engineering and hydrogeology. To prevent fines migration and ensure the sustained
effectiveness of water disposal into sandstone reservoirs, the DLVO modeling
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7.2

approach can be applied for the prediction of threshold values of salinity, pH, and
injection rate.

Similarly, the proposed approach has a direct application in water-bearing
subsurface formations where fines migration can hinder groundwater flows and
impair formation permeability.

The proposed DLVO model can effectively incorporate the effects of monovalent
and divalent ions to predict the mentioned critical parameters. Therefore, the
proposed can be directly applied to optimize Smart Water injection in sandstone
reservoirs.

DLVO theory can be applied to study the stability and behavior of nanoparticles in
nanofluids. Nanoparticles are used in various EOR techniques, and understanding
their stability and interactions with reservoir fluids is essential for their effective
application.

Recommendations

The DLVO model proved to be a useful tool for predicting critical parameters

considering injection brine salinity, pH, and flow rate, however, it has some limitations,

which are given below:

The DLVO assumes fine particles of spherical shape, but in reality, fine particles
of different shapes are present within the sandstone which might reduce the
accuracy of the model.

The model cannot incorporate any mineral dissolution within the sandstone.
DLVO theory does not account for the surface roughness of particles, which can
significantly influence particle interactions.

The model can forecast the beginning of fines migration in the porous medium, but
it is unable to estimate the number of fines that will detach and migrate.

It does not show anything regarding the reattachment of detached fines.

The biggest limitation is the inability to know how many fines are candidates for
mobilization.

The model cannot predict sudden changes in surface charges and the

accompanying surface forces.
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In reality, almost all the variables such as surface charge and particle size consist
of distributions, however, the DLVO model does not have the ability to incorporate

the distributions of these parameters, rather it uses the average values of these input

parameters.
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CHAPTER 8: Conclusion and Recommendations

In this thesis, the DLVO modeling approach has been utilized as a prediction tool to
estimate critical parameters such as CSC, critical pH, and critical flow rate in sandstone
core samples. This approach is based on the analysis of surface forces between sand grains
and fine particles in an SFB system. To evaluate the applicability of the DLVO modeling
approach and to demonstrate proof of concept, all modeling and experimentation were
conducted in the context of single-phase flow and at ambient temperature. Notably, the
DLVO model predictions were found to be in close agreement with the experimental
results, falling within an acceptable range of error. By measuring the required parameters
under field conditions, the presented approach in this research can be applied to design
waterflooding and alkaline flooding operations for enhanced oil recovery and improved

reservoir management, without the need for extensive experimentation.

8.1 Conclusions

The following points highlight the most significant findings of this research:

e The quantification of attraction and repulsion forces in the SFB system using
significant parameters such as zeta potential, brine salinity, pH, and fine particle
size allowed for the development of DLVO models. These models accurately
predicted the critical salt concentration (CSC) for monovalent brines such as NaCl
and KCI based on the analysis of the total interaction energy of the given system.

e The DLVO model incorporated the effect of divalent brines such as CaCl, and
MgCl: and predicted lower CSCs than monovalent brines.

e A critical pH was predicted using the DLVO model with fixed salinity varying pH
brines.

e The DLVO model integrated the effect of silica nanoparticles (SNPs) to reduce
repulsion force by changing the sand surface potential and suppressing the electric
double layer. The application of 0.1wt% SNPs reduced the CSC by 32% and
improved the critical pH by 37%.

e A new model was developed by integrating DLVO and hydrodynamic forces to
model high-rate injection scenarios under varying salinity conditions. The model
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8.2

predicted the critical flow rates under the influence of electrostatic and
hydrodynamic forces.

The DLVO model predictions were validated experimentally using single-phase
corefloods and acceptable results were obtained. This indicates the reliability of the
DLVO model in predicting the behavior of fine particles in SFB systems.

Recommendations

Despite the DLVO modeling approach's remarkable predictive ability and its close

agreement with experimental results, it is important to acknowledge that there are certain

limitations inherent in this approach that have not been fully addressed in this work.

Therefore, it is crucial to outline the prospects for future research to overcome these

limitations and advance the field. The following points define the key areas that should be

addressed in future work:

The current research is primarily concentrated on investigating single-phase
systems to establish proof of concept and assess the prediction capabilities of the
DLVO model. While this approach has provided valuable insights, it is crucial to
recognize that real field scenarios always involve the presence of multiple phases.
Consequently, future research should aim to incorporate the influence of these
additional phases to achieve more accurate predictions.

Measuring the zeta potential of sand grains in the presence of oil using a Zetasizer
can pose significant challenges, primarily due to the tendency of oil to detach the
sand surface within the sample cup. This detachment can lead to misleading results
and hinder accurate zeta potential measurements. Therefore, it is imperative to
explore new approaches that can overcome these challenges and enable reliable
zeta potential measurements for sand samples with oil. These approaches include
but are not limited to streaming potential, electroacoustic spectroscopy, and
electrokinetic sonic amplitude.

In the context of the DLVO model, it is crucial to consider temperature-dependent
zeta potential measurements. The DLVO theory relies on accurate zeta potential
values to estimate the interaction forces between colloidal particles. Since

temperature can significantly affect the zeta potential of materials, it becomes
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essential to account for the actual reservoir temperature when measuring the zeta
potential of sandstone reservoirs.

In this thesis, the zeta potentials of the samples were measured under ambient
conditions using a Zetasizer. To ensure the reliability of the modeling process, it
becomes necessary to consider the actual temperature and pressure conditions
encountered in the reservoir. Although Zetasizer has advanced over time and can
now accommodate higher temperatures, allowing measurements up to 120 °C, the
challenge lies in measuring zeta potentials at high pressures. Currently, there is a
dearth of known apparatuses available to measure zeta potentials under high-
pressure conditions. This limitation poses a significant hurdle in accurately
representing real-field situations, particularly in reservoir environments where
pressures are substantial. To overcome this limitation, further research is required
to develop suitable apparatuses and methodologies that enable zeta potential
measurements at elevated pressures.

The integration of the DLVO modeling approach with reservoir simulators holds
immense potential in the design and optimization of various fluid flow scenarios in
sandstone reservoirs and subsurface sandstone aquifers. By combining the
predictive power of the DLVO model with the comprehensive capabilities of
reservoir simulators, engineers and researchers can gain valuable insights into the
fluid—particle interactions within these complex systems. Furthermore, the
integration of DLVO modeling with reservoir simulators has applications beyond
oil recovery. It can also be instrumental in understanding and managing water flows
in subsurface sandstone aquifers. Sandstone aquifers are important sources of
groundwater, and accurately predicting the movement and transport of water
through these porous formations is crucial for sustainable water resource

management.
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Nomenclature

A = core cross-sectional area, cm?

Ay =Hamaker constant, = 1.52x10%°

B = formation volume factor, RB/STB

e = electron charge, = 1.60 x 10*° C

d = core diameter, cm

Fq = drag force, kg-m/s?

Fe = effective electrostatic force, kg-m/s?
Fq = gravitational force, kg-m/s?

F (ka) = Henry’s function

Fi = lift force, kg-m/s?

h = formation thickness, ft

h = separation distance, nm

ho = minimum equilibrium distance, m
H = dimensionless distance = h/r;

I = |ift lever arm, m

Il =drag lever arm, m

Is = ionic strength of permeating fluid, M
k = formation permeability, mD

k = inverse Debye length, m*

Ks = Boltzmann constant, = 1.38x1023 JK!
Ks = damage permeability, mD

L = core length, cm

M = molarity, mol/liter

Mg = viscous surface stress, kg-m?/s

Na = Avogadro’s number = 6.02214x10% mole™!
pH = pH of injection fluid =6.5-7.5

Pe = external boundary pressure, psi

pwt = wellbore flowing pressure, psi

q = flow rate, cc/sec

le = drainage radius, ft
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Vepr
Vivw
Vr

z

Q T ¥

™
3

Ap

= fine particle radius, m

= pore radius = 0.00005 m

= wellbore radius, ft

= skin factor

= absolute temperature, = 297.15 K

= electrophoretic mobility, V

= injection velocity, m/s

= acid-base interaction energy, J

= hydrophobic/hydrophilic interaction, J
= Born repulsion energy, J

= Electrical double-layer energy, J

= London-van der Waals energy, J

= total interaction energy, J

= valence of the ion

= zeta potential, mV

= fluid viscosity, kg/m-s

= atomic collision diameter, = 5x10"° m
= dielectric constant of water = 80

= permittivity of the vacuum, = 8.85x1012 F.m*
= viscosity of the solution, kg.m™!s™

= decay length of liquid molecules, m

= pi =3.1416
= pressure drop, psi
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