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ABSTRACT

Full Name : [Mohammed Ibrahim Hassan Alabdrabalnabi]

Thesis Title . [Numerical Modeling Of Water Shutoff Utilizing Nanosilica Gel
Treatment]

Major Field . [Petroleum Engineering]

Date of Degree : [May 2024]

Water production is a significant hurdle in the oil and gas industry that can severely
influence the environment and production economics. Hydrocarbon reservoirs produce
water for several reasons, such as the original connate water in the reservoir, induced
fractures, and water breakthrough from neighboring formations. Excess water production
can cause issues, including declined oil recovery, higher well abandonment rates, and

higher operating expenses for handling and environmental impacts.

Chemical and mechanical techniques can be used to minimize the consequences of water
production. Chemical approaches can limit water production, including water control
chemicals such as polymers and surfactants. Inflow control devices, packers, and gravel
packs are examples of downhole instruments used mechanically to regulate water
production. Chemical methods such as water shutoff gels can overcome some of the
limitations of mechanical techniques. For example, the gels are injected into the formation
and then react to form a barrier that blocks water flow from the water zone while allowing
hydrocarbons to flow. Despite complex geology and high permeability, water shutoff gels

are effective in many reservoirs.
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This research proposes a numerical modeling tool as an interphase to predict gel
penetration and coverage around the wellbore. For instance, such a tool could optimize
water shutoff chemicals' treatment volume and injection rate. The study will capture
extensive laboratory experiments at different chemical concentrations and temperatures
using Chandler 5550 viscometer to generate a reaction kinetics model of a nano-based fluid
system, namely ‘“Nanosilica,” to predict the gelation time accurately. The model will be
created using a numerical simulation in three dimensions incorporating fluid flow, heat
transfer, and gelation reaction. To the best of my knowledge, there is no model like this in
the literature, and it will be one of the first for water shutoff utilizing Nanosilica

technology.
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CHAPTER 1

INTRODUCTION

1.1 Background

Controlling excessive water production from oil and gas wells is one of the main goals of
the petroleum industry. It should deserve great attention as it could minimize the total
reserves recovery across the globe. For instance, it causes liquid loading, sand production,
fines migration, scale formation, and tubular corrosion. Additionally, the natural drive
mechanism to produce oil is no longer sufficient due to the massive water production that

prematurely depletes the reservoir and eventually results in well abandonment -2,

The two leading causes of increased water production are water leaks and excessive fluid
flow. There are several causes of excessive fluid flow in reservoirs, the most common of
which is viscous fingering and undesirable heterogeneous permeability. Water leakage can
occur because of pipe leaks, channeling behind the casing, or conning within the matrix.
In addition, if water is introduced to the oil reservoir as it matures, the water cut can

approach 98% of the extracted volume 3-°.

Oil operators commonly utilize water to oil ratio (WOR) to address and quantify the water

production to oil production, as shown in Equation 1.1:

WOR = g—f (1.1)



Qw and Qo are the flow rates of water and oil, respectively >°. Based on the research of
Bailey et al. ” on a global scale, they claimed that for one barrel of oil, three barrels of
water are produced in parallel. Based on the recent analysis from Grand View Research
Group 8, the cost of water treatment was around 6 billion USD in 2015. Subsequently, this
research group estimated the price to hit almost 10 billion USD by 2024. Additionally, the

treatment market size has increased gradually due to strict environmental regulations °.

1.2 Problem Statement

Sustainable development and the provision of clean water for human consumption require
effective management of water resources. It is common to use water shutoff treatments in
the oil and gas industry to prevent unwanted water production from wells that can damage
the environment and reduce production efficiency. Optimizing the effectiveness and
reducing the cost of water shutoff treatments requires accurate modeling. However, the
choice between analytical and numerical modeling methods can significantly affect the

model's accuracy, applicability, and simplicity.

Numerical simulation offers several advantages over analytical modeling for water shutoff
treatments. First, numerical simulation can be used to accurately describe the complex
physical processes involved in water shutoff treatments. Due to the heterogeneity of
reservoirs, fluid properties, and fluid-rock interactions, numerical simulations can account
for them. Second, numerical simulation can be applied to various conditions, including
complex geometries, non-linear behavior, and multiphase flow. This makes numerical

simulation a more versatile tool for modeling water shutoff treatments. Third, numerical



simulation can be relatively simple to implement, especially with the availability of modern

software tools and computing power.

1.3 Research Objectives

The research objective of this master thesis is to develop a 3D numerical simulation model
utilizing MATLAB® software to design and optimize a water shutoff treatment and predict

the penetration of the fluid into the formation and gelation time. This will be achieved by:

Develop an accurate reaction kinetic model from rheological experiments at different fluid

compositions and reservoir temperatures to predict gelation time.

Create a mathematical formulation that includes reaction kinetics, continuum flow on two

scales, and thermal energy transfer.

Generate a numerical 3D simulation model utilizing MATLAB software from the

mathematical formulation developed in (1).

Ensure that the numerical model is efficient in terms of computation.

1.4  Proposed Work

The following work shall be carried out to reach the objective mentioned above:
Analyze the data generated from the massive lab experiments and exclude outliers.

Conduct the required rheological tests if the data is insufficient to build a reliable gelation

model.



Generate an accurate gelation kinetics model using regression tools from EXCEL or

machine learning algorithms from MATLAB if required.

Work on the mathematical formulations and integrate the reaction kinetics, 3D fluid flow,

and 3D temperature models into MATLAB software.

Evaluate the model’s performance and accuracy.



CHAPTER 2

A Review of Recent Developments in Nanomaterial Agents

for Water Shutoff in Hydrocarbon Wells

2.1 Abstract

Reducing water production from hydrocarbon wells is one of the major requirements to
prolong the life span of the production wells. Gel treatment is commonly regarded as one
of the traditional cost-effective methods for water shut-off applications. Different gel
systems have been developed to overcome the challenges of performing a successful water
shut-off treatment. Each gel system has its advantages and disadvantages. A new proposed
technology is to enhance the gel performance by utilizing nanomaterials in its composition.
Nanomaterials such as nano-silica, nano-clay, and graphene can significantly modify gel
properties to improve plugging efficiency. This paper provides a brief review of the added
value of using nanomaterials in the structure of polymer in-situ gel, preformed particle gel,
and nano-silica-based fluid. Nanomaterials such as nano-clay, nano-silica, and
nanographene can adjust the properties of in-situ gel, such as control of gelation time (9-
10) hours and enhancing gel strength up to 4.5 times. Nanomaterials also improved the
swelling ratio of preformed particle gel by up to 400%, accompanied by increased gel

strength. Notably, nano-silica-based gels exhibit an exceptional plugging efficiency



(100%). Additionally, the paper discusses how modeling can be used to overcome

operational challenges in terms of placement and plugging performance.

1 This chapter is copied from the manuscript: Ali, A.; Alabdrabalnabi, M.; Al Ramadan,
M.; Aljawad, M.; Almohsin, A.; Azad, M. A Review of Recent Developments in
Nanomaterial Agents for Water Shutoff in Hydrocarbon Wells. ACS omega 2024.

2.2 Introduction

During oil production under an external drive fluid, the driving fluid is targeted to push
the oil ahead to the production interval. Conformance measures the flood front efficiency
of the driving fluid to push the oil toward the production interval.5%® However, the
heterogeneity of reservoirs may assist the driving fluid (i.e., water) to move faster than oil,
which results in leaving large amounts of oil unswept and leading to co-production of the
driving fluid (water or gas).®* This is called a reservoir conformance problem,®!2%3 and
it can occur in production or injection wells.** Applying any technique to improve the
movement of unwept oil is called conformance control.®%51¢ Water shut-off is classified
under conformance control mechanisms by eliminating excessive water production using
different strategies, which enhances the oil recovery and extends the production life cycle

of the well.1"-1°

Undesired water production has received great attention from the petroleum industry to
overcome the challenges associated with the produced water and thus improve the
economic life of the wells.?® The reservoir rock generally contains connate water and

hydrocarbons. In addition to that, some reservoirs are surrounded by vast aquifers. In such



cases, water can flow from different sources into the wellbore and be produced along with
hydrocarbons. Immediate treatment is required when the water production rate exceeds the
economic level of the water-oil ratio (WOR).?° Problems arise when the water production
rate starts to compete with oil production, which means no or little oil is produced.?* Some
studies reported a large volume of water produced with oil. In 2000, According to Bailey’
et al., each barrel of oil was associated with three barrels of water worldwide, and this
amounted to approximately 75 billion barrels of water with a disposal cost of $40 billion.
Another study by Veil?? stated that total water production in the USA nearly reached 24.4
billion barrels in 2017. Therefore, water shut-off technologies are introduced to reduce
water production, improve recovery efficiency, ensure effective reservoir management,
and, in some cases, comply with environmental regulations.® Additionally, the water
control technologies enhance profitability for the operator by lowering the lifting cost,
extending the productive well life, reducing the well maintenance cost, and minimizing

water disposal cost.'”?°

The critical parameter in planning a successful water shut-off treatment is conducting an
accurate diagnosis of the root cause of water and then applying a suitable treatment for the
problem.”192330 Inyestigation into several ineffective treatments has led to the conclusion
that operators often do not perform an appropriate diagnosis in the beginning due to some
reasons, such as insufficient time, invested capital, and inadequate knowledge about the
range of effectiveness for each method.”3! Diagnosing the water production challenge
should include information about the production wells and the field data. Data such as
heterogeneity of reservoir, production drive mechanism, production data, and well

geometry can help find the water entry point.®? The diagnosis is conducted using



production logging tools, pressure transient analysis, well log analysis, nodal analysis,

relative permeability ratio, and production data analysis.*?=%’

Gel treatments are considered one of the oldest methods to treat water production, 103839
They have shown their capability to plug the thief zones such as fractures, high
permeability layers, etc. 1> However, they face certain challenges that need to be
addressed in terms of gelation control, gel stability, and thermal stability.*%*! The newly
developed improvement is by utilizing nanomaterials such as silica, clay, and graphene in
the composition of the gel. These materials have shown the capability to improve material
performance for different uses. Over the last few years, there has been a noticeable increase
in the usage of nanomaterials in the oil and gas industry.*> Nanomaterials are materials
manufactured at nanoscale size, their size range from 1 to 100 nanometers. This size allows
the material to exhibit unique properties distinct from the Bulk material. It was found that
nanomaterials have a huge capability to improve material performance for different
applications, such as enhancing oil recovery, formation evaluation, and reservoir
imaging.**> Many gel systems suffered from overcoming many challenges during water
shut-off treatments, such as gel instability under reservoir conditions, gelation time control,
and gel propagation in the reservoir. Therefore, materials such as nano-silica and nano-clay
were introduced as a part of gel composition, and an incremental improvement in gel

properties was found.

This study aims to discuss the recently developed gel systems that include only
nanoparticles of silica, clay, zirconium oxide, or graphene in their composition. The study
shows the added value of these materials in the performance of polymer gels and silicate

gels in overcoming operational challenges during water shut-off treatments. Besides, the
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study demonstrates the capability of gel modeling treatment to enhance water shut-off

treatments.

2.3 History of Water Problem:
2.3.1 Sources of Water

Two types of water are produced with oil. Good water is produced naturally as part of the
fractional flow process and does not compete with oil production at economically viable
rates, so it is left untreated during production to avoid any negative impact on oil
production®® In contrast, Bad water also known as insufficient water hinders oil production.
Immediate treatment is necessary for bad water to reduce its negative impact and increase
oil production.”® Many sources have been identified to cause excessive water production.
Generally, these can be classified into reservoir-related sources and wellbore-related

sources. Below is a list of the most common ones:
2.3.1.a Wellbore-related sources

Flow behind the pipe can occur when there is a channel between the water-bearing layer
and the wellbore. The connection could be due to the partially or nonexistent primary
cement in the interval between the water layer and production interval, or due to a bad
cement job (cement failure). Another reason is the continuous microannulus between the

cement and formation or the cement and the casing as illustrated in Figure 2.1.671446

Casing /Packer/Tubing leak can occur due to corrosion in the casing, tubing, or

uninsulated seal of the packer as appeared (see Figure 2.2).5%



Migration of oil-water contact (OWC) can cause undesired water production because of
water coning once the OWC starts rising and reaching the perforation of the target zone, as
shown in Figure 2.3. This can predominantly occur if the perforations are placed close to

the OWC, and the reservoir vertical permeability is high.

Barrier breakdowns can occur when fracture breaks through the impermeable layer or
when acids are used to dissolve the rocks. This can result in the formation of a new fracture
near the wellbore, which will eventually enable the water to migrate to the wellbore due to

the pressure difference across the permeable layer.*’

Water zone

Figure 2.1: Flow behind pipe.

= Water zone

Figure 2.2: Tubing Leaks.

10



Oil Bearing
(Low K)
Layer

)

.—~r— 'T\__ L~

Water Bearing]
(High K) Laye

Figure 2.3: Rise of water oil contact.

2.3.1.b Reservoir-related sources

Fracture between the injector and producer can allow water from the injection well to
flow into the production well as illustrated in Figure 2.4. This is a common problem in
waterflooded reservoirs, which leads to unwanted water production in a very short time

through the fractures.’

Fissure/Fracture from a water layer can provide a path for water flow from the
underlying water zone, also hydraulic fracturing can cause this problem (see Figure 2.5).14

Water coning can occur when the water rises up from the bottom of the reservoir and
reaches the wellbore. Figure 2.6 illustrates this phenomenon This is more likely to happen

in wells with high water saturation and low permeability.?*

Watered-out layer with and without crossflow can occur when a water-saturated layer

is sandwiched between two high permeability layers. Also, water can flow from the
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watered-out layer to the production well through the high permeability layers. the water

source can be from either an active bottom water or injection well.®’

Channels through a high permeability zone can allow water to flow more easily through
the reservoir, resulting in higher water production rates. This is a common problem in
reservoirs with high permeability streaks. This widely happens in reservoirs with either an

active water drive or a water-flooding-treated reservoir.*®

Fingering can occur when water flows along high permeability channels in the reservoir.
It is a condition whereby the interface of the oil-water layer creates a fingering profile (see
Figure 2.7). The water bypasses horizontally a section of the reservoir as it moves. This
phenomenon is common in a reservoir with a water injection well and viscous oil. It also

can happen in a reservoir with a bottom water drive or gas cap expansion.®%

Injector
A
0il
Producer
)
Water
Figure 2.4: Fracture from the injector to producer. Figure 2.5: Fracture from a water layer.
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Water

Figure 2.6: Water coning. Figure 2.7: Fingering.

2.3.2 Water Shut-off Methods

In general, applying a certain method depends on the type of water problem in the reservoir
(wellbore-related sources or reservoir-related sources).*® Each method is effective in shut-

off only specific water paths, and they could be classified into two types:
2.3.2.a Mechanical Methods

They involve placing a tool of high mechanical strength or cement into the wellbore to
shut off the unwanted water source. The mechanical tools involve retrievable and straddle
packers,*%-°2 plugs,® tubing patches,** and squeeze cementing.>>*8 They are preferred for
treating near wellbore problems such as channels behind casing or casing and tubing leaks.
The advantage of the mechanical methods is that the effect will appear in a short time and
is relatively inexpensive compared to other solutions. %% However, they are not feasible

for treating reservoir-related sources such as fractures or high permeability zones.?
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|Additionally, incorrect placement of the plugging tool can lead to the loss of the producing

oil zone.5!

2.3.2.b Chemical Methods

They involve injecting chemicals, such as gel, into the reservoir section or layer that
provides an easy path for water to flow. This is implemented to plug the water-bearing
zones and fractures, which can help to reduce water and increase oil production. The
propagation of the chemical fluid reduces the water permeability in the targeted zones, and
this forces the water to take other paths pushing the oil ahead to the production interval.
These methods can also increase the water viscosity which improves the reservoir
conformance and sweep efficiency. Their advantage over the mechanical solutions is the
ability to treat both near-wellbore and reservoir-related sources. The results could last for
months and up to years depending on reservoir characteristics. However, a disadvantage is
that the efficiency of the chemical solution is highly affected by reservoir properties and
its compatibility with the reservoir temperature and water salinity.6283 The study focuses
on discussing the chemical techniques that utilize the gels as blocking agents and how
nanomaterials such as nano-silica can assist in overcoming some operational challenges
during treatment. Figure 2.8 and Table 2.1 illustrate the most common chemical systems

used for the last century, summarized below:

 Inorganic gels®: They were discovered in early 1920s for blocking lost circulation
zones and zone squeezing. Sodium silicate is the most common type. They have a
very low viscosity and can easily be injected into deep reservoirs. They can provide

an acceptable plugging efficiency with high thermal stability. Another type,

14



aluminum, was developed to combat undesired water production in high

temperature and low permeability reservoirs.%>¢7

Monomer systems: Monomer-based systems such as acrylamide, can be placed
deep in the reservoir matrix. They have low viscosity, and after placement, they

polymerize to form a gel with varying strength depending on the monomer type.

Polymer gels®: They are composed of polymer and crosslinking agent. Once they
are placed into the target zone, they form a rigid 3D gel structure that blocks the
water phase. Common types include Polyacrylamide (PAM) and hydrolyzed
polyacrylamide (HPAM). Crosslinking agents could be metallic, such as aluminum
and chrome, or organic, such as phenol. Additionally, biopolymers such as xanthan

can also be crosslinked to form a 3D gel %%

Ungelled polymers’"2: It was found that some polymer types can reduce water
permeability by a degree higher than oil permeability, which is called relative
permeability modifiers (RPM). Polyacrylamide is one of these polymers that have

this characteristic.

Resins’3: These are thermosetting materials injected with a catalyst ( acid or base)
that start to react at bottomhole temperature to provide sufficient strength to seal

fractures and channels. Phenol and epoxy are among the most common ones.

Viscous flooding (polymers)’®: In some situations, water production can be
caused by an unfavorable mobility ratio, resulting in a poor sweep of viscous oil.

Polymer flooding can enhance the mobility ratio and improve sweep efficiency by
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increasing the water viscosity during water flooding. HPAM and xanthan polymer

are common for this job.

‘ Chemical Systems

| |

‘ Monomer Systems ‘ Resins/ Elastomers Ungelled Polymer ‘ Bio-polymers Viscous Flooding

Polymer Gels ‘ Inorganic gels

Figure 2.8: Chemical water shut-off systems.

Table 2.1: List of common chemical’s structure for water shutoff applications.

Chemical System Name Chemical Structure
(@)
+
Inorganic Gels Sodium Silicate Na |S|| Na™*
70/ \O_
. 0
Monomer Systems Acrylamide \)L
A NH,
r CH CH —l
Polyacrylamide \
(‘f=0
Polymers B
- — " ‘
HPAM c‘ 0 (‘ 0
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Xanthan Gum )/
2 H\

Phenol- HOH,C CH,0H

Resins formaldehyde

CH,OH

2.4 Utilizing Nanomaterials for Enhancing Gel Treatments:

The analysis process for this review starts with the initial demonstration of the actual
challenges confronting three distinct gel types: in-situ polymer gel, preformed particle gel,
and silicate gel. Figure 2.9 illustrates the systematic approach taken to assess the impact
of nanomaterials on gel treatment. The influence of nanomaterials is divided into three
distinct categories, each corresponding to a particular gel type. Enhancements in gels
properties have been observed, primarily in terms of thermal stability, gelation time, gel
strength, and swelling performance. These improvements can be attributed to the

application of four key types of nanomaterials, silica, clay, graphene, and zirconium oxide.
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| Nanomaterials: Silica, Clay, Graphene, Zirconium oxide

Figure 2.9: Review methodology for the impact of nanomaterials on gel treatments.

2.4.1 Challenges of Gel Treatments:

subsurface or at the surface, the gel can be classified into the following:

18

Gel treatments are one of the most common chemical water shut-off methods. They are
effective and economical ways to reduce water production in mature reservoirs.” Polymer
Gel can control water mobility by either reducing the permeability or plugging the high
permeability zones and fractures.”® This property improves the sweep efficiency and

increases oil production correspondingly. Based on where the gelation takes place,




2.4.1.a In-situ Gel

It is a type of gel that forms a downhole in the reservoir.”””® For conventional polymer
gel, a mixture of polymer solution, crosslinker, and additives are injected downhole into
the target zone. After the expected time and under a certain temperature, the mixture reacts
to form a gel that plugs the zone partially or fully.”” Despite their popularity, many
disadvantages were addressed such as a lack of gelation time control leading to an
unpredictable depth of penetration,’®8 dilution by formation water,2°%? uncertainty of
gelling due to shear in surface facilities and the reservoir,*88+ and potential damage of
low permeability un-swept oil zone.®

2.4.1.b Preformed Gel:

Preformed gels (PPG) are a type of gel that is formed at the surface and then injected into
the reservoir as particles. It is a new type of well-conformance technology that was first
introduced by the Institute of Petroleum Exploration and Development (RIPED),
PetroChina in 1996.”” They are made from superabsorbent polymers (SAPs), which are
three-dimensional hydrophilic crosslinked polymers that swell but do not dissolve due to
their inner physical and chemical nature.®® PPGs are micro to millimeters in size and are
used to plug fractures or channels of high permeability zones of a few decries.®” Their
plugging efficiency depends highly on particle strength and conduit inner diameter.®
Another advantage is the performance of plugging is less affected by operation and
reservoir conditions such as shear rates, salinity, pH, and temperature.!! However, the
application of these gels is limited to high permeable formation ( not less than 500 mf) and
fractures due to particle size constraints.!* Preformed gel types include partially preformed

gels 8% preformed particle gels of millimeter to micro size (PPG),%°%%2 microgels,®%
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pH-sensitive crosslinked polymers,®**° and Bright Water®.1%1%! The main differences
include the swelling capabilities, particle size, and the preferred reservoir conditions to be
used.’* In addition to that, different types of mechanisms were used to combat water
production such as partial plugging,’”*%relative permeability modification, large pores
plugging, mobilizing capillary-trapped oil and monolayer or multilayer adsorption.’”-%4103
Figure 2.10 displays SEM images of swelling and aggregation of PPG and microgel in the
porous media which will be reflecting on the achieved plugging efficiency. It distinctly
demonstrates the contrasting plugging mechanisms between preformed particle gel and
microgel when compared to in-situ gel. In preformed gel applications, plugging
predominantly occurs due to swelling and aggregation of preformed gel within the pore

structure. In contrast, in the case of in-situ gel, the transformation of the gelant solution

from a liquid to a solid state within the pore system serves as the primary cause for shutting

the water flow.

Figure 2.10: (a) Swelled PAM/Cs PPG,% (b) Distribution of microgel particles.®t |
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2.4.1.c Silicate gel

silicate-based gel is one of the oldest methods to tackle reservoir conformance
problems.®1% Their mechanism to mitigate water or gas production is similar to other
gelling materials such as polymers or phenolic resins. It has the form of brittle gel, formed
by the reaction between the silicate solution and an activator.'% In the old days, HCI was
used as an activator, but due to its hazardousness, different types of materials such as NaCl
were successfully proved as gelation activators'1%7, The gelation happens as the result of
chemical bonding between the particles which aggregate to form a semi-solid 3D network
of long bead-like strings.%® In addition, the gelation time of silicate gels is highly affected
by temperature and activator concentrations.!%® Sodium silicate is considered the most
well-known silica solution.’®” There are many advantages to applying silicate gels for
water-shut-off applications. They are environmentally friendly, and the solution viscosity
is similar to water, which provides good injectivity.'®® They also provide good thermal
stability at elevated temperatures.*'%1! The cost of applying silicate gels is relatively low,

compared to other gel systems, 110112114

However, they have some drawbacks that have reduced their usage in recent years. The gel
strength of silicate gel is less compared to polymer gels. The silicate gel has less gel
strength when compared to polymer gels.® Another disadvantage is the gelation time, as it

was found that the increase in gelation time could affect the gel strength negatively.®

The focus of the study is only on these three gel systems, In situ Polymer gel, preformed
particle gel, and silicate gel. These gels have operational common challenges in terms of
gel placement and performance. Table 2.2 summarizes the common challenges that the

face operator in the oil field. The challenges facing the three gel systems are diverse. In
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situ polymer gel contends with environmental sensitivity, complicated control of gelation
time, and the potential for oil zone damage. Preformed gels confront a fundamental
limitation, being generally unsuitable for low-permeability formations, necessitating
alternative solutions in those cases. Silicate gels challenge precise control due to their rapid
gelation and may struggle to maintain optimal gel strength over an extended duration, while
their sensitivity to divalent ions can hinder effectiveness. Based on this observation, there
is a clear need to improve the performance of the gel by making modifications to its
composition. In recent times, three common nanomaterials, namely nano-silica, nano-clay,

and nanographene, have been introduced into the gel composition to enhance its properties.
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Table 2.2: Summary of the challenges of in-situ polymer gel, PPG, and silicate gel.

Gel system Mechanism Challenges Examples
Gellant is placed into
the target zone and over . .
a certain period, it will - Gelation s = affected by
be transf d int environmental conditions.
€ transiormed N0 & _ copgrol of gelation time is
solid gel. difficult.

In situ - Possible damage to the oil
Polymer gel Zone. Crosslinked PAM
gelst?
The gel is initially It_cannot propagate formation
generated at the surface with permeability lessthan 1 D.
. .. H 87
PPG .br?tfo,zﬁ rbelnrg _:njected Limited application for the PPG (China)
INto the reservorr. reservoir of an extreme
permeability.

The gel is formed into _ o
the formation by the Rapid gelation time.
reaction of silicate The gel strength is low for an
solution with an extended period.
activator under a certain Sensitive to the formation’s
temperature. minerals (divalent ions).

Silicate gel

Sodium silicate gel”
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The key to a successful water shut-off treatment lies in accurately diagnosing the root cause
of water intrusion and applying suitable remedies.”*%%-30- Understanding the reservoir's
recovery mechanism and tracing the source of the produced water are crucial. Tracers and
logging services help identify these sources. Once identified, specific solutions can be
applied. Table 2.3 illustrates some of the previous successful filed applications for gel
treatments. In-situ polymer gels and silicate gels are commonly used for near-wellbore
issues like casing and tubing leaks, as well as sealing high-permeability zones. Preformed

particles are preferred in China for their effectiveness in treating fractures over in-situ gels.

Table 2.3: Successful field applications for gel treatments.

Applied chemical

Cause of Water Problem Reference
system

Casing leaks
10,115
Tubing leaks 46,115

High permeable thief zones 116
In-situ polymer gel

2D coning 117,118

Natural fracture system connected to water

zones 119,120
Super permeability channels 121
Low permeability fractured reservoirs 122
Communication between the injection and the -

) production wells
Preformed particle

gel High permeable layers "
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Casing leaks 123

High Permeable layers 124

Silicate gel

Fault reservoir with extremely high 125.126
permeability

2.4.2 The Positive Impact of Nanomaterials on Gel Treatments:

This study will focus on gel properties improvements by utilizing nanomaterials for in-situ

gels and preformed gels to combat excessive water production as illustrated below:

2.4.2.a The impact on in-situ polymer gels

Polymer gels are commonly used as a cost-effective technique for reservoir conformance
problems.'?” Due to their nature, polymer gels provide many advantages such as good
injectivity, deep penetration in the reservoir, increasing the viscosity of water, and
changing the fluid's permeability for different zones. However, several challenges exist in
implementing proper gel treatment techniques, such as aggregation to high polymer
concentrating above critical association concentration (CAC), instability or degradation at
high temperature in the reservoir, and insufficient gelation time to place a gel in the target

zone. Utilizing nanomaterials has shown an improvement in gel properties as follows:
2.4.2.b Enhancement of thermal stability

Temperature is one of the most important factors that affect the conversion of polymer
solution into a solid gel that seals the target zone. In the design of polymer gel, two critical

temperatures are significant for gel placement, the lower critical solution temperature
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(LCST) and the upper critical solution temperature (UCST). The range between them
identifies the transition zone from flowing solution to a solid gel.!?® Another important
factor is the degradation temperature at which the polymer degrades and becomes flexible,
affecting negatively sealing performance!?®. Therefore, researchers have been working to
illustrate the valuable impact of adding nanoparticle materials to strengthen polymer
stability at elevated temperatures and extend the transition zone. Some of these

nanoparticles include the following:

Zirconium hydroxide: Zirconium hydroxide (Zr(OH)a4) of nanoparticles size that has been
investigated to improve the thermal stability of gels. They are highly applicable as a
crosslinker agent due to several hydroxyl groups existing in their composition.**° These
hydroxyl groups can react with the polymer chains in the gel, forming strong bonds that
help to prevent the gel from degrading at high temperatures. The usage of nanoparticles of
zirconium hydroxide has improved the thermal stability of PAM crosslinked with
hydroquinone (HQ) and hexamethylenetetramine (HMTA).**! The thermal stability
increased by 3 or 5°C and reached up to 187 °C compared to the gel without nanoparticles.
The new interaction between the hydroxyl group and amide group led to a stronger gel with

limited gel mobility that required more energy to break the gel structure.

Nano-silica & Nano-clay: Nano-silica (SiO2) and nano-clay have shown their capabilities
to improve the thermal stability of gels. Nano-silica has a high specific surface area and
can absorb heat, which helps to prevent the gel from degrading at high temperatures. Nano-
clay has a high thermal conductivity, which helps to transfer heat away from the gel, which

also helps to prevent the gel from degrading. Lie'* et al. observed that adding nanoparticles
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of silica improves the strength of polyacrylamide crosslinked with HQ and HMTA. Figure
2.11 illustrates two gel structures for the gel, with and without nano-silica particles. The
ESEM images clearly demonstrate the massive aggregations and arrangements of silica
nanoparticles that existed in uniformly distributed three-dimensional network structures of
the gel. These are new arrangements assist in creating stronger structure, reflected in the

higher gel strength for gels incorporating nana-silica particles.

Figure 2.11: ESEM images of enhanced nanosilica gel samples.132

Asadizadeh!® et al. obtained the same results when analyzing the effect of SiOz on the a
gel composed of hydrolyzed polyacrylamide crosslinked with chromium (I11) acetate. The
gel showed significant flexibility, elongating to 1150% at remarkably high temperatures.
Furthermore, the recorded inflection temperature for a gel with nano-silica was higher than
the one without nano-silica particles.
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Despite these advantages, the usage of nanoparticles silica is limited to its compatibility
with the polymer type. Nano-clay also has been addressed by some researchers. It has
improved the performance of gel at high temperatures in many studies. In a study
performed by Cheraghian'** et al., adding nano-clay to PAM hydrogel increased the oil

recovery by 5.8% at elevated temperatures (80 °C).

The use of nano-silica and nano-clay to improve the thermal stability of gels is a promising
new technology for combating water production in oil reservoirs. This technology can help

to extend the life of gels and improve their performance at high temperatures.

Nano-Graphene: Graphene is a carbon-based material that can be used at the nanoscale.
It has very acceptable mechanical and thermal properties that improve the performance of
nanocomposite gel. An experimental study was conducted by Shen'® et al. to investigate
the effect of Graphene Oxide on polyacrylamide hydrogels. The results showed an increase
in the thermal stability of the nanocomposite gel due to a denser structure caused by the
increased cross-linking density.

Adjustment of gelation time:

The gelation time is the time it takes for a gel to form. It is important to be able to control
the gelation time so that the gel can be injected into the reservoir and gel at the right
location. Nanoparticles can be used to adjust the gelation time of gels. Nanoparticles can
aggregate and connect to the polymer chains, forming a 3D network that is stronger with

adjustable gelation time.
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In the same study performed by Lie!3?

et al., nanoparticles of silica have improved the
gelation time of polyacrylamide crosslinked with  hydroquinone and
hexamethylenetetramine. Another study was conducted by Singh**® et al. by utilizing nano
fly ash with PAM polymer crosslinked with chromium acetate. The results of the study
showed an increase in the gel strength with a reduction in gelation time (9-10) hours. In
addition, the low activation energy supported rapid gel formation.

Improvement of gel strength

The gel strength is the ability of a gel to withstand shear forces. It is important for gels to
have high gel strength so that they can withstand the shear forces in the reservoir and be
effective at plugging water production zones. Nanoparticles can be used to improve the

strength of gels. Nanoparticles can form a network that strengthens the gel and makes it

more resistant to shear forces.

Nano-silica: Lie et al**? investigated the effect of nano-silica on PAM hydrogel. The
results showed that the increase in the concentration of silica nanoparticles led to an
increase in gel strength and storage modulus of nanocomposite gel. Chen®’ et al. also
added nano-silica to PAM/PEI hydrogel to investigate the impact on gel syneresis,
plugging efficiency, and stability at elevated temperatures. It was found that a high
decrease in the degree of syneresis caused further improvement in gel strength. The
classification of the gel strength code has changed from class F (highly deformable non-
flowing gel) to class I (rigid gel). In addition to that, the results of sand pack experiments

illustrate a high residual resistance factor which reflects the high plugging efficiency.

Nano-Graphene: Graphene was observed to add an improvement in the strength of the

gel, Shen et al.*®® investigated the effect of graphene oxide (GO) nanoparticles on PAM
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hydrogel. The increase in crosslinking density led to a denser structure with a higher
modulus when compared to the original gel without nanoparticles. Similar results were
observed by Lie!®® et al., the nanocomposite GO-PAM had tensile strength higher by 4.5

times and more than 300% elongation.

In another study, Almohsin!® et al. introduced a nanocomposite PAM by including
graphene-based zirconium oxide, a superb mechanical strength was observed at elevated
temperatures. The structure of the gel was homogenous and stable, and it shows the
capability to trap the water even at elevated temperatures.

Enhancing gel injectivity

The evaluation of gel injectivity stands as a pivotal criterion for the effective deployment
of gels in field applications, necessitating rigorous assessment prior to field trials. In a study
conducted by Almohsin'® et al., the injectivity of a developed polyacrylamide (PAM) gel
incorporating graphene and zirconium oxide nanoparticles, was examined through core
flooding experiments. Six pore volumes of the gelant were injected at a temperature of 320
°F. Throughout the injection process, a minimal increase in pressure was observed,
stabilizing at 28 psi, indicative of the favorable injectivity characteristics exhibited by the

nano-based gel formulation.

Pereira'®® et al. explored the effectiveness of HPAM gel integrated with nanoparticles for
water shut-off purposes. They assessed injectivity by measuring gelant viscosity at varying
shear rates. The viscosity of gelant, with and without clay nanoparticles, ranged from 18.0
to 19.1 mPa-s at a shear rate of 300 s™. At lower shear rates, viscosity values were between
67.5 and 76.9 mPa-s. These findings suggest that the addition of nanoparticles minimally

affects gel injectivity. Alit* et al. also investigated gel injectivity using sulphonated PAM
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gel incorporating Fe,Oz and NiO nanoparticles. Their study revealed that the gel with
nanoparticles experienced a minimal pressure drop during the initial 2 pore volumes
compared to the gel without nanoparticles. However, as the injection progressed, the nano-
based gel exhibited a higher pressure drop. This phenomenon can be attributed to the
aggregation and adsorption of nanoparticles within the core samples. Consequently, the
study suggests using nanoparticles of a size that matches the expected treated pore size to
optimize gel injectivity.

Impact on preformed particle gel

Preformed particle gels are composed of dried crosslinked polymers in the form of
adjustable particle sizes.®” The injection process of these gels is simpler than the in-situ
gels as the aqueous solution is composed of one component. When PPGs come in contact
with water, they absorb it and expand to a few hundred times their original size.”” The
swelling ratio depends mainly on its composition along with the surrounding
environmental conditions such as salinity, pH, and temperature’’. As they are prepared on
the surface, this helps prevent some drawbacks of in-situ gels such as lack of gelation time
control, dilution by formation water, and gelation variation caused by shear degradation.’’
The new proposed technology is to enhance particle gels performance by incorporating
some nanomaterials into their composition, below is the list of some types:

Improvement of swelling performance and thermal stability:

Nano-silica and Nano-clay: Khoshkar'*? et al. reported the advantages of using
nanomaterials in preformed particle gel composition and their positive effects on serving
water shut-off objectives for the fractured reservoir. In their study, a small amount of nano-

clay and nano-silica were added to 9 PPG samples of different compositions (which are
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called N-PPG). To investigate the effectiveness and performance of N-PPG, static bulk
tests, dynamic good tests, and micromodel model tests were performed to examine various

parameters such as swelling capacity, pH value, temperature, and particle size.

Their results showed that the existence of nanomaterials improved the maximum swelling
ratio and lesser syneresis rates compared to PPG without nanomaterials added. In a
comparison of N-PPG and PPG made without nanomaterials, the swelling capacity of N-
PPG was not affected by a pH value in the range of 3 — 10, which opens a potential usage
of N-PPG for a wide range of pH values. They recommended that for any specific reservoir,
the optimum particle size and the injection rate should be identified to obtain effective

water shut-off treatment.14?

Graphene Nanoplates: Paprouschi'®® et al. conducted laboratory experiments to
investigate the effect of new additives on the swelling performance and thermal stability
of preformed particle gel. The additive is composed of sodium silicate solution and
Graphene Nano-platelets (GNP). Compared to the base synthesized PPG, it provides an
acceptable swelling performance as well as higher thermal stability and dehydration
resistance. The results showed that the samples that had a combination of silicate sodium
and Nano graphene had a higher storage modulus compared to the base samples without
nano-graphene. Over the wide range of frequencies, the values of G’ were greater than G*’,
which illustrates the elasticity of the composed gel. In addition to this point, it was found
that the addition of nano-graphene along with the presence of silicate sodium has shown
small sensitivity to temperature and time.

Improvement in gel strength and thermal stability:
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Nano-clay: a study by Tongwa and Bai® proposed a new Preformed Particle Gel using a
nanomaterial in the main composition, called nanocomposite hydrogel. The proposed gel
is composed of monomer, initiator, crosslinker, additives, and nano-clay called laponite

XLG (L-XLG) which does not exist in the conventional hydrogel (see Figure 2.12).

Initiator Initiator

Monomer |[— »

Monomer

A 4

. \4 R

Additives

Figure 2.12: Nano Composite PPG.%

Additives

Viscoelastic properties, such as elastic moduli, were used to evaluate the mechanical
performance of nanocomposite preformed particle gel. A significant increase in elastic
modulus was noticed along with an increase in the concentration of nanomaterials, leading
to further improvement in gel strength properties as illustrated in Figure 2.13 which shows
the changes in elastic modulus with increase in concentration of LXLG concentration. The
lowest value for the elastic modulus was for the gel without nanomaterials (800 Pa), and it

greatly increased with the addition of nanomaterials.
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Figure 2.13: Effect of nano-clay concentration on gel strength.8

The swelling performance was also evaluated in formation water and 1% brine solution.
The results showed an obvious increase in the swelling kinetics of gel with nanomaterials
information water, the swelling ratio was 180%, and in 1% brine solution (NaCl), it

exceeded 400%.

For thermal stability, a significant increase in thermal stability for a long period was
obtained for a gel with nanomaterial (up to years). This improvement supports the idea of
adding nanomaterial to gel composition to serve water shutoff objectives for an extended
period. However, it was noticed that after degradation, there was a substantial increase in
viscosity. The viscosity of nanocomposite gel was 4,437 cp, which is much higher than the
viscosity of gel with no nanomaterial (170 cp). This suggests that nanocomposite gel can
be used first to plug the thief zones and then after degradation, form a high viscous polymer

solution that boosts water and polymer flooding.®
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Pandit et al. 1** conducted a study to assess a newly formulated PPG reinforced with
bentonite nano-clay and nano-silica. The system demonstrated exceptional thermal
stability over a two-year period at 120 °C. Moreover, the research examined the plugging
efficiency of the gel, revealing a high rate of 97.6% for a 1 wt.% reinforced preformed
particle gel. These results suggest promising opportunities for utilizing the developed
material in water shut-off applications.

Silicate Gel:

Recently, Nano-silica based fluids were introduced to the industry as an alternative to
sodium silicate gels. Many studies investigated temperature limitation, activator
concentration, and plugging efficiency. The real challenges for applying the silicate gel is
the rapid gelation time along with maintaining a good plugging efficiency over an extended
period. Through utilizing nano-silica solution, a better performance was observed and can
be illustrated as below:

Adjustment of Gelation Time

Boul'® et al. conducted experiments using different sizes and shapes of nano-silica to
examine their effect on gelation time under a temperature range from 50 to 150 °F. Three
tests were conducted on six nano-silica samples with different initial activity and shapes;
the tests included the inversion test which measures the approximate gelation time of the
different samples, Small-Amplitude Oscillatory Shear (SAQS), and Turbiscan™ tests that
both confirm the gelation time precisely. The results led to the conclusion that nano-silica
of non-spherical shapes could provide superior gelation time at temperatures as low as 50
°F, and also the samples with high aspect ratio built stable gels in a shorter period than the

spherical ones.
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Almohsin46

et al. performed lab experiments to examine certain chemical properties that
assist in evaluating the performance of nano-silica based systems for water shut-off
applications. In their study, the authors examined the effect of temperature on gelation time
as well as how to adjust it by modifying the concentration of the activator. The results of
experiments showed that the increase in temperature greatly accelerates the gelation time,
as the gelation time is required to be sufficient for successful gel placements. In addition

to this point, increasing activator concentration led to a shorter gelation time under a wide

range of temperatures from 50 to 200 °F.

Karadkar'4’ et al. also performed lab experiments on using nano-silica based fluid for water
shut-off applications. To examine the rheology behavior, they conducted experiments on
rheology tests with different concentrations of activator at 200 °F. Using the viscosity
buildup against time, it was found that gelation time was less sensitive to a higher
concentration of 24% and 25% and was susceptible at a lower concentration from 21% to
23%. It was possible to optimize the gelation time from 125 to 490 mins.

Enhancing the Plugging Efficiency

Karadkar'4’ et al. conducted core flooding experiments to assess the injectivity and stability
of the gel after placement (endurance test), the results were convenient as there was only a
10 psi increase for injection of five pore volume, this indicates the gel has a convenient
injectivity. After placement, both N2 and brine could not flow through the core plug

(confirming excellent plugging efficiency).

In a study conducted by Almohsin*® et al. to evaluate the injectivity and endurance of the

nano-silica solution, core flooding experiments were conducted on Brea-Sandstone outcrop
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cores, four pore volumes were injected with a small increase in differential pressure, and
by the continuous increase in the differential pressure until 4,000 psi a small leak off was
recorded 0.0018 cm®/min. Microscope and SEM were used to examine the sliced pieces of
the cores to determine the depth of invasion of the fluid, and they both confirmed that nano-

silica-based fluid was capable of invading all the samples.

Based on these experimental studies on different types of gel, it is obvious that
nanomaterials such as nano-silica, nano-clay, and graphene can enhance gel performance
for water shut-off treatments. In addition to that, Table 2.4 summarizes the impact of
nanomaterials on improving the performance of these gels in terms of gel strength, gelation

time, and thermal stability.

Table 2.4: Summary of nanomaterials’ impact on gel properties.

Nanomaterial T(ilf)le Gel System Impact Reference
. . Increasing the maximum temperature of
PAM Cr;;glmﬁ_?xv'th HQ | the stable gel from 137.8°C to 155.5°C 182
by adding 0.3% nano-silica.
In situ _ _ Elevating the stable gel’s maximum
Polymer HPAM_crossImked with temperature from 140.8 to 157.9 by 133
| chromium (111) acetate incorporating 2000 ppm of
- ge SiO2 nanoparticle.
Silica
Acrylamide, AMPSNa
_ Enhancing the swelling ratio with lesser
(2-Acrylamido-2-methyl-1- syneresis.
propane sulfonic acid 142
PPG  sodium salt monomer) with The gel becomes more temperature-
linking agent polyethylene durable.
glycol diacrylate

37




Nano-silica based fluid

Accelerating gelation time at low
temperatures as 50° F.

145

Adjust the gelation time at a wide range
of temperatures between 50 °F and 200
°F.

146

. Achieving 100% plugging efficiency
Silicate with acceptable injectivit
Gel Nano-silica solution with P J y
activator
Achieving 100% plugging efficiency for 147
both water and nitrogen.
Increasing Young’s modulus of the gel
Acrylamide crosslinked enhances the gel strength.
Clay polyethylene glycol 8
PPG diacrylate Increasing the long-term thermal
stability of the gel for up to 12 months.
Increasing the thermal stability of the
PAM crosslinked by N,N- . hydmget: by bu'ldmgr? stroT]g
methylenebisacrylamide interaction between graphene sheets. 135
(BIS) Enhancing the gel strength by increasing
the cross linking density.
PAM cross-linked with N,N’- | Increasing the gel tensile strength by 4.5
In situ methylenebisacrylamide times more than 300% elongation. 138
polymer
gel PAM crosslinked with
Metal Oxide/Two Providing a superb mechanical strength
dimensional Nanosheets was observed at elevated temperatures. 139
Zr0,/RGO
Graphene
Increasing the gel strength with superior
PPG PPG rheological properties. 143
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PAM crosslinked with Enhancing the gel strength with a higher

Flyash | o™ Chromium (Il acetat thermal stabilit 136
Polymer romium (111) acetate ermal stability.
gel
In situ PAM crosslinked with . -
Zirconium | polymer hydroquinone and Improe\lntr;gtg:ﬁ tggtrl?fel Stagg%éf the 131
hydroxide gel hexamethylenetetramine J P P '

2.5 Treatment Modelling and Field Cases
2.5.1 Gelation Time Modelling

Gelation time (GT) is one of the essential parameters for designing successful water shutoff
treatments. Most mathematical models for polymer gels fundamentally include one
dependent variable, “GT,” and three independent variables, temperature, polymer
concentration, and crosslinker concentration.*#®149 To study the gelation kinetics of water

shutoff in-situ gels, steady shear rate measurements have been widely used.1°0-152

The Arrhenius equation®® (Equation 2.1) represents the effect of absolute temperature on
reaction rate. It details the mechanism of a chemical reaction, and it applies to most of the
chemical reactions. Hurd and Letteron®>* developed an empirical model (see Equation 2.2)
correlating the gelation time of silicic acid gels with temperature close to the Arrhenius
equation. They validated this correlation using experimental data with some assumptions.
Below are the beliefs they followed to develop the model“:

e The gelation reaction is classified as an ordinary chemical reaction with the n*-

order rate law.
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e The experimental data matches the Arrhenius equation.

e The reacted silica at the gelation point remains the same at all reaction

temperatures.
Ink=IlnAa-2221 (2.1)

R T
Int=Inc—Ink—(n—1)Ina (2.2)

Where a is the fractional conversion, c is simply a constant depending on the value of a, n

is the reaction order, t is the gelation time, and k is the rate constant.

The developed model by Hurd and Letteron®>* was verified by Jorden et al. Jorden®® et al.
using PAM/Cr(111) gel system to examine the effect of temperature on GT. They proved

that many chemical reactions can be analyzed using the Arrhenius equation.

From the Arrhenius-type equation, Broseta®® et al. similarly validated the relationship
between GT and temperature. His research focused on the PAM/Cr (l11) acetate system.
He investigated that the GT is a function of multiple parameters: temperature, polymer and
crosslinker concentrations, brine salinity, and degree of hydrolysis. Additionally, he
verified that temperature has the highest impact on GT compared to other parameters, and
it followed the Arrhenius equation. Marfo®®’ et al. studied a water shutoff gel consisting of
an acrylamide-acrylate copolymer crosslinked with a polyamine crosslinker. Using statical
analysis software, he developed a predictive GT model (Equation 3) for temperature,

crosslinker concentration, and water salinity.

GT =384333 —=T+—=S—-ZC+—TC——TS (2.3)
75 30 30 100 300
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Equation (2.3) was very efficient (R? ~ 98%) where GT is in hours, T in °F, S is the salinity

of mixed water (%) and C is the crosslinker concentration (wt.%).

2.5.2 Modelling Water Shutoff Performance

Xianchao®®® et al. predicted the water shutoff performance in horizontal wells utilizing the
gel flow physics during and after gel treatment by modifying the personal computer gel
(PCGEL) simulator that involves black oil and in situ gel models. The degradation process
of the gel was considered using viscosity and the time-varying residual resistance factor
(RRF) models. They also integrated the non-Newtonian fluid behavior within pressure drop
calculations along the wellbore. After that, the coupled model was solved numerically.
Finally, the coupled model presented outstanding and reliable prediction results utilizing

an actual horizontal water shutoff treatment field scenario.

Alghazal and Ertekin®®® proposed an artificial neural network (ANN) as a machine learning
module for deep polymer gel conformance treatments in fractured reservoirs. This module
was benchmarked with commercial simulators as it minimizes the complexity of a
simulation module. The developed ANN module outperformed commercial simulators
with higher processing speed and less computational complexity. In addition, the module
utilizes reference simulation modules to construct the dataset for the ANN module.
Additionally, the module involves the chemical reaction of Polyacrylamide-based polymer
with a Chromium Acetate crosslinker. The physical properties of the polymer and produced
gel were generated from experimental data. The ANN module included various parameters

based on reservoir properties and conformance design factors. After injecting the gel
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treatment, the predicated model has two indicators that rely on oil and water rate profile

enhancement.

Meshalkin'® et al. presented a three-dimensional computer model that simulates the
process of water shutoff performance within high water cut oil zones. The model considers
the geophysical characteristics of the bottomhole formation zone, as well as the rate and
amount of water control solutions that are injected in it. The model's effectiveness was
validated by comparing the calculated values of water cut and oil production rate with
actual well performance data after water shutoff treatment. This confirms that the model is
sufficiently accurate and can be applied to increase energy and resource efficiency in oil

production.

The study by Ferreira'®® et al. focused on the creation, training, and validation of a neural
network model that can predict the performance of wells following gel treatment injection.
This model is designed to rank wells that are candidates for water shutoff treatments based
on potential production results, thereby enhancing the design of future treatments, and
optimizing the use of economic resources. The researchers explored various configurations
of the neural network, including adjustments to the number of layers, neurons, and transfer

functions, to enhance the model’s accuracy.
9

2.5.3 Limitations of Proposed Models

The existing coupled numerical models in the literature for water shutoff using gel
treatments emphasize on simulating conventional black oil or compositional multi-phase
flow and account for the water treatment process by basically modifying the production

index or permeability around the wellbore. For instance, these models do not fully integrate
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a dynamic model between the wellbore and the reservoir. They lack a wellbore model that
can handle the non-Newtonian flow behavior of gels, coupled with a gel-blocking
prediction model in the reservoir that simulates gel propagation and blocking. The current
state-of-the-art in coupled modelling does not fully address or integrate these two key
aspects. The existing coupled models simplify the gel blocking effects and do not capture

the complete dynamic interactions involved.1%8:162.163

Despite the availability of numerical simulation tools for designing water shutoff
treatments, there exists a gap between prediction accuracy and field performance due to
inadequate consideration of fluid composition and reservoir properties during the design
and optimization stage. Consequently, this can significantly impact the efficiency of the

treatment and, eventually, the project’s economic viability.

2.5.4 Field Cases in Oil Wells

Water production in oil and gas wells is a common challenge faced by the petroleum
industry. Water breakthrough can reduce the productivity of the well, increase the risk of
formation damage, and lead to environmental problems. To mitigate the adverse effects of
water breakthrough, various water shutoff treatments have been developed and
implemented. This section analyzes field cases focusing on the utilization of polymer gels
(preformed gels, foamed gels, in-situ crosslinked gels), resins, and Nano-silica. The
treatments are compared based on their advantages and disadvantages, considering the
reservoir temperature for each case.

Polymer Gels
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In-situ crosslinked gels offer the advantage of being pumped as a low-viscosity fluid and
then subsequently crosslinked in the reservoir to form a gel. In-situ crosslinked gels have
been successful in high-temperature reservoirs of more than 150 °C, but they may face

challenges related to gel degradation and incomplete gelation.1846:164

A modified organically crosslinked polymer gel was successfully field tested in an oil
producer located in the Meleiha concession in Egypt's Western Desert. The well initially
produced 1900 BOPD with a 30% water cut, but production declined over time and the
well was shut in due to low productivity. The well was produced from two intervals in a
sandstone reservoir. The upper interval was depleted to 777 psi, while the lower interval
maintained 3300 psi due to a strong aquifer. The polymer gel was selected to treat the upper
depleted interval using coiled tubing to achieve a treatment penetration radius of 3 ft by
having eight hours of gelation time. This zone had a temperature of 200°F. After pumping
the treatment, the well was shut in for two days. The upper interval was then positive
pressure tested to 3500 psi. The lower interval was opened and had an initial oil rate of

2500 BOPD with zero water cut.16®

Preformed particle gel (PPG) technology has been effectively employed in many mature
oil fields across China, including Daging, Zhongyuan, Liaohe, Shengli, Tuha, Dagang, and
Jidong. These fields exhibit a range of challenging conditions such as high salinity and
temperature in Zhongyuan, severe channels and high temperature in Dagang, and natural
fractures in Tuha. By 2007, around 2,000 wells across Chinese oil fields had been treated
using PPG, with the amount of dried PPG per treatment ranging from 3,000 to 40,000 kg.

All PPG injection operations were conducted without issues of reduced injectivity.8%83166
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In 1999, the first successful treatment using preformed particle gels (PPGs) was
implemented in the SINOPEC reservoir, located in the Zhongyuan oilfield, China.’’167:168
Since then, PPGs of millimeter size have been extensively utilized in China, with over 4000
wells benefiting from their application for conformance control and the reduction of

permeability in fractures and highly permeable channels.6:1

Foamed gels provide improved mobility control during injection and have shown success
in water shutoff applications. The foaming process enhances gel placement and
distribution. Their thermal stability allows for application in reservoirs with temperatures
more than 100 °C. However, challenges exist in maintaining gel stability and overcoming

issues related to foam generation and transport.16%17

A gel foam water shutoff system was tested in Huoshaoshan fractured oilfield Well H1304
on November 11, 2005. The treatment was successfully tested in an oil producer in a
fractured reservoir with low permeability and a temperature of 55°C. Since January 2009,
oil production has increased by 7800 m3, demonstrating good economic benefits. In this
well, the fluid production rate did not decrease while the water cut decreased greatly
because of the treatment.!’*

Resins

Resins, such as phenol-formaldehyde and epoxy-based resins, have been employed for
water shutoff treatments. They exhibit excellent mechanical strength and chemical
resistance, making them suitable for harsh reservoir conditions. Resins can withstand high
temperatures (e.g., up to 150 °C) and are effective in treating highly permeable zones.
However, they can be challenging to inject due to their high viscosity, and the curing

process may take an extended time, limiting their applicability.’217
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A phenol-formaldehyde system was successfully trial tested in a vertical oil producer
located in the GA field in western India. The reservoir was characterized by extremely low
permeability, a high temperature of 130-150 °C, and highly consolidated, homogeneous,
thin sandstone with high gravity oil. The pre-treatment flowback experienced a 100% water
cut with 317 BWPD of water production. The main factors were determined to be a rise in
oil-water contact (OWC) and water coning. The planned gel volume was 16 m>. Because
of low injectivity, the actual injected volume was around 5 m®. It effectively blocked about
a 4.5-meter radius of the formation. The treated well produced around 200 barrels of oil
per day for several months after the treatment. The water cut dropped from 100% to
48%.174’175

Nano-silica gel

Nano-silica particles can be used as water shutoff additives and fluid-based systems due to
their ability to reduce water permeability. They have been effective in both low and high-
temperature reservoirs, with varying particle sizes and concentrations. Nano-silica is an
eco-friendly material that has been utilized by oil producers for water and gas shutoff
applications.’%1"7 Nano-silica treatments can be easily injected and exhibit good thermal

stability up to 350 °F.146.178.179

Nano-silica was successfully field tested in a horizontal oil producer. The well was drilled
across a carbonate formation with 3,000 ft of reservoir contact including seven
compartments with 38 ICDs. Before treatment injection, the well was thoroughly
diagnosed utilizing noise log, and temperature survey. The pre-job analysis confirmed that
excess water production was coming from the middle compartment which impacted the

integrity of mechanical packers resulting in cross-flow behind the casing. The length of

46



this compartment was 500 ft which contains six ICDs. The water shutoff treatment was
pumped through coiled tubing after setting an inflatable packer above the compartment and
a bridge plug below it. The post-treatment analysis (PLT, noise, and temperature logs) and
flowback have proven the increase in oil production from the other compartments and an
80% reduction in water production.

Nano-based particulate gel

The Southeast Kuwait field has been produced from sandstone formation. A production
test was conducted on a cased hole oil producer and indicated 90% of water cut out of 300
BPD of total produced liquids. The test revealed that water came from a 12 ft section of
the perforated interval. A decision has been made to isolate the water zone through coiled
tubing utilizing a particulate gel as a single nano-additive. The post-treatment flowback
showed an increment in oil production to 1,000 BOPD and only 1% of water cut. This

particulate gel has been considered a reliable and cost-effective fluid to seal off the water

zone layer. The system was smoothly mixed and injected into the targeted zone. 18182

2.6 Research Gap and Future Development

Water shutoff treatments in oil and gas wells utilize various techniques and materials, each
with its advantages and limitations. Polymer gels, resins, and Nano-silica have been applied
in a wide range of reservoir temperatures. Preformed gels offer thermal stability but require
careful placement. Resins exhibit excellent mechanical strength but may have limited
injectability. Nano-silica treatments are versatile and can be applied in ultra-high
temperatures. Further research and field studies are necessary to optimize water shutoff

treatments based on specific reservoir conditions. The advancement in the utilization of
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nanomaterials can play a major role to enhance gels’ performance, some of future

challenges can be illustrated as below:

(1) In-situ and preformed particle polymer gel:

While studies have demonstrated the positive impact of nanomaterials like
nano silica, nano-clay, and nano-graphene, future research should explore a
wider range of nanomaterial approved their applicability in EOR
applications, such as Aluminum Oxide (Al203), Titanium dioxide (TiO2) and
Zinc Oxide (ZnO). The compatibility with different polymers and
compositions is also an area of research that needs further investigation.
Understanding the most effective nanomaterial-polymer combinations can
enhance the applicability of these gels.

Long-term stability and performance, as well as potential degradation, are
areas demanding further investigation. Understanding how these gels behave
over extended periods within reservoirs is essential. This includes assessing
the longevity of gel stability and identifying potential degradation
mechanisms to ensure the continued effectiveness of these gels in preventing
water flow.

Nanomaterials significantly enhance the mechanical properties of the gel
while ensuring thermal stability. This makes them a viable solution for
applications in harsh environments, including temperatures exceeding 300°C
and environments with high salinity levels. Further investigations are needed
in this area.

The transition from laboratory experiments to field applications is a critical
research gap. Extensive lab work and field trials are needed to validate the
practicality and effectiveness of nanomaterial-enhanced gels in actual

reservoirs with different characteristics.

(2) Nano-silica based gel:

Studies have indicated that gelation time is sensitive to temperature

variations. Future work can work deeper into the mechanisms underlying this
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sensitivity and explore additives to mitigate the impact of temperature on
gelation time. This is essential for ensuring that silicate gels can be placed
successfully over a wide range of temperatures.

- While the research has confirmed that nano-silica can enhance the plugging
efficiency of silicate gels, additional studies can focus on the long-term
stability and endurance of these gels under reservoir conditions. This includes
assessing their injectivity, stability, and plugging efficiency over extended
periods to confirm their effectiveness in preventing unwanted water flow.

- Given its outstanding plugging efficiency of 100%, nano-silica gel presents
itself as a viable alternative to polymer in-situ gels. Notably, its low viscosity
and environmental friendliness further enhance its appeal for various

scientific applications.

2.7 Conclusions

Polymer and silicate gels are considered the most widely applied chemical systems for
water shut-off applications. The use of nanomaterials in water shut-off applications has
the potential to significantly improve the efficiency and effectiveness of these treatments.
The placement process is highly affected by the gelation time as a critical factor along with
the impact of the reservoir characteristic. Therefore, modelling treatment will assist in
improving agents’ performance as water shut off agents. Eventually, the impact of
nanomaterials could be concluded to:

1. Nanomaterials such as nano-clay, nano-silica, and nanographene, can play a
major role in adjusting the properties of in situ gel such as control of gelation
time (9-10) hours, enhancing gel strength up 4.5 times, and maintaining
thermal stability at high temperature (187 °C).

2. Adding nanomaterials to the composition of PPG could help to adjust
swelling ratio by percentage up to 400% and improve the strength of the

formed gel to withstand the reservoir conditions (elastic modulus 4,437 Pa).
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3. The experimental results of nano-silica gel showed improvement in the
plugging efficiency up to 100%, which enhances the idea of potential usage

as a plugging material along with other advantages of silicate systems.
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CHAPTER 3

In-Situ Nano-based Fluid for Water Shutoff: A Kinetic

Study

3.1 Abstract

Innovative ways to address challenges in the oil and gas industry, such as unwanted water
production, are urgently needed to achieve specific goals. In this work, we present
advanced nanosilica, an environmentally friendly, cost-effective, and promising new
approach for water shutoff applications. This research aims to study the reaction kinetics
of a nanofluidic in-situ gel system namely Nanosilica that can be deployed in a targeted
zone that could have vugs, natural or induced fractures, and a high permeability streak. To
systematically assess this nano-based fluid, the chemical properties prior to, during, and
following the gelation reaction at a specific reservoir condition must be examined to
accurately predict the gelation time and avoid pre-mature gelation during fluid injection.
This study evaluated the gelation reaction of the nanosilica system by monitoring viscosity
development using a high-pressure/high-temperature (HPHT) viscometer. This study
investigated the effect of temperature and activator concentration on gelation time. The
results of the experiments led to the development of a robust kinetic model, which was
validated by lab experiments. The study revealed that the gelation time is exponentially
related to temperature and activator concentration. The reaction order of nanosilica was

higher than the activator. The developed gelation kinetic mode is given as:
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T = 1252§0) The model has a significant impact on optimizing and

6.3297 exp(—T C}%3.44 C/116.18'

designing nanosilica treatment prior to field execution based on the predicted gelation time

at specific bottomhole temperatures.

3.2 Introduction

As oilfields mature, it becomes very common to start acquiring water production.
Additionally, enhanced oil recovery methods introduce large volumes of water downhole
to provide pressure support, which eventually becomes part of the production profile in
producer wells. The problem with produced water is the associated decline in oil
production rates. Moreover, water production raises a variety of issues in the oilfield, such
as inorganic scale precipitation, bacteria, sand production, emulsion, fines migration, and
corrosion. This increase in water production rate, in many cases, presents additional
expenses to process and dispose of this water, deems the operation uneconomical, and

requires technologies to reduce or stop it 4.

Conventional water control methods include blocking the water pathways physically by
using mechanical tools such as packers or bridge plugs °. They can easily be applied if the
water-producing zone is separate from the oil-producing zone. Other mechanical methods
include the use of special completions that contain inflow control devices (ICDs). These
devices act as downhole chokes restricting drawdown. They work well in long section
horizontal wells to delay the water coning effect and, therefore, reduce water breakthrough.
However, when the water production source is from the same zone that is producing oil,
these isolation methods will not work, as they would hinder oil production rates. For such

cases, chemical methods can be used to either modify relative permeability or ease the flow
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of oil compared to water. Other chemical methods include the generation of a permanent

gel in the water zone in the hope of eliminating or stopping water production ¢11,

The main difference between both methods is that the mechanical means allow for
complete isolation in the wellbore but are unable to control the water from channeling or
finding an alternative pathway to reach the wellbore >4, Moreover, mechanical methods
are limited if they cannot reach the desired location, seal properly, or set in the correct
position. Accidental mistakes in mechanical methods can easily be remediated by pulling
out the plug and placing it in the correct location. However, chemical methods are harder
to deal with since they are more permanent and will cause significant losses in oil
production rate if not placed properly. They are also subject to sensitive placement
conditions such as temperature and salinity. It also requires the wellbore to have minimum

contamination 17,

Chemical methods can be deployed in areas that are hard to reach or inside the water
formation. However, they require a controlled gelation process. It entails sufficient
crosslinking delay duration to successfully pump the fluid deep into the water zone.
Chemical methods typically utilize polymers such as partially hydrolyzed
polyacrylamides'®®. These polymers are crosslinked with metallic or organic crosslinkers.
Some examples of metallic crosslinkers include the use of aluminum or chromium to bind
through the acrylic acid side groups. On the other hand, organic crosslinkers typically
utilize polyethyleneimine to bind through the amine side chains of acrylamide monomers
20, These polymeric gels face toxicity concerns with organic crosslinkers and a variety of
issues with metallic crosslinkers that include a relatively short crosslinking delay duration,

high pumping viscosity, sensitivity to pH and formation water salinity, syneresis when
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excessive crosslinker is used, and thermal degradation of the polymer at elevated

temperatures 2%,

Alternative to in-situ formed gels are preformed-sized particle gels (PPG), pH-sensitive
gels, bright water, and micro/sub microgels 228, More recently, nanoparticles have found
applications in the oil and gas industry for water control. The fluid system contains a
surface-modified nanosilica and an activator 2°%, This system exhibits a low viscosity and
can be pumped as a single-phase solution. Although many factors are thought to influence
the gelation time of nanosilica, such as pH and salinity, various literature studies on this
system noted that the system gelation time could be controlled by tuning the composition

and is mainly controlled by temperature 23234,

In that regard, a gelation kinetics model is needed to understand the behavior of the system.
It is critical to be able to simulate the influence of changing the composition and conditions
of this system rapidly and accurately for field implementation. Gelation time with
nanosilica is highly correlated to Arrhenius law . This law states that the activation energy
and temperature are related to the rate constant k, as seen in the following Arrhenius

equation:

k = A exp (-Ea/RT)

Where k is the rate constant, A is a frequency factor, exp is the mathematical quantity, e,

Ea is the activation energy, R is the gas constant, and T is the temperature in Kelvin.

Literature has shown that the system exhibits an exponentially faster gelling time with the

increase in temperature ¢,
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This is the first study to investigate the gelation kinetics of modified nano-silica-based
chemical, which has applications in water control in the oilfield. The article discusses the
materials and equipment utilized in this work. The methodology involves estimating the
gelation time by conducting several rheological experiments using HPHT rheometer to
examine the effect of temperature and activator loadings on gelation reaction. Next, it
shares the variables taken into consideration and how the Arrhenius law was utilized for
this model. After that, the work attempts to check the validity of the model by comparing
the simulation result with experimental lab tests to confirm the ability to predict the
behavior of the nanosilica system for field implementation. The article presents a cutting-
edge predictive gelation model for the gelation reactions within a nanosilica system that

have never been developed before for such a system.

3.3 Methodology

3.3.1 Materials

The water shutoff fluid is composed of two main chemicals: nanosilica and sodium silicate
solutions. The nanosilica consists of colloidal silica nanoparticles dispersed in an aqueous
solution, having a viscosity of ~ 6 cP at ambient conditions. The particles have an average
size of ~ 10 nm, carry a negative surface charge, and have a spherical shape. The specific
gravity of the nanosilica solution is ~ 1.25, and the pH is ~ 7.7. The sodium silicate solution
has a specific gravity of 1.34 and pH 11.4 and carries positive charges. It is termed the

“activator” as it activates the gelation reaction of the in-situ nanosilica-based fluid system.
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3.3.2 Experimental Work

Rheological experiments have been conducted using the Chandler 5550 rheometer. All
tests were performed at a fixed shear rate of 10 1/s and pressure around 500 psi. The
nanosilica fluid was prepared by adding the required amount of activator (wt.%) into a
predetermined amount of colloidal nanosilica solution (wt.%) at room temperature (25°C).
Then, the mixture was blended using magnetic stirrer at 300 RPM for ten minutes to have
proper mixing and miscible fluid. After that, around 52 ml of the nanosilica fluid is poured
into the cup of the HPHT viscometer. Next, the rheology test was initiated by measuring
the viscosity against time. The fluid temperatures starts to build up gradually until reaching
the targeted temperature within 15 minutes. The gelation time was identified once the

viscosity rises dramatically typically above 1000 cP as presented in Figure 3.1.
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Figure 3.1: Detection of gelation time by measuring viscosity against time.
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3.3.3 Experimental Design

There are two primary factors that influence the gelation time of the nanosilica system:
temperature and concentration of the activator. In this research, the rheological
experiments were performed to examine three main variables which are: temperature,
activator concentration, and gelation time. The temperature was chosen since it is a critical
parameter that changes during water shutoff injection from surface to the targeted zone and
subsequently will disturb the gelation reaction. The activator loading is vital to optimize
and design the nanosilica treatment based on the fluid temperature and anticipated gelation
time. Conclusively, the temperature and activator concentration variables are compulsory
to develop the gelation time model. Table 3.1 captures the conducted 25 rheology tests to
study the effects of temperature and activator concentration on gelation time and to
estimate the gelation kinetics parameters.

Table 3.1: Summary of conducted rheological experiments.

Test No. | Activator (wt. %) | Activator (mol/L) | Nanosilica (mol/L) | Temperature (F) | Gelation Time (hours)

1 19% 0.33 6.81 230 55
2 21% 0.36 6.65 220 4.0
3 21% 0.36 6.65 210 7.0
4 21% 0.36 6.65 200 14.0
5 23% 0.39 6.55 210 35
6 23% 0.39 6.55 200 9.0
7 24% 0.40 6.47 210 2.2
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8 25% 0.43 6.35 210 15
9 25% 0.43 6.35 200 2.5
10 25% 0.43 6.35 190 5.0
11 25% 0.43 6.35 180 10.8
12 25% 0.43 6.35 170 18.5
13 26% 0.45 6.27 180 8.3
14 30% 0.52 5.95 210 0.3
15 30% 0.52 5.95 200 0.8
16 30% 0.52 5.95 190 1.7
17 30% 0.52 5.95 180 3.0
18 30% 0.52 5.95 170 51
19 30% 0.52 5.95 160 8.0
20 32% 0.55 5.78 175 2.6
21 35% 0.61 554 170 2.4
22 40% 0.69 5.13 160 3.0
23 40% 0.69 5.13 180 11
24 40% 0.69 5.13 170 1.9
25 40% 0.69 5.13 150 4.8

3.3.4 Model Development

To develop the kinetic reaction model of the Nanosilica system, which is an essential input
for a numerical simulation, rheology experiments were utilized to build the model. The
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Nanosilica gel comprises two components, a modified Silicon Dioxide (SiO2) and an
activator (Sodium Silicate), which are the chemicals to be applied for this reaction.

Therefore, this reaction could have been simplified by Equation 3.1:

aNanosilica + bActivator = cNanosilica gel (3.2
Where a, b, and ¢ are the stoichiometric coefficients. The reaction between those two
components is described in terms of the power law model as follows in Equation 3.2:
r=kCRCH (3.2)
Where Cy is the concentration of Nanosilica in mol/L, n is the reaction order of Nanosilica,
Ca is the activator concentration in mol/L, m is the activator reaction order, and r is the

reaction rate. According to the Arrhenius equation 3%, the reaction rate constant is not a

constant but rather an exponential function of temperature, as presented in Equation 3.3 :

k = Aexp (— %) (3.3)

At which A is the pre-exponential factor, R ~ 8.314 is the universal gas constant in J/(mol

. K), T is the temperature in Kelvin [K], and Ea is the activation energy in J/mol.

The reaction rate can be obtained utilizing rheology data by conducting lab tests at varied
concentrations of Cn and Ca at different temperatures to estimate A, Ea, n, and m.

3.4 Results and Discussion

3.4.1 Effect of Temperature

Temperature plays a crucial role in the gelation reaction. For instance, as the temperature

elevates over time, the gelation time decreases. Figure 3.2 depicts six rheological
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experiments utilizing a system of 40 wt. % of activator and 60 wt. % of Nanosilica. The
tests were performed at altered temperatures ranging between 160°F and 210°F. In general,
the viscosity builds up dramatically above 200°F. However, it builds up gradually below
170°F. At 210°F and 200°F, the viscosity profiles almost overlap, indicating close gelation

time values around 30 min.

Furthermore, as the temperature diminishes, the gelation time rises exponentially. For
instance, the captured gelation values at 180°F, 170°F, and 160°F were 77, 120, and 184
minutes, respectively. Consequently, the gelation time is vital to be accurately estimated

as the temperature cools down during pumping operations of water shutoff treatment.
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Figure 3.2: Temperature effect on gelation behavior and viscosity.

The gelation time was investigated further by running extensive rheology tests using

various activator concentrations at altered temperatures, ranging between 160°F and 210°F.
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For example, Figure 3.3 represents three plots of gelation behavior against temperature;
each graph refers to a specific activator loading (25, 30, and 40 wt.%). It can be stated from
the plots that gelation time is exponentially related to temperature. At 210°F, the gelation
time for the three samples was below two hours and almost identical for the 30 and 40
wt.%. As for 160°F, it was 27, 8, and 3 hours for the samples with activator loading of 25,
30, and 40 wt.%, respectively. The figure is beneficial to understanding the cooling effect
of water shutoff treatment during injection and can be utilized to predict the gelation

behavior based on the expected reduced temperature.
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Figure 3.3: Gelation behavior over temperature at different activator loadings.
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3.4.2 Effect of Activator

Activator concentration is essential in formulating the nanosilica system to avoid any
gelation that might occur in the wellbore during treatment injection. Additionally, lower
activator loadings are normally selected at the beginning of the treatment for deeper gel
penetration. During treatment injection, the temperature drops due to the injected
nanosilica fluid and hence, more activator required to control the delayed gelation. From
the rheology tests, the gelation for each nanosilica system was determined at 200°F and
plotted in Figure 3.4. As illustrated in the figure, the gelation increased marginally from
0.5 hours to two hours between 40 and 26 wt.% of activator concentrations. The gelation
shifted from a steady to exponential trend below 25 wt.% of activator loading. Generally,
more activator is favored at the last stage of the treatment to guarantee near-wellbore zonal

isolation.
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Figure 3.4: Gelation behavior against varied activator loadings at 200°F.

3.4.3 Gelation Kinetics

The reaction kinetics of the nanosilica system was studied utilizing the experiments
conducted by the HPHT rheometer. The Nanosilica gel is produced by the reaction of two
reagents: Colloidal Silica (Cn) and Sodium Silicate (Ca), as presented in Equation 3.1.

Therefore, the rate expression of the consumed activator (Ca) is shown in Equation 3.4.

dc
—d—;=r=kC,(}Cj" (3.4)
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Where r and k are the reaction rate and rate constant, consequently. To simplify the problem

and find the reaction order (n + m) by estimating the value of exponents n and m, we let

dcCy

~ 264 a5 shortened in Equation 3.5:
dt At

dCANACA _ CAf - CAi _ O_CAi _ _ﬁ

- (3.5)
dt At t -t GT GT

Where: dd%‘“ is the rate of disappearance of activator reactant , ACy is the change of C,, At
is the change of time equivalent to the gelation time (GT), C,; and t; refer to the initial
activator concentration and initial reaction time, and C4f and t refer to the final activator

concentration and final reaction time. Hence, after evaluating Equation 3.5 in Equation

3.4 we get Equation 3.6 and 3.7.

r=eT s kCcycCr (3.6)
Cai

T = —— 3.7

G e CT 3.7)

To quantify the exponents n and m, we need at least four data sets collected at the same
temperature (T) and hence the same rate constant (k). For example, Table 3.2 depicts four

experiments conducted at varied reactant ratios at 180°F.

Table 3.2: Selected nanosilica formulation at 180°F.

Test No. Cn (mol/L)  Ca (mol/L) r (mol/L.s)=Ca/GT

6.35 0.43 1.10E-05

5.95 0.52 4.79E-05
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5.13 0.69 1.71E-04

6.27 0.45 1.49E-05

To find the exponents, two systems of equations are required to be solved by substituting
and dividing the two values of Table 3.2. The simplification steps are presented in the
Equations: 3.8, 3.9, and 3.10. Same steps applied for test number 3 and 4 as shown in

Equation 3.11.

n (2)=|E) G2 @9
In(r) ~Inr) = n tn (22 4 m i (2) (3.10)
In(ry) — In(ry) = n In (g—f) +min (%) (3.11)

After solving the systems of Equations: 3.10 and 3.11, the estimated value for n was 23.44,
and the value for m was 16.18. Hence, the overall reaction order was around 39.62. Then,
the reaction constant can be calculated from Equation 3.12 and then plotted against T to

find A and Ea for Arrhenius Equation 3.3.

r
= 2344 1618
Cy> ™" Cy

k (3.12)
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For instance, Table 3.3 presents the selected pairs of temperature and rate constant

having fixed Ca and Ch.

Table 3.3: Selected nanosilica formulation at varied temperatures.

TestNo. T(F) T'(K?') RateConstant (K)

1 210 2.69 9.54E-03
2 200 2.73 5.72E-03
3 190 2.77 2.86E-03
4 180 2.81 1.32E-03
5 170 2.86 7.73E-04

Figure 3.5 proves that the nanosilica system follows the Arrhenius equation. From
Figure 3.5, the pre-exponential factor (A) equals 6.3297 and Ea/R = 15207; hence, the

activation energy Ea = 126.43 KJ/mol.
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Figure 3.5: Rate constant (K) against T using constant formulation.

Hence, the developed gelation kinetic model is presented in Equation 3.13.

Cai
“r= 126,430 (3.13)
6.3297 exp (_ 126,430) czaas cpoas

Where GT is the gelation time in seconds, Cy; is the initial activator concentration in mol/L,

T is the fluid temperature in Kelvin.
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3.4.4 Model Validation

The gelation model was validated by comparing it with estimated gelation data from 25
rheology experiments. Figure 3.6 depicts the comparison between the captured GT from
rheology tests and predicted GT from the model. The coefficient of determination (R?) was
0.9229 proving that the gelation model exhibited a strong relationship with lab data.
Moreover, all data indicated that the absolute error of GT was below an hour except a few
tests experienced variance less than and around three hours for experiments with extended
GT above five hours. Furthermore, Figure 3.7, presents a portion of the model validation
using 30 wt.% of activator concentration at altered temperature. It is clear from the figure
that the plots almost match each other except at 160°F; that could be due to a human error
in selecting the optimum gelation time. Subsequently, the developed GT correlation was
robust and validated in predicting the gelation at a wide range of temperatures ranging from
140 to 220°F. There were many human errors that might affected the quality of data such
as improper preparation of the sample, identifying the gelation time, uncalibrated

viscometer, and quality of the sample.
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3.5 Conclusions

Reducing undesired water production from oil and gas wells is highly vital in the petroleum
industry. This will boost the economic viability of mature wells and necessitate the use of
new and innovative technologies. In this research, we introduced nanosilica system as a
promising, cost-efficient, and environmentally friendly water control fluid. The objective
of the study was initially to examine the impact of fluid temperature and activator
concentration on gelation reaction. Then, the research taped into investigating the reaction
kinetics of nanosilica as a water shutoff chemical. First, the results from the impact of
temperature cooldown during water shutoff injection, illustrated that by utilizing an
activator concentration of 40 wt.%, the gelation reaction could be delayed from 30 minutes
to 180 minutes if the temperature was reduced from 210°F to 160°F respectively.
Furthermore, the effect of cooldown temperature increases by decreasing the activator
loading. For instance, the gelation time at 160°F using 25 wt.% of activator was found to

be around 27 hours and 40 minutes at 210°F.

Additionally, the effect of activator concentration on gelation reaction, specifically at
200°F, demonstrated that the activator loading had an exponential relationship to gelation
time. The gelation time drops dramatically from 20 to 3 hours at 20 and 25 wt.% of
activator concentration, respectively. Based on the gelation kinetic findings, the order of
nanosilica was higher than the activator. The kinetic model was validated and found to be

dependable for optimizing the water shutoff formulation for field application.
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CHAPTER 4

An integrated 3D Model of Water Shutoff Considering the

Gelation Kinetics of Nanosilica Gel

4.1 Abstract

Effective water shutoff remains a significant challenge in oil and gas fields, with current
methods often hindered by inefficient gel placement and inadequate zonal isolation.
Numerical simulations play a vital role in designing and optimizing water shutoff
treatments but are frequently limited by oversimplification of gel behavior and neglect of
formation heterogeneity. Recent advances in nanosilica gel technology offer promising
solutions yet require sophisticated modeling approaches to harness their potential fully. To
address these challenges, this study introduces an integrated 3D model for simulating water
shutoff operations using Nanosilica gel. By combining experimental data, mathematical
formulations, and computational simulation, the model captures the relationships between
injection rate, fluid temperature, treatment volume, activator concentration, and formation
properties. Simulation results underscore the critical importance of balancing competing
factors — including gel penetration, temperature cooldown, and gelation time — to optimize
treatment outcomes. Moreover, the model highlights the profound impact of formation
heterogeneity on gel distribution and performance, demonstrating the value of accounting

for localized permeability and porosity variations in design phases. This innovative
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approach offers a powerful tool for maximizing treatment success and reducing water

management costs in oil and gas fields.

4.2 Introduction

Water shutoff operations are a crucial technique in the oil and gas industry. They aim to
mitigate excessive water production and enhance hydrocarbon recovery.! One common
approach is the use of in-situ gels, which involve injecting a gel-forming fluid into the
formation, where it undergoes a gelation process to block the flow of unproductive water.?3
The effectiveness of water shutoff operations using in situ gels depends on several factors,
including the gel's ability to penetrate and fully block the water-bearing zones. However,
this process can be challenging due to the complex nature of the subsurface environment
and the behavior of the gel-forming fluid.* The ability to form in situ gels that block water

pathways has made these systems a valuable tool in the oil and gas industry.

Due to their unique properties, nanosilica systems have emerged as a viable solution for
water shutoff applications. These systems typically consist of colloidal silica mixed with
activators, usually inorganic salts, which can form a gel that plugs pore spaces in the
reservoir, thereby reducing water production. Nanosilica fluid demonstrated high thermal
stability up to 350°F with low initial viscosity after mixing that can be easily pumped to

the formation.>8

Almohsin® et al. explored how temperature cooldown affects gelation time in nanosilica
systems. Their findings indicate that the gelation process is significantly influenced by

temperature changes, with elevated temperatures leading to a more rapid increase in
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viscosity compared to cooler conditions. This temperature dependence is crucial for
tailoring treatment applications, as it affects how quickly the gel can form and, thus, its
effectiveness in blocking water pathways. Additionally, Alabdrabalnabi’ et al. conducted
an experimental investigation into the gelation kinetics of a nanosilica system designed to
mitigate water production. They found that the gelation time and properties of the
nanosilica could be effectively manipulated by varying the concentration of nanosilica and
the type of activator used at altered temperatures. This research underscores the critical
importance of gelation kinetics in optimizing nanosilica formulations for water shutoff

applications, enhancing their performance in field conditions.

Field applications of nanosilica systems have shown promising results in enhancing oil
production while minimizing water influx. Almohsin®%!! et al. reported successful
implementations of nanosilica-based fluids in real-world scenarios, demonstrating their
effectiveness in reducing undesired water production or even gas production and improving

overall well performance.

One of the main challenges is the reservoir's heterogeneity, which can lead to uneven gel
placement and potential breakthroughs in the water flow.? Additionally, the gelation
kinetics and the rheological properties of the gel can significantly influence its ability to
penetrate and effectively block the water-bearing zones.'® To address these challenges,
researchers have explored various solutions, including the development of improved gel
formulations, optimized injection strategies, and numerical simulation models to predict
and optimize the gel penetration process. Numerical simulation models have become a
valuable tool in understanding and predicting the behavior of in-situ gels during water

shutoff operations. These models aim to incorporate the complex physical and chemical
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processes involved, such as the gelation kinetics, fluid flow, and the interaction between

the gel and the porous media.1*%°

Several studies have focused on predicting the performance of water shutoff treatments
using various modeling approaches. In 2014, Xianchao'® et al. initially employed a
conventional model to simulate gel formation but found it inadequate for predicting the
performance of horizontal wells. They then developed a reservoir model that successfully
simulated viscosity and pressure changes within the well over time, even in the presence
of polymer gels. Numerous studies have explored polymer gel and reservoir-well modeling
using various software and models. PCGEL software, for instance, can simulate both black
oil and polymer gel behavior simultaneously.t” Commercial software like UTCHEM?® and
CMG?* are also capable of incorporating polymer gel properties and behaviors into
simulations. Researchers such as Canbolat and Parlaktuna®® and Khamees® et al. have
investigated the performance of CMG software in this context. Meshalkin?® et al. presented
a three-dimensional computer model that simulates the water shutoff performance within
high water cut oil zones, considering the geophysical characteristics of the bottomhole
formation zone and the rate and amount of water control solutions injected. The model's
effectiveness was validated by comparing the calculated values of water cut and oil
production rate with actual well performance data after water shutoff treatment, confirming
its accuracy and potential for increasing energy and resource efficiency in oil production.
Additionally, researchers have explored mathematical modeling of wells and reservoirs to

simulate polymer gel behavior.??%

Acrtificial intelligence (Al)-based models, specifically artificial neural networks (ANN),

have emerged as a promising approach to overcome the limitations of conventional

74



numerical models. For example, Alghazal and Ertekin® proposed an ANN as a machine
learning module for deep polymer gel conformance treatments in fractured reservoirs. The
ANN module outperformed commercial simulators with higher processing speed and less
computational complexity, and it included various reservoir properties and conformance
design factors. The predicted model had two indicators based on oil and water rate profile
enhancement after gel treatment. Ferreira® et al. focused on creating, training, and
validating an ANN model to predict the performance of wells following gel treatment
injection. The model is designed to rank wells that are candidates for water shutoff
treatments based on potential production results, enhancing the design of future treatments
and optimizing the use of economic resources. The researchers explored various

configurations of the neural network to enhance the model's accuracy.

Other machine learning models have been employed to predict polymer gel behavior,
including Jeziorny, Mo, Rate, and SVR-based models.??® However, these Al-driven
models often lack physical interpretability and may struggle to generalize to new, unseen

scenarios.2429

The current body of literature exhibits significant gaps concerning accurate predictions of
water shutoff treatment performance under realistic operating conditions. Most models
neglect the effects of temperature cooldown, gelation kinetics, and heterogeneous reservoir
properties on gel placement and penetration. Moreover, limited efforts have been devoted
to integrating comprehensive reaction kinetics of nanosilica gel systems into numerical or

Al frameworks.
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A novel approach has been undertaken to bridge these knowledge gaps by developing a
cutting-edge numerical simulation framework capable of capturing the intricacies
associated with water shutoff operations employing nanosilica gel systems. An integrated
3D and 2D model, built using MATLAB software, accurately captures the nonlinear
interplay among gelation kinetics, temperature variation, and fluid flow near the wellbore.
Two primary objectives drive this investigation: first, advancing fundamental
comprehension of the mechanisms driving nanosilica gel placement and propagation;
second, establishing a flexible decision-making support platform to facilitate optimal

treatment plan designs suited to distinct rock environments and operational constraints.

4.3  Methodology

In this study, the numerical model involves solving the fluid flow, mass transfer, and heat
transfer models. Under the fluid flow equation, the fluid is assumed to behave as a
Newtonian and incompressible fluid due to having a very low viscosity of around five cP.
Consequently, the fluid is anticipated to follow Darcy's law, which is a simplified equation
that represents the key behavior of the fluid penetration before gelation. The thermal (heat
transfer) model is considered due to the temperature impact on gelation reaction during
temperature cooldown while injecting the fluid and temperature warm back during the

shut-in period.
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4.3.1 Model Algorithm

The numerical model employs the finite volume method (FVM) to focus on each finite
volume within a grid structure. This method involves a series of computational steps to
solve equations that describe the physical processes being modeled. The model algorithm
is illustrated in Figure 4.1, where the two dashed rectangles bound the major model
components, which were solved numerically using the FVM. First, the model starts reading
the input data that is depicted in Table 4.1. Next, the model generates fine mesh grids
where the porosity and permeability values are populated, assuming a normally distributed

heterogeneous domain.

The model provides numerical solution of the water shut off process during injection and
shut-in stages As depicted in Figure 4.1, The first stage is on the left within the dashed
rectangle during treatment injection The second part is on the right, under the dashed
rectangle during shut-in time. The first section solved each mathematical model
sequentially to predict the temperature cooldown and distribution of the fluid while
injecting until reaching the final pumping time based on the selected pumping rate and
volume. For instance, the model starts solving the diffusivity equation to find the pressure
solution from which the velocity profile is obtained and utilized for the mass and heat
transfer models. Solving the nanosilica activator’s mass transfer gives the concentration
distribution, and solving the thermal model generates a temperature profile. As for the
second part, the model predicts the warm back temperature and gel penetration based on
the desired shut-in time. The gel penetration is estimated based on a gelation kinetics

formula that was developed in this study. Once the shut-in time exceeds the gelation time
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value, the permeability is set to zero in that specific grid. The shut-in algorithm was

developed to stop once the time-step equals the selected shut-in time duration.
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Figure 4.1: Algorithm of the numerical model.

4.3.2 Mathematical Formulation

The numerical model involves solving the flow model, mass transfer, and heat transfer
equations, which are known as conservation laws. It also utilizes predefined equations and

pore correlations.

4.3.2.a Flow Model

Under the fluid flow model, Equation 4.1 represents the mass conservation of the fluid
phase, and Equation 4.2 depicts Darcy’s law. By combining both equations, we get the

simplified diffusivity equation having no sink nor source terms for incompressible fluid,
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as presented in Equation 4.3. The superficial velocity in Equation 4.2 is obtained after

solving the diffusivity equation by finding the pressure profile.

d(pd)
at

+ V- (pd) = g, (4.1)

—-1-

= 0 3
V.(kVp) = Ud)cta_lz 43

Where the t represents the time, mg is the generated or consumed mass rate per unit
volume, p is the density of the fluid, p is the fluid’s viscosity, ¢ is the porosity, p is the
pressure, Kk is the permeability tensor, u is the vector velocity, and c; is the total
compressibility of fluid, which is basically the combination of rock compressibility and

fluid compressibility.
4.3.2.b Mass Transfer Model

Under the mass transfer model, the concentration distribution of the activator was obtained
by solving the mass conservation equation for the chemical component, as depicted in

Equation 4.4.

a(qsz) + V. (UC,L) — V. (pD.VCy) = a,ra (4.4)

Where a, represents the surface area of the rock, r, is the rate of gelation reaction, D, is
the effective diffusion of activator, and C, is the activator concentration. The reaction term
on the right-hand side is negligible since the reaction is assumed to start during the shut-in

period. On the left-hand side, we have the accumulation, convection, and diffusion terms.
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4.3.2.c Heat Transfer Model

Under the heat transfer model, as the fluid flows along the porous media, the temperature

varies due to heat convection, as presented in Equation 4.5.
- = aT = —> —
PS5t p&pV. (UT) — V. (KVT) = AH,a,ry (4.5)

Where ¢, represents the specific heat of fluid, p_cAp refers to the multiplication of rock

porosity, fluid density, and specific heat as a weighted average, k is the thermal
conductivity of fluid as weighted average by the porosity of the rock, and AH,., is the heat
of the reaction that is ignored during the fluid flow. To simplify solving the model, the
thermal properties (p, ¢;, K ) were made to hold constant values. During shut-in, the heat

transfer mechanism is dominated by conduction, as the convection term is neglected.

4.3.2.d Gelation Model

After conducting extensive rheological experiments, the gelation reaction model was
predicted and validated. The gelation model given in Equation 4.6 was derived based on

the Arrhenius equation and Rate law.

_ CAo

GT =
Aexp ( i) (2344 1618 (4.6)

~ RT) ™N

Where GT is the gelation time, C,, is the activator’s initial concentration, C, and Cy are
the activator and nanosilica concentrations, respectively, A is the Arrhenius pre-
exponential factor, E, is the activation energy, R is the universal gas constant, T is the

absolute temperature.

4.3.2.d Initial Distribution
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A random field, namely 7 4n40m Was generated as a standard normally distributed domain.
The objective of 7,4,40m 1S t0 NOrmally assign initial porosity and permeability values as

illustrated in Equation 4.7 and 4.8, respectively.

Where ¢, and k, are the initial porosity and permeability values, ¢ and k are the average
porosity and permeability values, o is the standard deviation, a,, is the logarithmic
standard deviation, M is a tuning factor ranging between two and one for scaling.
Furthermore, the created average values are utilized to generate the initial specific surface

area fields and initial pore radius.

bo = 6 + 0 X Trandom (4'7)

ko = k exp (Mx Olog Trandom) (4.8)

4.4 Results and Discussion

In this section, the simulation of water shutoff injection and shut-in are presented in several
scenarios. The following Table 4.1 captures the simulation data inputs as the baseline. The

number of grids in 3D and 2D were 59,049 and 6,561, respectively.

Table 4.1: Input data for the base run.

Input Symbol Value Unit
Length Ly 20 ft
Width Ly 20 ft
% | Height L, 500 ft
§ Wellbore diameter bw 2.375 Inch
Temperature Tres 220 °F
Pore pressure P 3000 Psi
é "8’_ | Rock Porosity @ 0.2 +0.05 m3/m3
@ & 1 Rock Permeability k 1,500 + 5.0 mD
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Compressibility C; 1.0 x 107 1/psi
Rock Pore radius rp 10 Mm
Specific area of rock a, 500 m?/m3
L e Concentration Cinj 25.0 wt. %
u(—cé -% Injection temperature Tinj 190 °F
g % Injection rate q 1.0 bbl/min.
Treatment Volume V; 300 bbl
Viscosity Uy 1.0 cP
Density P4 1330 kg/m3
@ Molecular weight MW, 252.51 g/mol
£ | Specific heat S, 4,182 k] /kg - °C
& | Thermal conductivity Kq 5.5x 107* kj/m-s-°C
Q| Activation energy E, 126,430 J/mol
Pre-exponential factor A 6.3297 1/M39 - s
Gas constant R 8.3145 J/mol - K

The random normal distribution field for the initial porosity and permeability values was
created using a scaling factor of two. All simulation scenarios were performed assuming

flowing through Calcite rock.

4.4.1 Impacts on Near Wellbore Gel Distribution in 2D

This section describes and discusses the temperature and gel distributions around the
wellbore in 2D utilizing the data input in Table 4.1 by generating multiple scenarios by
varying one parameter at a time to examine the impacts of certain parameters on near
wellbore temperature profile and gel penetration. In Figures 4.5, 4.6, and 4.7, the yellow
color represents the original formation permeability. However, the blue color indicates zero

permeability, confirming the gel's development.

82



4.4.1.a Effect of Injection Rate

The treatment injection of water shutoff fluid is crucial in designing such a system as
it can affect the temperature around the wellbore and, consequently, the gelation time.
In Figure 4.2, the near wellbore formation temperature was 220°F while the injection
temperature of the fluid was 190°F but at three different rates (0.1, 0.25, 1 BPM) in A,
B, and C, respectively. At 1 BPM (C), the temperature profile decreased to 200°F
within almost 1.5 ft. However, at 0.1 BPM, the temperature dropped to 200°F only up
to ~ 0.5 ft. Selecting the optimum pumping rate depends highly on the formation

permeability and required gel penetration to isolate the desired section.
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Figure 4.2: Temperature profile at different injection rates.

After injecting the required treatment volume, the well is planned for shut-in for a certain
time, allowing the water shutoff fluid to cure and transform into gel completely. During
shut-in, the bottomhole temperature rises gradually until it reaches the initial temperature

prior to injection. Predicting the near wellbore warmback temperature is essential to
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selecting the optimum shut-in period for a successful water shutoff job. In Figure 4.3(A),
the temperature profile is illustrated after completing the water shutoff injectivity. Figures
4.3(B) and 4.3(C) present the temperature warmback after 24 and 48 hours of shut-in,
respectively. In general, the well with lower formation temperature will require more shut-

in time to allow sufficient curing time.
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Figure 4.3: Temperature profile at different shut-in periods.

4.4.1.b Effect of Treatment VVolume

The treatment volume of a water shutoff system determines the expected fluid penetration
into the porous media based on certain parameters such as formation permeability,
pumping rate, and gelation time. Figure 4.4 depicts the effect of injected volume per length
using altered treatment volume at fixed intervals on temperature distribution. As the
volume increases, the temperature cooldown propagates more into the formation. At 0.5
bbl/ft, the cooldown effect was detected up to 2 ft of radial penetration, as shown in Figure

4.4 (A). In Figure 4.4 (C), the temperature cooled down to 3.5 ft of radial penetration.
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Prior to job execution, the optimum treatment volume will be estimated based on the

required radial penetration to isolate the targeted zone.

oH 5 0.6 bbl/ft 5 0.9 bbl/ft 5 1.2 bbl/ft
215
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Figure 4.4: Temperature profile at different treatment volumes.
As shown in Figure 4.5, the gel penetration matches the temperature cooldown
distribution as presented in Figure 4.4. The gel penetration could be hindered if the

shut-in time was not sufficient to cure the entire fluid around the wellbore.
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Figure 4.5: Distribution of gel penetration at different treatment volumes.

4.4.1.c Effect of Fluid Temperature

The temperature of the injected fluid may influence the formation temperature around the

wellbore based on multiple factors such as treatment volume, injection rate, and targeted
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interval. For instance, the cooldown effect during water shutoff injection should be
estimated to predict the gelation time to have an excellent plugging with optimum shut-in
time. Figure 4.6 (A) and (B) present typical examples of excellent gelation using different
fluid temperatures, which are 190°F and 170°F, respectively. In contrast, Figure 4.6 (C) is
an example of poor gelation and plugging due to insufficient curing time to gel the fluids
surrounding the wellbore. This issue can be solved by increasing the shut-in time or

lowering the injection rate to minimize the cooling effect.

Length (ft)
Length (ft)
Length (ft)

0 -
Width (ft) Width (ft)

0
Width (ft)

Figure 4.6: Radial gel penetration at altered injected fluid temperature.

4.4.1.d Effect of Activator Concentration

In general, deep gel penetration involves a long gelation time and, hence, an appropriate
setting time. For this system, more activator loadings will yield a faster gelation reaction.
For example, Figure 4.7 depicts the gelation quality at varied activator concentrations. At
25 and 30 wt.% of activator loadings, the gel penetration was perfect, as shown in Figure
4.7 (A) and (B), respectively. Nevertheless, in Figure 4.7 (C), the gelation was poor due

to the low activator loading (20 wt.%), which requires a longer shut-in duration.
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Figure 4.7: Radial gel penetration at altered activator loadings.

4.4.1.e Effect of Heterogeneity

The heterogeneity of formation rocks may drastically influence the penetration behavior of
in-situ gels while injecting. It can impact the gel propagation to seal off high permeability
channels or thief zones. For instance, within the heterogeneous reservoirs, the water shutoff
fluid may preferentially penetrate through the thief zones and leave some low permeability
zones untreated 3231, The following figures investigate the performance of water shutoff
treatment in heterogeneous formations having multiple layers. For example, Figure 4.8
illustrates the pre-treatment and post-treatment permeability distribution in 3D, which has
three layers with original permeabilities in mD ( 40 [top], 1,500 [middle], 40 [bottom]).
The yellow layer in the middle represents the thief zone, and the other two layers in brown
are tight zones. After injecting the treatment, the snapshot on the right of Figure 4.8
confirms that most of the fluid penetrates the high permeability layer up to 3.5 ft of radial

penetration.

87



k (mD)
50 1

500 { ’ > 500 (=

>
P = \\ <=
0. & . /\}- 0] < J
B - ZA < ~—"0
° \\\\\ \/// ' \\ / :
\/ \/
Length (ft) 20 20 Width (ft) Length (ft) 20 20 Width (ft)

Figure 4.8: Pre-treatment vs post-treatment gel penetration in 3D.

In some cases, the well is having excessive water production coming from two thief zones
instead of one. Treating such well requires a careful design to satisfy the required gel
penetration for each targeted section. Figure 4.9 depicts two scenarios of treated layers;
the snapshot on the left represents five intervals, including two high permeability layers
(500 mD [top], 1500 mD [bottom]), while the other snapshot represents three intervals
including one thief zone (1,500 mD [middle]). It is clear from the figure that the one thief
zone experienced deeper gel penetration (~ 5 ft [middle]) compared to the two thief zones
(2.5 ft [top], 4 ft [bottom]). Additional volume might be required to be injected into the

two thief zones to achieve the anticipated gel penetration.
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Figure 4.9: Two thief zones vs one thief zone of gel penetration in 3D.
Likewise, the effect of heterogeneity can be seen in the temperature cooldown for each
layer. Logically, more cooldown will be anticipated in higher permeability sections. For
example, Figure 4.10 is like Figure 4.9, yet it shows the temperature profile in 3D in two
thief zones vs. in the thief zone. According to the temperature cool-down profiles from
each snapshot, more volume and radial penetration are clear on the right for the one thief

Zone.
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Figure 4.10: Two thief zones vs one thief zone of temperature distribution in 3D.
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45 Conclusions

The state-of-the-art numerical simulation presented in this study demonstrates the
significant influence of various parameters on near-wellbore temperature and gel
distribution during the water shutoff injection of the Nanosilica system. The investigated
parameters in 2D involve injection rate, temperature, treatment volume, and activator
concentration, which were all critical factors affecting gel penetration. Additionally,
formation heterogeneity was shown to have a substantial impact on gel distribution in 3D
models. The results highlight the importance of careful parameter selection and
optimization for successful water shutoff operations. For example, increasing injection rate
and/or treatment volume proportionally enhances fluid propagation through the porous
medium. However, this leads to greater temperature cooldown around the wellbore,
delaying gelation time. Conversely, elevated fluid temperature and activator concentration
accelerate gelation time, limiting gel penetration. Formation heterogeneities significantly

impact gel distribution and performance:

In particular, high-permeability streaks enable rapid gel transport, increasing breakthrough
risks, whereas low-permeability layers impede gel entry, requiring extended treatment
periods. Incorporating localized permeability and porosity variations during design phases
enhances gel placement precision and operational efficacy. Ultimately, optimizing the
Nanosilica system for water shutoff demands balanced consideration of multiple influential
factors: namely, injection rate, treatment volume, fluid temperature, activator loading, and
reservoir heterogeneity to maximize treatment outcomes and reduce water management

Ccosts.
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CHAPTER 5

CONCLUSION, FUTURE WORK, AND

RECOMMENDATION

5.1 Conclusion

The study explores the generation of a numerical simulation model using MATLAB
software in 2D and 3D spaces to predict temperature cooldown, warmback, and gel
penetration of the Nanosilica system that has been successfully utilized in the field for

water and gas shutoff applications. The following are the study’s main findings:

e Exploring the effect of temperature cooldown during water shutoff injection. For
instance, at high activator concentration (~40 wt.%), the gelation time can
increase from 30 to 180 minutes once the temperature drops from 210°F to 160°F.
The effect of temperature drop can be increased dramatically after decreasing the

activator loading.

e Analyzing the impact of activator concentrations on gelation time at altered
temperatures. A careful selection of the activator loading should be considered

when designing the nanosilica treatment at high temperatures above 200°F to

avoid premature gelation during the injection.
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e Constructing and validating a reaction kinetics model from extensive rheological

experiments.

e Building a schematic for the numerical algorithm to solve the model in two

stages: while injecting the treatment and during the shut-in period.

e Incorporating flow, mass transfer, heat transfer, and gelation models in the

algorithm.

e Solving the mathematical formulations and generating multiple scenarios to
explore the influences on near-wellbore temperature distribution and gel

penetration.

e All generated scenarios are crucial in optimizing Nanosilica treatment before

field implementation.

5.2 Future Work and Recommendation

Several areas can be further explored and investigated to enhance the developed model as

follows, based on the study's promising outcomes:

e Capturing two-phase flow to mimic downhole conditions.

e Introducing a non-Newtonian flow model since most of the in-situ gels are non-

Newtonian.

e Considering variable fluid’s thermal and flow characteristics.
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® Capturing viscosity development during gelation reaction to accurately predict the gel

penetration instead of relying on gelation time and temperature distribution.
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