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ABSTRACT

This dissertation delineates a comprehensive study of one of the main problems which contributes
to non-productive time (NPT) in a drilling operation, i.e., where operational fluids are lost to the formation.
Lost circulation events have been managed in a multitude of ways without a consistent methodology or
approach. The focus of this dissertation is to identify the performance of six industry-available Lost
Circulation Material (LCM) and establish measuring criteria for better operational performance and plugging
efficiency. The implications of performing different laboratory experiments define the stages and pathways
of this research framework.

There is a variety of information and analysis that must be assimilated and understood to plan the
best lost circulation management process. Lost circulation management due diligence is a process of
evaluating the material with many factors involved. This work developed a strategy and process for new
lost circulation management. It provides an informative tool for the operator to ensure a successful process
of managing the lost circulation event. It also discovers the limits of material effectiveness by varying the
external factors. Many aspects were vigorously studied to identify the pathway for lost circulation
management for better sealing of fractures.

This research introduced four significant phases to plan the intended approaches. The
first phase is a development of ten carrier fluid systems for the selected LCMs. This phase was
done to deeply understand the different types of fluids systems with a wide range of fluid
properties and to examine the effect of the fluids on the LCM performance. The second phase
is the LCMs comprehensive testing study, including elemental composition, specific gravity,
shape, and particles size analysis. This phase examines the physical and chemical properties
of the material, and then identifies the factor that affect the material performance in plugging
the lost circulation zone. The third phase is the LCMs and fluids interaction analysis. The
analysis of this phase includes intensive experimental lab work on each material, including a
size degradation study and material properties analysis after interaction with fluids (shape,
particle size, and specific gravity analysis).

The final Phase is a state-of-the-art new experimental design to measure LCM
performance and validate the current bridging theory. The results of this work led to newly



developed theories which are custom made for each material by taking into consideration the
rate of the degradation, type of material, and correlate the findings with fracture width. These
theories demonstrate the material performance based on the dry and wet particle size
distribution (PSD) and examine the impact of material and fluids interaction to plug a specific
fracture size.

The overall impact of this Ph.D. research project proves that applying the new areas of
investigation to the current lost circulation management can drive the industry to resolve the
problems by effectively and efficiently applying the right LCM to each specific situation. The
main contributions of this work are: first, a new experimental design that led to accurately test
and analyze the LCM. Second, is a development of experimentally based bridging theories to

optimize the material fV SOXJJLQJ FDSDELOLW\
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CHAPTER 1

INTRODUCTION

1.1 Lost Circulation Event

Lost circulation is a major problem in the drilling industry, especially in depleted and
mature fields. Lost circulation costs the industry around $2 to $4 billion annually (Cook et al.
2011). Tremendous efforts have been made by many companies around the world to mitigate
lost circulation problems; yet, lost circulation remains an ongoing challenge. The oil and gas
industry is growing, and new hydrocarbon sources are found with new obstacles and
challenges such as geological complexity; therefore, the lost circulation problem becomes
more complicated. Service companies and lost circulation materials (LCM) manufacturers are
introducing hundreds of materials every vyear. The current lost circulation management
WHFKQLTXHY ZKLFK LQ-FPMCGEHIl dedigHed: byH4Ee@ite companies, cement plugs,
and non-formation-specific formulations, have reached the current limit of their effectiveness,
especially when it comes to complicated conditions such as conductive fractures as well as
weak and depleted formations. LCM manufacturers claim that these new materials will solve
the issue, and yet, it is difficult to determine which new materials are appropriate for a given
situation. Hence, the industry still suffers from lost circulation problems. Research and
development efforts on the lost circulation problems must be aligned with many factors such as
geomechanical science, drilling fluid selection, and finally implementing ways to strengthen the
fracture gradient of the formation.
1.2 Classification for Severity of Losses

Lost circulation events can happen while drilling, tripping, and during any other
operational activity. Losses are classified according to the rate of losses, i.e., seepage losses
are in the range of 1 to 10 bbl/hr, partial losses are 10 to 500 bbl/hr, and complete losses are

500 bbl/hr or greater, as shown in Table 1-1 (Nayberg and Petty 1986).



Table 1-1 Classification of losses (Nayberg and Petty 1986)

Type of Loss Classification
Seepage losses 1-10 bbl/hr

Partial losses 10-500 bbl/hr
Complete losses 500 bbl/hr or greater

1.3 Lost Circulation Materials (LCMs) Groups

In this work, the LCM is classified into three groups based on the raw material
properties, as shown in Table 1-2. The granular group includes walnut, graphite, and marble.
The flake group includes a sized grade of mica and flaked calcium carbonate. Finally, a fibrous
group which includes a raw material of natural cellulose fiber. Each of these raw materials is
sold under a variety of trade names as many companies manufacture almost similar or even
identical materials but with different trade names. This work selected the materials in Table 1-2

that are used in the chosen field of the study.

Table 1-2 LCM groups with corresponding raw materials.

Group Material Description
Walnut
Granular Graphite
Marble

A sized grade of mica

Flaky
Flaked calcium carbonate
Fibrous Natural cellulose fiber
1.4 Lost Circulation Zones and Causes

Formation fracture type is categorized as follows: natural fracture, high permeability,
vugular, and induced fracture, which is also known as an induced tensile failure. Most wells

driled are in an overbalance condition, in which the wellbore pressure is higher than the
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formation pressure. Losses mainly occur in induced fractures caused by a drilling fluid pressure
exerted on the formation; if high enough, the pressure causes tensile failure, which means the
stress acting on the formation exceeds the hoop stress. This type of fracture tends to
propagate with the increase of the volume of fluids lost into the fractures. Therefore, the issue

becomes worse after the initial loss occurs (Figure 1-1).

Figure 1-1 Fluid losses into the fracture (Cook et al. 2011).

The high pressure from the wellbore could cause a fracture; associated fluid loss
causes drilling fluid pressure to be lower than the formation pressure, resulting in formation
fluids entering the wellbore, i.e., a kick. A safe mud weight $%indow " (Figure 1-2) is a term to
describe the operationally safe boundaries with an upper limit equal to the pressure that
causes an induced fracture, and a lower limit equal to the low pressure that results in fluid flow

into the wellbore causing well-control related issues.
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Figure 1-2 Mud weight window (Cook et al. 2011).

15 Diagnostic and Remedy of Lost Circulation Events

When lost circulation occurs, the practice is to choose the least expensive LCM and
integrate it with the drilling fluids to seal the fracture and stop the losses. This practice is known
as torrective treatment,” where the implementation is after the losses occur (Savari et al.
2011). The second treatment type is known as breventive treatment It is a proactive
technique for which the technology is implemented before the problem takes place. This type
of treatment will be used in the wellbore strengthening application, which results in increasing
the fracture gradient and widening the mud weight window (Whitfill 2008).

A critical step that is usually missing from a well design is the problem analysis which
provides specific information about the effectiveness of various LCMs in various formation
types and with properties such as different fracture widths. The underlying causes of lost
circulation and the published background information varies; therefore, the process of selecting
the best lost circulation material or treatment design must be tailored for each situation.

1.6 Lost Circulation Management

Proper lost circulation management considers all factors involved. Lost circulation

management is not only based on how stiff and rigid the materials are, but also considers other

factors to cure the losses. The material selection, or the pill designed, is the last stage of lost
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circulation management and comes after the preventive and proactive management stage.
Lost circulation management starts with the best design of the driling parameters, which
encompass the geomechanical model to avoid the creation of induced fractures. Then the
drilling fluids is selected which involves the proper rheological properties and includes the
effect of the fluid and material interaction. Wellbore strengthening technique is the third factor
to enhance the fracture gradient and to avoid inducing fractures. This technique depends on
the LCM particle size distribution. All these stages are called lost circulation preventive design.

The last stage, which is the selection of the lost circulation material, is called remedial
action (Figure 1-3; Cook et al. 2011).

Remediation /\

I

I

I - = -

I | Last circulation materials |
|

I

Prevention

Wellbore strengthening materials

Orilling fluid selection

Best drilling practices

Figure 1-3 Comprehensive lost circulation management (Cook et al. 2011).

1.7 Research Goal and Objectives
Lost circulation is one of the most significant contributors to wellbore instability and
causes an increase in drilling operation costs. It is also a major contributor to the non-

productive time (NPT) and must be minimized for improved economic and operational



performance. The objective of this research is to provide tools and information about specific
loss circulation management techniques that drillers can use to minimize lost circulation. The
problem is manageable, and in some cases avoidable. A comprehensive engineering study on
the LCM, including intensive lab work, will add significant value to performance of future drilling
operations to eliminate lost circulation events or make the problem less severe.

Controlling and curing the losses involves more than just selecting the proper size and
strength of the LCM. Detailed engineering approaches and techniques are required to deeply
understand available solutions; and the current lack of an encompassing methodology requires
a re-examination of the related factors to implement the best solution based on a specific
situation.

The significance of this research lies in assisting the industry in developing the
optimum lost circulation mitigation procedure and material utilization in  an engineering
approach. The proposed work involves comprehensive approaches that are not limited to
material properties and treatment philosophy. It also highlights the -carrier fluids (drilling fluids)
and the determination of the optimum drilling fluids properties. Different fracture sizes will be
studied, and the effect of the various LCM will be analyzed. The relationship of LCM Y \shape,
size, and physical and chemical properties along with the fracture sizes is part of this research.
The chemical reaction of the material with the carrying fluids is an essential factor that drives
WKH PDWHUL R@Vdapabilty @L $¢al the fracture. Examining the particle size distribution
before and after mixing with the fluids shows the capability of the materials in plugging the
fracture while maintaining the minimum porosity and permeability of the plug. It also helps to
strengthen the fracture gradient of the formation by knowing the actual particles sizes.

The primary objective of this dissertation is to precisely study and analyze the factors
that are related to lost circulation to resolve the problem or minimize the severity of the lost
circulation problem. The detailed objectives are listed below:

1. Design ten water-based mud fluids that are used in the selected field  Wperation.
2. Determine the fluid properties of the ten different fluids with different properties to

effectively identify the optimum fluid behavior.



3. Analyze the selected LCMs from the concerned field including physical and chemical
properties (elemental compositions, specific gravity, shape, and particle size
distribution).

4. Examine the LCMs and drilling fluids interaction by profoundly analyzing the physical
and chemical properties of LCMs after the exposure to the fluids to correlate the LCMV
ability to plug different fracture sizes, based on the new LCM physical and chemical
properties.

5. Investigate the plugging efficiency of the LCM for different fracture sizes and update

bridging theories by taking into accounts the above results and observations.

1.8 Methodology

The methodology of the work presented in this dissertation is addressed in four
phases. To better manage loss circulation, due diligence must be considered for establishing
basic analysis for the design of materials and drilling fluids.

Phase | is the carrier fluids analysis which determines the suitable rheology by
examining different fluids additives, viscosity agents, and alkalinity environments.

Phase Il is the full examination and analysis of the LCM physical and chemical
properties, including analytical analysis.

Phase Ill is the drilling fluids and the LCM compatibility analysis via size degradation
analysis with different time intervals and evaluates the materials after being exposed to the
fluids.

Phase IV is to develop and implement a new experimental design to measure LCMs
performance. Further, Phase IV also includes investigation of the plugging efficiency for
various LCM physical and chemical properties, considers the size degradation, and materials

analytical analysis effect, due to fluids interaction, on the plugging efficiency.



1.9 Organization of the Dissertation

This dissertation is divided into eleven chapters:

Chapter 1 presents the hypothesis on lost circulation management as well as the
review of the mitigation process of the problem, research objective, motivation, and
methodology.

Chapter 2 presents the literature review and explains the history of the lost circulation
problem including scientific theories of prior art to define the problem and available solutions.

Chapter 3 presents the methodology used to develop experimental work and evaluates
the industry-standard techniques to improve laboratory work and develop a comprehensive
multidisciplinary engineering approach.

Chapter 4, 5, 6, 7, 8, and 9 present the results included in the research phases and
address the physics and the science behind the observations.

Chapter 10 discusses the laboratory results of this dissertation and demonstrates its
applications to the industry.

Chapter 11 concludes the dissertation and provides conclusions and recommendations

for future work.



CHAPTER 2

LITERATURE REVIEW AND BACKGROUND

This chapter presents a literature review of the problem. First, a review of the literature
relevant to the discussion of lost circulation events is presented, followed by a summary of lost
circulation materials (LCMs). Then, a comprehensive overview of other factors related to lost
circulation, including wellbore strengthening, fracture types, and the effect of lost circulation on
operations is presented. Another objective of this chapter is to review the size degradation and
bridging theories that are used in the industry to identify LCM optimal uses as well as the gaps
and limitations. This chapter also shares previous research findings and highlights potential

research areas from the previously published work on this topic.

21 Literature Review

The oil and gas production industry is facing a high demand for hydrocarbons, and
more wells with formidable challenges are required to meet this demand. These wells, with
extended vertical depth and extended reach laterals, make drilling operations more complex.
Major obstacles contribute to cost of the operation. Some of these obstacles are not
controllable such as geological complexity and weak formations with low fracture gradients.
Lost circulation events typically do occur in these situations. One of the causes of lost
circulation is tensile failure (Aadnoy and Chenevert 1987).

Figure 2-1 shows the types of borehole problems which cause lost circulation
problems. When wellbore pressure exceeds the formation pressure, the fracture occurs; on the

other hand, with a lower wellbore pressure, wellbore collapse occurs.

2.2 Fracture Gradient

Fracture gradient is the maximum pressure the formation can take before fracture
takes place. There are two primary tests in the field used to calculate and measure the fracture
gradient. These tests are performed on an open-hole section below the casing shoe. The first
test is Leakoff Test (LOT), in which the drilling fluid is pumped into the formation, resulting in

9



pressure increases until fracture takes place. The second test used to calculate the fracture
JUDGLHQW LQ WKH ILHOG LV FDOOHG 3([WHQG /HDNRII 7HMW’ 127
continues beyond the fracture initiation point until fracture propagation is achieved. Figure 2-2

shows the pressure versus time record during the two tests.

Events Which Occur at
High Wellbore Pressures

Events Which Occur at
Low Wellbore Pressures

Figure 2-1 Typical borehole problems (Aadnoy and Chenevert 1987).
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Figure 2-2 Pressure record during LOT and XLOT (Wang et al. 2011).

After obtaining the fracture pressure value, it will be used in designing the drilling
program and selecting the appropriate mud weight that can be used to drill the next section of
formation safely and trouble free. In the case of wellbore pressure exceeding the fracture
pressure, lost circulation will occur. Some references refer to the fracture pressure as lost
circulation pressure (Lavrov 2016). In some fields, the lost circulation pressure is too low, such
as in a depleted reservoir, which make the formation prone to lost circulation problems. To
enhance and strengthen the fracture pressure, implementing wellbore strengthening

application to increase fracture gradient.

2.3 Wellbore Strengthening Techniques

Wellbore strengthening is a technique used to enhance the fracture gradient by sealing
and plugging the pore throat in a weak formation to avoid the induced fracture. This technique
results in widening the mud weight window (Salehi and Nygaard 2012). The main objective is

to increase the formation pressure where the formation can sustain additional drilling fluid
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pressure without inducing a fracture and lost circulation events will be avoided (Feng and Gray
2018).

Many models are presented in the literature to address the concept of wellbore
strengthening.

The first model is called the 36 WUHVV &DJH ZPKHRIGHO E WVHE lin®ar elastic
analysis. The model was introduced by Alberty and McLean (Alberty and McLean 2004) and
based on the LCM forming a seal in the fracture mouth with the result of increasing the hoop
stress, which leads to an increase in the fracture gradient.

The second model is Fracture Closure Stress (FCS) developed by Dupriest in 2005
(Dupriest 2005). This model explains the change of the hoop stress by sealing the fracture tip.

The third model uses elastic-plastic fracture analysis and was introduced in 2004 by
Aadnoy and Belayneh (Aadngy and Belayneh 2004). The model drives the enhancement of the
fracture gradient and increases fracture resistance by two main mechanisms. The mechanisms
involve the mud-cake plastic deformation that seals the fracture mouth and the type and
concentration of the LCM used. This model is pivotal to improving the fracture gradient (van
Oort et al. 2011).

The next model, QDPHG DV 3)UDFWXUH 3URSDJ&WHPRQ wasHMIltVWDQFH
based on the Drilling Engineering Association (DEA) experimental work. The DEA experiments
used 30-in.® shale blocks to investigate lost circulation events (Morita et al. 1990). The results
showed rock failure analysis using <R X Q Jfiadulus and Poisson | Vratio; carrier fluids and
wellbore diameter affect lost circulation event. The study also revealed that there is a relation
between the mud-cake thickness and the fracture reopening pressure (Onyia 1994). The FPR
model emphasizes a new concept, which indicates that the increase in the fracture gradient is
strongly related to the fracture propagation pressure at the fracture tip. The output of FPR
implies that the sealing of the fracture mouth by LCM could enhance the hoop stress around

the wellbore.
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The last model takes a different direction and uses the three-dimensional poroelastic
finite-element model (Salehi 2012). This work concluded that the wellbore hoop stress

enhancement estimates fracture initiation, propagation, and sealing mechanism.

24 Effects of Lost Circulation
Loss of drilling fluids into the formation has a tremendous impact on the drilling
operation. This impact can be operational problems that can have an adverse effect on the

well. In addition, another impact is the extra cost associated with this problem.

2.4.1  Well Control

Lost circulation has a direct impact on driling operations and could cause an
interruption to the well delivery or loss of the well. One of the examples that would be a result
of lost circulation is a well control situation. Loss of hydrostatic pressure due to a mud level
drop could cause a kick and the situation may become a blowout or result in the loss of lives

(Lavrov 2016).

2.4.2 Extra Costs Caused by Lost Circulation Problem

The cost associated with lost circulation incidents is remarkable. It costs the industry
about one billion dollars annually despite the fact the treatment cost comes with no benefits (Al
Menhali et al. 2014). According to Ivan et al. (2003), lost circulation treatments are causing a
loss of 200 million dollars annually due mainly to the cost of materials. The cost of mud lost into
the formation comes with a high figure + the equivalent to 1.8 million barrels of drilling fluids
lost into the formation (Alsaba et al. 2014). The overall economic impact of the lost circulation
problem is 20% to 40% of total drilling costs (Lecolier et al. 2005). Table 2-1 shows detailed

operation costs caused by lost circulation problem (Bugbee 1953).
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Table 2-1 Lost circulation costs.

Cost Associated to Lost Circulation Problems Description
Onshore drilling operation $65,000 per day
Offshore drilling operation $120,000 per day
Mud cost per well in Canada and the United States $8,000 to $50,000

25 Lost Circulation Material (L CM)

The solid particles that are mixed and pumped to control a lost circulation problem that has occurred
are called LCM. Lost Circulation Management focuses on selecting the right material to cure the losses as
an essential part of the treatment. The industry categorizes LCM into seven different types. Due to the
different formations and situations of the problem, there is no single material can be suitable to cure all
types of losses (Feng and Gray 2018).

The history of LCM started in 1951 by Howard and Scott (Howard and Scott 1951).
The initial classification was based on four categories only: dehydratable, flaky, fibrous, and
granular. Then in 1956, White added a mixture of all previous materials (White 1956). In 2014,
Alsaba added more types to list of LCMs including water soluble and acid-soluble (Alsaba et al.
2014).

The distinctions of these types of LCMs are as follows: One of the LCM classifications
is by the appearance, other ways to classify the materials are by application, and physical and
chemical properties. The chemical properties are the reactivity of the LCMs with other
chemicals in the driling fluids, include acid solubility and swelling reaction. The physical
properties are mainly the size and shape of the LCM (Alsaba et al. 2014) which is also one of
the main parts of our study in this work. The selection of which material to use is dependent on
many factors such as geological formation description, fluid loss mechanisms (fracture types),
and rate of loss. In this work, these classifications are mainly used in field operation, which led
to introducing three groups: granular, flaky, and fibrous. A detailed description of selected

LCMs is in the next sections.
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2.5.1 Flaky Material

The physical description of flaky materials is that the particle shape has a large flat and
thin surface area with low stiffness (Nayberg and Petty 1986; Howard and Scott 1951). As
mentioned earlier, examples of the flaky material are a sized grade of mica and flaked calcium
carbonate (Figure 2-3 and Figure 2-4). This type of material can be used to mat shingles over
the formation face (White 1956); however, due to its low stiffness and strength, flaky material
usually does provide optimal coverage during the placement process, which makes it as a last

option in the treatment plan (Feng and Gray 2018).

Figure 2-4 Cellophane flaky material (Alsaba et al. 2014).
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2.5.2  Granular Material

The main characteristics of granular material are size and shape. Granular material
can form a seal inside the pore of the formation due to its wide particle size distribution and
shape (Howard and Scott 1951). It shows a high level of rigidity and crushing resistance;
therefore, it is used in wellbore strengthen applications (Alsaba et al. 2014; Savari et al. 2011).
The examples of granular materials are walnut, graphite, and marble. The design of the particle
size distribution of granular material must include small and large particles in size. The need for
large particles is to form the bridge across the fracture, while the small particles fill the space

between the large ones. Thus, a wide size distribution is more effective than the narrow one.

2.5.3 Fibrous Material

Fibrous material can form a mat-like bridge across vugular and fractured formations to
form an effective seal (Feng and Gray 2018). It has a long and slender shape with low
stiffness. It is an organic material with a distinctive particle size distribution. Natural cellulose

fiber is one of the fibrous materials (Figure 2-5).

Figure 2-5 Fibrous material (Amer et al. 2019).

2.6 Drilling Fluids
In drilling fluids, one the basic viscosity models is the Bingham rheological model. It

has two parameters, Yield Point and Plastic Viscosity (Figure 2-6) (Growcock and Harvey
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2005). Yield Point (YP) is an attractive force among the colloidal particles in the fluid. Plastic
Viscosity (PV) represents the amount of solid suspended in the fluid. It was noted that the Yield
Point and Plastic Viscosity have a significant impact on the fluid loss rate (Majidi et al. 2010).

Figure 2-7 and Figure 2-8 show that the loss rate decreases with the increase of YP and PV.

Shear
stress

-

0 Shear rate

Figure 2-6 Shear stress versus shear rate for a bingham model. (Growcock and Harvey 2005).
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Figure 2-7 Losses rate versus YP (Majidi et al. 2010).
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Figure 2-8 Losses rate versus PV (Majidi et al. 2010).

2.7 Particles Size and Shearing Effect

As seen in the literature, the particle size distribution of the LCM is the only widely
used method to design and plan the sealing or plugging mechanism to stop a lost circulation
event. One of the criteria for selecting which material to use is a correlation between the
particles size and the fracture width. However, this assumes that the selected size will be
maintained when it reaches the thief zone or fracture.

Many publications addressed that most of the materials are degrading with high
shearing but did not confirm or quantify the material size degradation rate and its impact on the
ability of the LCM to plug the fracture. This work will answer the question of the relationship
between size degradation and its quantifying effect to plug the fracture.

Size degradation is due to mechanical shearing or a dynamic force that acts on the
particles by the mud pumps, drill string, wellbore annulus, and bit nozzles (Valsecchi 2013).
Plugging the fracture or enhancing fracture gradient by LCM may be affected by size
degradation. However, the degradation rate of the material particle size does not necessarily

demonstrate a low plugging efficiency.
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As the LCM is degraded by the mechanical shear, not only does the size change, but
the shape also deteriorates and becomes more rounded (Lavrov 2016). Figure 2-9 shows the
proper bridging mechanism and illustrates the optimum size selection that allows the material
to bridge as shown in the upper right side, while the smaller size due to size degradation forms
no seal (Gaurina-Medjimurec and Pasic 2014). Therefore, to achieve effective bridging, the
material size distribution must be small enough to enter the fracture or pore throat while being

large enough to build the bridge.

Results using LCM too large -
builds up on the wellbore and
erodes away

= — Proper bridging

Results using LCM too fine -
goes through opening and
doesn’t form a bridge

Proper bridging

Figure 2-9 Proper bridging mechanism (Gaurina-Medjimurec and Pasic 2014).

The two crucial terminologies which are often incorrectly used, are bridge and seal.
Bridging provides the mechanical strength to the formation having a large permeability
technique by using large particles; small particles will fill the void spaces between the large
ones to form the seal (Lavrov 2016).

Figure 2-10 demonstrates the bridging and sealing mechanism in three different
situations, A, B, and C. Situation A represents the fracture before adding the material, while
Situation B shows the ineffective bridging when only large particles are used. Finally, situation
C denotes the optimum conditions for the required bridging and sealing using large particles to

create bridging and fine particles to develop sealing.
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Figure 2-10 Bridging and sealing mechanism (Lavrov 2016).

Many authors in the literature have spent time and effort to study size degradation.
Grant examined the size degradation of two LCMs (graphite and marble) using a flow loop
(Grant et al. 2016). The study revealed that the graphite showed a 16% reduction in size while
ground marble recorded a size reduction of 35%. Scott et al. conducted a size degradation lab
experiment on three materials: walnut hulls, graphite, and ground marble (Scott et al. 2012).
The shearing force was 7000 rpm for intervals of 5 and 15 minutes. The results revealed that
the large particles were more prone to degradation than the finer particles. The results also
demonstrated that walnut and graphite show a lower percentage of degradation and were
better able to sustain the high shear. On the other hand, ground marble degraded the most and
thus was not recommended for wellbore strengthening or lost circulation applications.

Each material behaves differently under high shear, due to different physical and
chemical properties of these materials (Whitfil and Hemphill 2003). To fully understand the
science behind it requires an analysis of the physical and chemical properties of the materials.
Moreover, also the type of fluid used, and its properties, impact the degradation of the LCM.
Most of the publications cover only some of the materials, such as granular materials, which

does not reflect the full picture of the situation. The scope of this research is to go beyond that
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and includes LCM from multiple groups = granular, flaky, and fibrous = with in-depth analysis
and examination of the material properties. As mentioned previously, there is a wide leap
between understanding the impact of degradation and the ability of the LCM to adequately

perform the fracture sealing, which is also part of this research.

2.8 Bridging Mechanisms

Many theories have been introduced in the literature addressing (Table 2-2) the
optimum bridging mechanism that correlates fracture width with the size of LCM to achieve the
paramount sealing of the fracture while minimizing formation damage (Abrams 1977). The first
theory stated that the median particle size (Dso) must be approximately equal or greater than
one dthird of the average pore throat size (Abrams 1977). A different theory introduced by
Abrams states that the volume of the LCM must be 5% or more of the total solids volume in the
solution to attain the optimum bridging. Smith et al. in 1996, developed a theory that depends
on a lab-scale and field application. In this theory, the Deo of material must be equal to the pore
size to reduce the fluid invasion. Vickers et al. in 2006 came up with different criteria for
bridging the pore size, suggesting that the five D-values must be considered in the bridging
theory. Dio has to be higher than the smallest pore in the formation, D2s is equal to one-
seventh of the average pore size, Dso equal to or bigger than one-third of the formation pore
throat size, D7s must be less than two-thirds, and Do should be equal to largest pore throat
size. Finally, Whitfill presented a theory that considers the fracture width being equal to the Dso
of the PSD of the bridging materials (Whitfill 2008).

Al WKH FXUUHQW WKHRtéLtel \pfig RhE MréCEW Lavidd that leads to managing
and resolving the problem. The essential factor in developing these theories was the dry
particle size distribution of the material without considering the impact of the drilling fluid, the
possible size degradation, and the type of the material.

This work will spotlight the degradation rate of LCMs in different fluids and quantify
degradation effects with fracture width. The author feels these theories are due for an update
and the newly developed theory is custom made for each material by taking into consideration
the rate of the degradation, type of material, and correlates the findings with the fracture width.
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Table 2-2 Bridging models

Model

Criteria

Abrams (1977)

Wso * WKH IRUPDWLRQ DYHUDJH SRUH
X'he volume of the LCM must be 5% or more of the total
solids volume

Smith et al. (1996)

Dgo = the formation average pore size

Vickers et al. (2006)

Doo = the largest pore throat size

D7s < 2/3 largest pore throat size

Dso WKH IRUPDWLRQ DYHUDJH SRUH
D2s = 1/7 the mean pore throat

D10 > the smallest pore in the formation

Whitfill (2008)

Dso = Fracture width
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CHAPTER 3

EXPERIMENTAL WORK AND PROCEDURES

The focus of this dissertation is on how to identify the performance of industry-
available LCMs and establish measuring criteria for better operational performance and
plugging efficiency. By performing laboratory experiments on LCMs, one can achieve a
representation of material characteristics. However, this is only one factor in LCM selection. As
seen previously, no material can be used alone to solve all situations. The implication of
performing different laboratory experiments related to many aspects including carrier fluids,
materials, and the interaction between fluids and materials, are the stages and pathways of the
research framework.

The final decision to evaluate the material depends on the perceived healing efficiency
and is affected by WKH P D Wphysic® G chemical properties. It is a combination of all
other aspects and the final goal is to stop the losses. This work will gather all factors to develop
the big picture toward the optimum solutions. This chapter will shed light on the experimental

designs and protocols of all phases of this dissertation.

3.1 Carrier Fluids Design

The carrier fluids design is an in-depth analysis of the ten systems selected from the
field (Figure 3-1), pure water (no additives), water-bentonite mix (clay system), a water-polymer
mix (polymer system) and polymer-salt systems using NaCl and CaCl> salts. As mentioned
previously in the literature, fluid viscosity is an essential factor in managing the rate of fluid loss
into the formation.

This work will also add other factors such as examining the different viscosity sources
of clay and polymers in the fluid designs to thoroughly analyze the effect of the viscosity in
addition to different viscosifying agents. The second factor for examination is to examine the

impact of alkalinity changes on material performance.
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Carrier Fluids Design
—— Ten fluid systems to identify the carrier fluids’ effect. =
Water | | Clay System ] | Polymer System | Polymer-NaCl | | Polymer- Cacl, )
System System
B Two fluids Three fluids Two fluids Fon s
fluid designed designed designed to designed to
to examine with to examine examine
alkalinity examine alkalinity alkalinity
effect with alkalinity effect with effect with
clay effect NaCl system CaCl: system
system polymer
\S ¢ ‘B B N =
‘ 7pH ‘ 7pH ‘ 15% NaCl 7pH 20% CaCl2 7pH
|
| 11pH ‘ 9pH 15% NaCl 10pH | | 20% CaCl, 9pH
|
[ 10pH |

Figure 3-1 Carrier fluids designs.

For these experiments, the viscosity was measured using a rotational viscometer with
selected shear rates ranging from 3 to 600 RPM and the related shear stresses were recorded

at ambient temperature. A Model FANN-35®! viscometer instrument was used in this work

1 FANN is a registered trademark of Halliburton Energy Services, Inc.
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(Figure 3-2) with six dial speeds: 600, 300, 200, 100, 6, and 3 RPM to measure the direct
viscosity values under ambient conditions that correspond to the concerned share rate. The

calculated parameters from these tests are Plastic Viscosity (PV) and Yield Point (YP).

28721 xir NLI 4A=@EBJICNLI 4A=@EJC (3.1)
.. RO | o _
1255 L2821 FurrNLI 4A=@EJC (3.2)

Figure 3-2 Model FANN-35® Viscometer.

3.2 Particle Size Distribution (PSD)

The particle size of the material is typically the main criterion for the operator to plan
the fracture plugging technique. This section presents a detailed testing and calculation
procedure of the LCM Particle Size Distribution (PSD), which includes the proper sampling, dry
sieve, and wet procedure.

3.2.1 Proper Lab Sampling
Proper sampling is a vital part of having a representative lab sample from the bulk

stock. The objective of this method is to create reproducible samples for assessing and
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evaluating the material. The laboratory and bulk sample (from the field or manufacturer) must
be identical with minimum variation. The practice described below provides a procedure to

achieve the proper representation of the lab sample and can be used in the lab testing.

3.2.1.1 Sample Splitter

The sample splitter equipment diagram and the actual equipment used in this work is
shown Figure 3-3. This equipment should be used to split the sample into multiple samples
with identical distributions and mass. The bulk sample will be placed at the hopper or feed
chute, and then the lever is pulled to split the sample into two identical samples. The procedure

can be repeated to create additional samples (ASTM C702 / C702M-18 1998).

Feed Chute

At Least
Eight
Openings

Figure 3-3 Sample splitter diagram on the left (ASTM C702 / C702M-18 1998) and sample splitter used
in this work on the right.

3.2.2 Dry Sieve Testing

The known industry practice R1 PHDVXULQJ WKH PDWHULDOVY GU)\
known as sieve analysis, was used in this work (Figure 3-4). The weight of 100 grams of the
material is kept in the oven for 24 hours to dry the sample and extract the moisture. Then the
sample is placed into the set of different sieves, or mesh bottomed containers, with sieve sizes

ranging from large to small openings. Then, the column of the screens is positioned on a
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mechanical shaker to allow the material to pour through the sieves and stay on the mesh that

either matches the particle size or is smaller.
3.2.2.1 Presentation of Sieve Result

The results are presented in a cumulative percent of retained particles versus the
logarithmic size in um. The retained amount is the actual amount of the material that did not
pass through a specific mesh and the particle size of that part of the sample is equal or higher
than the specific mesh size. For example, the retained on the 35-mesh size (500 pum) is 24.36
grams, which means the size of the 24.36 grams of the sample is equal or higher than 500 pm
but less than the above mesh (30-mesh or 595 pum).

The Distributions (Ds) results indicate the mass fraction of the particles with a size less
than the given value. For example, Dso is the median size, where 50% of the sample is smaller
than the Dso value. However, Dso value is used as a vital piece of information, and it does not
provide enough information on how broad or narrow the overall distribution is (Lavrov 2016).

Other parameters that are obtained from the PSD graph are D10, D25, D75, and Deo.
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Figure 3-4 Series of different sieves size (left) and sieve mechanical shaker (right).
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3.2.3 Wet Sieve Testing for Size Degradation

The wet particle size distribution is almost following the same procedure of the dry
PSD. The only difference that the material was mixed with the designed fluids to examine the
size changes due to shearing, time, and fluid interaction.

In this work, the six materials selected were mixed for several time intervals with the
selected fluids (Phase [). All fluids systems were mixed with each LCM at 4,000 Revolutions
per Minute (RPM) for intervals of 10 and 30 minutes, except for the clay system which the

additional time interval of 1 and 5 minutes to the testing matrix.

3.2.3.1 High Shear Mixing Technique
A Silverson® advance multimixer was used to simulate high shear (Figure 3-5). This
multimixer can simulate the mixing tank in the field DQG ELW QR]]O Haff§ct.VIK heb Wik Q J

nozzles to produce the required force to shear the material and the fluid (Figure 3-5).

Figure 3-5 Silverson® multimixer used in this work (right) and Silverson® head nozzles assembly (left).

2 Silverson is a registered trademark of Silverson Machines Ltd.
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3.2.3.2 Wet Sieve Procedure

After mixing the selected material with one of the designated fluids, the wet sieve
analysis was conducted. The fluid and the material mixture are placed on the wet VLHYH{V
and an external water source with drainage be connected to clean the material from the
viscous fluid used (Figure 3-6). Then, each mesh was placed in the oven for 16 hours at 225 °F
to dry the sample. After that, the retained amount on each mesh was collected and measured
(Figure 3-7).

The wet PSD data was compared with the dry sieve results. An average percent
change in the particle size distribution from dry to wet for different time intervals was used to

drive the analysis of the material size degradation.

Figure 3-6 Wet sieves setup.
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Figure 3-7 Drying the sieves with the sample (right) and drying retained amount on each sieve (left).

3.3 Lost Circulation Material Analytical Testing

The material type or source is a critical factor in understanding the material § behavior.
The source of material can be a natural or synthetic type or can vary in terms of organic or
inorganic. The source of the selected materials can affect the plugging efficiency by different
strength, which also can relate to the material § resistance and size degradation (Amer et al.
2017). To fully understand the impact of different materials, an in-depth analysis must be
performed.

In this work, the analysis was be conducted by examining the material elements and
chemical analysis. The following sections will address the testing plan of each material:

Specific Gravity (SG), shape analysis, and X-ray Diffraction (XRD).

3.3.1 Specific Gravity (SG)
Specific gravity is a ratio of the material density (mass per volume) to water density
and it is a unitless parameter. In this work, the specific gravity was measured on a dry sample

and also after the material was exposed to the fluids. 7KH DQDO\VLVY ZLOO VKRZ PDWHULI
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expansion or reduction resulted from fluid interaction. The AccuPyc® 1330 Pycnometer (Figure
3-8) is a fully automated gas-displacement pychometer used to measure the specific gravity of

irregular powder material.

Figure 3-8 AccuPyc® 1330 Pycnometer.

3.3.2 Elemental Composition
X-ray Diffraction (XRD) is used to measure and study the composition structure of the
materials. It is an analytical technique to identify the phase of crystalline material (Dutrow and
Clark 2019). This study provided informative data about the S D U W inérghBlidgy.
The data generated was used to investigate the material after fluid interaction. The
H[DPLQDWLRQ RI PDWHULDOYV FRPSR VdattidnRIsgtwéeeH Yhe DfiDids K the UHV XOWH

material.

3.3.3 Environmental Scanning Electron Microscopy (ESEM)

Particle shape is a significant factor affecting the LCM performance and affects the
packing and placement mechanism. Classification of tKH P DWHU L D Qs YiveW KD &ihs of
roundness, angularity, or a combination of both. (Powers 1953) showed the shape

representation chart (Figure 3-9). ESEM was used to take a microscope image of the selected

3 AccuPyc is a registered trademark of Micromeritics Instrument Corporation.
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materials before and after fluid interaction to examine particle shape changes after high shear

mixing with the fluids.

HIGH
- SPHERICITY

LOW
SPHERICITY

VERY sys-  suB- WELL-
ANGULAR ANGULAR — GULAR ROUNDED ROUNDED ROUNDED

Figure 3-9 Particle shape representation chart (Powers 1953).

3.4 LCM Evaluation and Plugging Efficiency

LCM Performance analysis studies the ability of the material to plug the simulated
fracture. A key challenge of testing LCM is a lack of industry standards defining LCM testing
methods, specifications, and interpretation of the results (Amer et al. 2019). The major service
and operator companies use equipment manufactured by FANN company to evaluate LCM
properties. The test procedures and evaluation criteria are varied based on the material and
FRPSDQLHVY LOWHUQDO VWDQGDUGYV

This section presents the evaluation criteria for the LCM capability to plug or seal the
fracture. The slotted discs will be used to simulate the fracture aperture on Permeability
Plugging Apparatus (PPA®Y) (Figure 3-10). Due to unavailability of different slotted discs sizes
in the market, new slotted discs were manufactured in-house with a wide range of fracture

sizes (from 0.5 to 6.5 mm) to provide the right size for the concerned study (Figure 3-11).

4Permeability Plugging Apparatus (PPA) is a registered trademark of FANN Instrument
Company.
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Figure 3-11 Slotted discs manufactured in house.
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3.4.1 Modification and Redesign of Permeability Plugging Apparatus (PPA)

It was observed during the testing that PPA was not applicable to test slotted discs of a
size more than 2 mm. This research presents a new modification design on PPA to simulate
the fracture size and accurately examine the LCM plugging mechanism.

In this work, a new modification on the Permeability Plugging Apparatus (PPA) was
done to enhance the equipment capability and improve accuracy in producing realistic results.
The original design of this equipment was not able to simulate a fracture size of more than 2
mm.

The filtrate output valve, or bottom cap (Figure 3-12), of the current PPA design is
located after the slotted disc, as seen in the PPA parts diagram (Figure 3-13). The bottom
valve will be plugged first if the slotted disc is bigger than 2 mm. As a result, the current design
leads the material to plug the bottom cap, instead of the fracture or slotted disc. Figure 3-14
shows a plugged bottom cap, while the slotted disc used was still permeable.

The new design and modification were performed on the equipment to enhance the
equipment capability to simulate a fracture dimension up to 38 mm. The new bottom cap is
shown in Figure 3-15. From a safety point of view, a pressure test was performed to ensure the
new modification was not jeopardizing the pressure limit of the equipment. The results showed

that the new modification was able to safely simulate the actual fracture size with no issue.

Figure 3-12 Bottom cap size.
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Figure 3-13 PPA parts diagram (bottom cap).
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Figure 3-14 A plugged bottom cap.

Figure 3-15 New bottom cap design.
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CHAPTER 4

CARRIER FLUIDS TESTING AND ANALYSIS

The objective of this chapter is to set the stage for the presentation of the central
results of experimental work. It will shine the spotlight on details of experimental work and
include results of the first phase of this dissertation.

The first phase is the carrier fluids properties and analysis. This phase was done to
deeply understand the different types of fluid systems and produce a wide range of fluids
properties to examine the effect of these fluids properties on the LCMs performance.

4.1 Carrier Fluids Design

Ten fluids from the concerned field operation were designed and tested: the pure water
(no additives), two clay systems, three polymer systems, and four polymer-salt systems.

As seen in the literature chapter, the fluid viscosity is an important parameter to cure
the losses, despite the detailed design of the fluids. There has been a paucity of studies that
investigate the different alkalinity-fluids or viscosifying used with the LCM performance. The
different viscosities, viscosity-agent and pH values of these fluids were obtained to examine
the impact on the material performance as these properties varied.

In this phase, the fluids were designed and tested to cover a wide range of different
fluids properties. These ten fluids were used throughout this research. The formulations of the
fluids with the results of the tests are shown below. The main parameters are the rheological
properties, YP and PV and API fluid loss.

4.2 Carrier Fluids Properties Results

This section shows the properties of the ten fluids using different viscosifying agents,
system, and alkalinity environments. The testing results of each fluids are shown in Table 4-1 -
Table 4-4. The following sections will address the main parameters of the study and their

impact on the fluids design.
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4.2.1 Clay System
The clay systems showed a low fluid loss value and it was enhanced with increasing

pH. Similarly, with yield stress the result showed the higher pH also enhanced the yield point.

4.2.2 Polymer System
The polymer systems showed a high APl fluid loss and it was decreased with

increasing the pH. Despite the viscosity results (YP and PV) was not affected by pH alteration.

4.2.3 Polymer-Salt System

The addition of two salt systems showed an enhancement in the API fluid loss result.
The NaCl and CaCl. behaved almost the same which showed the yield stress was not affected
by pH and salt systems. The plastic viscosity is a representation of the number of solids in the
fluids, was increased with salt systems.

These wide ranges of fluids properties were used to analyze the material behavior.

The results of main parameters of all fluids are shown in Figure 4-1.

WPV mYP  mAPIfluid loss Carrier Fluids Design

0 5 10 15 20 25 30
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CLAY BASE

17

11PH 26

20
28.4

20
21.5

20

7 PH-15% NACL 20

POLYMER BASE

10PH - 15% NACL 20

22
7 PH-20% CACL2

25

9 PH - 20% CACL2 20

Figure 4-1 Drilling fluids properties.
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Table 4-1 Clay system the 7 and 11pH

Additive Clay System - 7 pH Clay System - 11 pH
Mixing Time Water, bbl 0.9662
Mix 15 minutes Clay (Bentonite), Ib 20
Mix 10 minutes Starch, Ib 6
Expected pH Value pH Vallllf():H?' No pH value = 11
Measured pH
Value Soduim Hydroxide, Ib 7.0 7.0
Soduim Hydroxide,
Ib (Added) 0 0.61
Tests
MW (Ib/ft3) 68 68
600-rpm Reading 37 60
300-rpm Reading 24 43
200-rpm Reading Room Temperature 20 36
100-rpm Reading 14 25
6-rpm Reading 6 19
3-rpm Reading 5 18
PV (cP) 13 17
YP (1b/100 ft?) 11 26
10-Second Gel 9 30
10-Minute Gel 18 62
API Fluid Loss
(mL) 5.8 4.4
Cake thickness (in) 1 1
pH Value 7 11
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Table 4-2 Polymer system the 7, 9 and 10pH

Additive Polymer-7pH Polymer-9pH Polymer-10pH
Mixing Time Water, bbls 0.9877
Mix 15 minutes Polymer, Ib 15
Mix 10 minutes Starch, Ib 6
Expected pH Value pH value = 7, No pH value = 9 pH value = 10
NaOH
Measured pH 7.2 7.5 7.0
Value Soduim Hydroxide,
Soduim Hydroxide, ® 0 0.5 0.6
Ib (Added)
Tests
MW (Ib/ft3) 63 63 63
600-rpm Reading 36 38 36
300-rpm Reading 28 29 28
200-rpm Reading 25 25 25
Room Temperature
100-rpm Reading 20 20 20
6-rpm Reading 11 11 10
3-rpm Reading 10 10 9
PV (cP) 8 9 8
YP (1b/100 ft?) 20 20 20
10-Second Gel 11 11 12
10-Minute Gel 15 16 14
API Fluid Loss
(mL) 28.4 21.5 14.5
Cake thickness (in) 1 1 1
pH Value 7.2 9.2 10.0
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Table 4-3 Sodium chloride (NaCl) system the 7 and 10pH

Additive NaCl system- 7pH NaCl system- 11pH
Mixing Time Water, bbls 0.9324
Mix 15 minutes Polymer, Ib 15
Mix 10 minutes Starch, Ib 6
Expected pH
Value pH value = 7, No NaOH pH value = 10
Measured pH
Value 7.0 7.0
Soduim Hydroxide, Ib
Soduim
Hydroxide, Ib
(Added) 0 0.7
15% by weight 15% by weight
Salt NacCl, Ib 58 58
Tests
MW (1b/ft3) 70 70
600-rpm Reading 50 50
300-rpm Reading 35 35
200-rpm Reading 29 29
Room Temperature
100-rpm Reading 20 20
6-rpm Reading 6 6
3-rpm Reading 5 5
PV (cP) 15 15
YP (Ib/100 ft?) 20 20
10-Second Gel 5 6
10-Minute Gel 9 9
API Fluid Loss
(mL) 11.2 8.8
Cake thickness
(in) 1 1
pH Value 7 10
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Table 4-4 Calcium chloride (CaCl.) system the 7 and 9pH

Additive CacCl; system- 7pH CacCl; system- 9pH
Mixing Time Water, bbl 0.8664
Mix 15 minutes Polymer, Ib 15
Mix 10 minutes Starch, Ib 6
Expected pH
Value pH value = 7, No Lime pH value =9
Measured pH
Value 6.7 7.0
Ca(OH)« Ib

Lime, Ib (Added)

0.06 0.12

20% by Weight 20% by Weight
CaClz, Ib
Salt 105 105
Tests
MW (Ib/ft3) 77 77
600-rpm Reading 62 70
300-rpm Reading 40 45
200-rpm Reading 33 35
Room Temperature

100-rpm Reading 21 21
6-rpm Reading 4 4
3-rpm Reading 3 3
PV (cP) 22 25
YP (Ib/100 ft?) 18 20
10-Second Gel 4 4
10-Minute Gel 7 8
API Fluid Loss
(mL) 14 6.7
Cake thickness
(in) 1 1
pH Value 7 9
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CHAPTER 5

DRY LCM PARTICLES SIZE DISTRIBUTION RESULTS

This chapter presents the particle size distribution results of the selected LCMs on the
dry phase. The second phase is the LCMs analysis and the focus of this phase is to examine
the physical and chemical properties of the material, and then identify the properties that affect
the material performance in plugging the lost circulation zone.

Designing the LCM treatment for a specific situation is a challenge, giving the fact that
there are many material types with different physical properties available in the marketplace
(Amer et al. 2017). There is also a term called YHrade, which describes the particle size (fine,
medium, and coarse). Different LCM manufacturers have different standards to define these
material grades (Amer et al. 2017). In this work, a standard testing protocol was followed to

measure the particle size distribution (PSD) for all materials.

51 Dry Particle Size Distribution (PSD)
This section discusses WKH PDWHULD CPED results &K Bridlisis. The five distributions
(Ds) and the span (the difference between Dgo and Do) of all LCMs are shown in Table 5-1. The detailed

results of each material are presented in the next sections.

Table 5-1 Dry cumulative Ds value for all materials

- D1o Da2s Dso D7s Dgo Span
Grou Material
P @m) | @m) | @m) | @m) | @m) | (um)
Walnut 1,463 1,665 2,060 2,578 3,014 1,551
Graphite 189 306 445 593 774 585
Granular
Marble 352 442 535 662 770 418
Mica 768 1,131 1,751 2,382 2,776 2,008
Flaky
Calcium Carbonate 1,111 1,512 2,074 2,805 3,420 2,309
. Natural Cellulose
Fibrous Fiber 427 767 1,159 1,584 2,007 1,580
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5.2 Walnut

The first material selected was walnut, from the granular group. A set of 9 sieves were used to
measure the walnut PSD that covers a range from 3,360 to 595 um as shown in Table 5-2. The walnut LCM

is considered one of the LCM with large particle sizes; it is frequently selected to plug a high fracture or a

permeable formation. The cumulative percentage of the five Ds values is shown in Figure 5-1.

Table 5-2 Dry walnut PSD result

Size (um) Mesh Size Retained (grams) Clz;gltjal?r:g/g)% Cu(?glse;t(ia\g %
3360 6 0.54 0.54 99.46
2830 7 14.47 15.01 84.98
2380 8 17.82 32.83 67.15
2000 10 20.37 53.20 46.76
1680 12 20.62 73.82 26.13
1410 14 20.07 93.89 6.04
1190 16 5.24 99.13 0.80
841 20 0.78 99.91 0.02
595 30 0.02 99.93 0.00

0 PAN 0.08 100.0 -0.08

Walnut - Dry PSD
100
90 13014
80
2 20 f——————————————————————— | 2578 |
m =
g 60 | -
X 50 ¢ 2060
2 40
8 30
=} —
2 20 =] 1665 |
O 10 1463
0
1000 2000 4000
= Dry Sieve . .
Size (Microns)

Figure 5-1 walnut - dry PSD with Ds values.
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5.3 Graphite
The second material

unique ability to recover its size and shape. This type of material is used in high overbalanced

formation.

Graphite dry PSD range has a minimum of 74 um and a maximum of 1190 pum. A set

of 12 sieves were placed to measure PSD of graphite (Table 5-3). The graphite PSD graph is

shown in Figure 5-2.

tested was graphite, a high

Table 5-3 Dry graphite PSD result

resiliency material,

Size (um) Mesh Size Retained (grams) Clzgg ianttia\ije)% Clj(ggslzg\g)a%
1190 16 0.12 0.12 99.88
841 20 4.36 4.48 95.48
595 30 20.07 24.55 75.23
500 35 13.40 37.95 61.71
420 40 16.97 54.92 44.59
297 50 20.68 75.60 23.52
250 60 6.93 82.53 16.59
210 70 4.28 86.81 12.31
149 100 6.86 93.67 5.45
105 140 3.83 97.50 1.62

88 170 1.12 98.62 0.50
74 200 0.50 99.12 0.00
0 PAN 0.88 100.00 -0.88
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Figure 5-2 Graphite- dry PSD with Ds values.
5.4 Marble

The third material in the granular group is marble. The range of marble dry PSD is from
841 to 149 um. A short set of sieves (7 sieves) was required to calculate the marble dry PSD
(Table 5-4). The cumulative percentage of the five Ds values is shown in Figure 5-3.

The main applications of marble are LCM and weighting material in the reservoir
section because it is an acid-soluble material. Therefore, it can be removed without damaging
the reservoir.

As an observation about marble dry PSD, the material showed a small Deo and overall
small PSD span (the difference between Do and Dio). That might indicate a low bridging
efficiency and ineffective performance as a wellbore strengthening material. Due to the

absences of large particles.
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Table 5-4 Dry marble PSD result

(Su'anG; Mesh Size Retained (grams) Clé:r;?;?r:i;/de)% Cumulative % (passed)
841 20 0.11 0.11 99.9
595 30 34.00 34.11 65.6
500 35 24.36 58.47 41.1
420 40 22.15 80.62 18.7
297 50 15.71 96.33 2.9
210 70 2.12 98.45 0.8
149 100 0.77 99.22 0.0
0 PAN 0.78 100.00 -0.8

Marble- Dry PSD
100 1 \ \
90 % 770
80
70 ¢
60
50
40
30
20
10 352 |
0 !
100 200 400 800
—Dry Sieve Size (Microns)

662

Cumulative % passed

Figure 5-3 Marble - dry PSD with Ds values.

55 A Sized Grade of Mica
The fourth material, a sized grade of mica, belongs to the flaky group. It has a broad particle size
distribution and covers a range from 4,000 to 149 um with 16 sieves required to measure its PSD (Table

5-5). The cumulative percentage of the five Ds values is shown in Figure 5-4.
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The Dio of the sample has a size of 768 um, where the Dgo is 2776 pum. So, 10% of the

sample has a PSD range between 2,776 to 4,000 pm, which considered high compared with

other materials.

investigation, it might perform well in plugging efficiency.

Thus, this

material has a wide distribution

Table 5-5 Dry mica PSD result

and based on the initial

Size (um) Mesh Size Retained (grams) Clzgtj;?rt]igg)% Cumulative % (passed)
4000 5 0.43 0.43 99.56
3360 6 0.70 1.13 98.84
2830 7 6.58 7.71 92.06
2380 8 16.62 24.33 74.94
2000 10 15.78 40.11 58.68
1680 12 10.84 50.95 47.52
1410 14 12.40 63.35 34.74
1190 16 6.88 70.23 27.66
841 20 15.29 85.52 11.91
595 30 6.21 91.73 5.51
500 35 1.28 93.01 4.19
420 40 1.16 94.17 3.00
297 50 1.32 95.49 1.64
250 60 0.40 95.89 1.23
210 70 0.43 96.32 0.78
149 100 0.76 97.08 0.00

0 PAN 2.92 100.00 -3.01
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Figure 5-4 A Sized grade of mica- dry PSD with Ds values.
5.6 Flaked Calcium Carbonate

The second material in the flaky group is flaked calcium carbonate. It is also showing a wide-ranging
particle size distribution (4000 to 149 um) with 16 sieves required to measure its PSD (Table 5-6). The
cumulative percentage of flaked calcium carbonate with the five Ds values is shown in Figure 5-5.

The material demonstrates that most of the sample particles are large. That also can

be elicited in the high Dgo with a size of 3,420 pm and span of 2309.
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Table 5-6 Dry flaked calcium carbonate PSD result

(Su'anG; Mesh Size Retained (grams) Clég'{';?rleg)% Cu(r; glszté\ae) %
4000 5 0 0.00 100.00
3360 6 10.97 10.97 88.97
2830 7 13.11 24.08 75.79
2380 8 14.04 38.12 61.67
2000 10 14.41 52.53 47.18
1680 12 13.81 66.34 33.30
1410 14 13.28 79.62 19.95
1190 16 8.09 87.71 11.81
841 20 7.94 95.65 3.83
595 30 2.52 98.17 1.30
500 35 0.64 98.81 0.65
420 40 0.28 99.09 0.37
297 50 0.19 99.28 0.18
250 60 0.05 99.33 0.13
210 70 0.05 99.38 0.08
149 100 0.08 99.46 0.00
0 PAN 0.54 100.00 -0.54
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Figure 5-5 Flaked calcium carbonate - dry PSD with Ds values.
5.7 Natural Cellulose Fiber

The only material in the fibrous group is natural cellulose fiber. This organic material shows a
different distribution with small and big particles and its PSD covers a range from 2,830 to 105 pm with 15
sieves required to measure its PSD (Table 5-7). The cumulative percentage of material with the five Ds
values is shown in Figure 5-6.

The Dio is around 427 pum, and Dgo is high up to 2,007 um (Figure 5-6). This distinctive
particle size spreading is a characteristic of fibrous materials. In Phase IV, this unique pattern

was studied and the effect of spreading particles in plugging efficiency was analyzed.
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Table 5-7 Natural cellulose fiber dry PSD result

Size (um) Mesh Size Retained (grams) Clég'{';?:gg)% Cumulative % (passed)
2830 7 1.01 1.01 98.96
2380 8 2.13 3.14 96.76
2000 10 6.68 9.82 89.86
1680 12 9.62 19.44 79.94
1410 14 13.51 32.95 65.99
1190 16 13.45 46.40 52.11
841 20 22.69 69.09 28.69
595 30 11.89 80.98 16.42
500 35 3.67 84.65 12.63
420 40 2.81 87.46 9.73
297 50 3.40 90.86 6.22
250 60 1.52 92.38 4.65
210 70 1.27 93.65 3.34
149 100 2.02 95.67 1.26
105 140 1.22 96.89 0.00

0 PAN 3.11 100.00 -3.21
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Figure 5-6 Natural cellulose fiber - dry PSD with Ds values.
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CHAPTER 6

DRY LCM ANALYTICAL TESTING RESULTS

This chapter shares the results of the analytical tests results of the dry phase of the
LCM. The analytical testing is part of second phase of this dissertation. Phase Il is the LCMs
analysis and the focus of this phase is to examine the physical and chemical properties of the
material, and then identify the properties that affect the material performance in plugging the
lost circulation zone. In addition, the material characteristics were examined and properties that
affect the material performance were measured.

In the following sections, the dry LCMs analytical tests results is addressed, include the
specific gravity, shape analysis, and material compositions.
6.1 Specific Gravity (SG)

The specific gravity was measured for all materials, as shown in Table 6-1. The data
shows that all concerned materials have specific gravity as low as 1.3 and as high as 2.0.

In Phase Ill, a more detailed analysis of the material and fluids interaction was done,

and the change of the material V §pecific gravity after fluid interaction was discussed.

Table 6-1 Specific gravity measurements for all materials.

Group Material Specific Gravity
Walnut 1.394
Granular Graphite 1.837
Marble 2.724
A sized grade of mica 2.736
Flaky
Flaked calcium carbonate 2.73
Fibrous Natural cellulose fiber 2.028
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6.2 LCM Particle Shapes

The shape analysis of the materials is considered as necessary as other material
properties. Most of the materials are assumed to be spherical. As noted in the literature that
spherical or rounded shape is not a suitable selection for the LCM since the main objective of
LCM is to reduce the permeability and plug the formation. Spherical or rounded particles will
allow fluid to flow.

In this work, a full analysis of all materials' shape is reported and the effect of the
shape in the plugging efficiency was studied. Each material was examined under the
microscope to get a detailed analysis of the particle shape for a proper evaluation as it relates
to material performance.

The shape analysis of the material was performed on one dry sample and five different
wet samples with different fluids types from Phase I. The wet samples will be discussed in
Phase Ill. The shape images for the materials are shown below from Figure 6-1 to Figure 6-6,

and the P D W H Whapeddeskription is shown in Table 6-2.

Table 6-2 Dry phase shape description.

Material Shape Description
Walnut Angular, sub-angular, and all with curved corners

Graphite Angular and sub-angular

Marble Angular and sub-angular
Mica Angular, thin, and flat in shape with a large surface area
Flaked calcium carbonate Angular, thin, and flat in shape with a small surface area

Natural cellulose fiber Angular and sub-angular

6.3 Material Compositions

Designing the LCM treatment for a specific situation is a challenge, giving the fact that
many material types and sources with different physical properties are available in the market

(Amer et al. 2017).
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This section shows the material composition characteristics necessary to understand
the origin, type of material, and data required to diagnose the material performance as
impacted by the fluids. Table 6-3 shows the inorganic material compositions. XRD was not able

to identify the compositions of the organic material.

400 . Oprm———
=4

Figure 6-2 Dry graphite microscopy image.

Figure 6-3 Dry marble microscopy image.
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Figure 6-4 Dry mica microscopy image.

Figure 6-6 Dry natural cellulose fiber microscopy image.
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Table 6-3 XRD for inorganic materials.

Material Q = d: IS )
25 | B Eos | 8 © D £, |85
g |39 278 |23 |2% |&: |£%
OO0 on a0l RS <z O« n L

Graphite 100%

Marble 99.5% 0.5% Trace

Mica 49.5% 41.9% 5.9% 2.8%

Flaked 100%

Calcium

Carbonate

*Hydrated Aluminum Potassium Silicate
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CHAPTER 7

WET LCM PARTICLES SIZE DISTRIBUTION RESULTS: SIZE DEGRADATION

This chapter aims to share the material size degradation results after high shearing
with each fluids system in Phase I. This is under the third phase of this dissertation which is the
LCMs and fluids interaction analysis.

This phase will discuss the actual behavior of the selected materials with the designed
fluids. The analysis of this phase was based on the data generated from the first two phases
and the intensive experimental lab work on each material when it was exposed to fluid,
including the size degradation study for different time intervals (10 minutes and 30 minutes) at
a fix shear rate (4000 RPM).

7.1 Size Degradation

Selecting the proper size for a fracture or a permeable formation is the primary factor in
minimizing fluid invasion. It has been noted that when the materials are exposed to high shear,
they might experience a size degradation (Scott et al. 2012). The type of materials, shearing
rate, the fluid used, and the dry PSD will drive the severity of the degradation, and lead to
information on the corrective action that can be taken during the treatment to achieve the
required plugging and sealing needed. Little data is published describing the LCM size
degradation phenomena (Scott et al. 2012). In my Ph.D. work, an industry standard approach
was followed to comprehensively measure and analyze the size degradation of the concerned
materials with the ten designed fluids.

The wet sieve analysis was conducted, including material behavior when exposed to
the fluids, and the results reveal the size expansion or reduction on the LCMs. The minus sign
represents the percentage of size reduction and a plus sign is used to show the percentage of
size expansion.

The following sections show the size degradation effect of each material with the ten

selected fluids from Phase |.
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7.2 Walnut

As noted in the walnut dry PSD testing results, the material has a particle size
distribution that covers a range from 3,360 to 595 um. The cumulative distributions of the five
Ds values are Dio (1,463 pm), D2s (1,665 pm), Dso (2,060 pm), D7s (2,578 pm), and Do (3,014
um).

The following sections share the wet particle size distribution measurements of the
walnut material with the ten designed fluids and a comparative analysis of the percentage
change in size between the dry and wet PSD of each fluid.

7.2.1  Water System

The wet PSD procedure was followed to obtain the wet PSD of the walnut with the
water system. The material was mixed for intervals of 10 and 30 minutes. The wet PSD test
results for the time intervals is shown in Table 7-1. The cumulative particle size distributions of
the dry and wet are shown in Figure 7-1. The percent changing of the Ds values and the

average percent of the sizes degradation are illustrated in Table 7-2.

Table 7-1 Wet sieve data (walnut) water system

10-Minute Mix 30-Minute Mix
Size | Mesh
(um) | Size | Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
(grams) % (retained) | % (passed) | (grams) % (retained) | % (passed)

3360 6 3.19 3.19 96.35 1.47 1.47 98.31
2830 7 7.17 10.36 88.14 6.97 8.44 90.28
2380 8 14.08 24.44 72.02 12.56 21.00 75.81
2000 10 20.54 44,98 4851 19.71 40.71 53.10
1680 12 17.85 62.83 28.07 17.62 58.33 32.81
1410 14 19.20 82.03 6.09 22.08 80.41 7.37
1190 16 4.12 86.15 1.37 4.81 85.22 1.83
841 20 0.96 87.11 0.27 1.24 86.46 0.40
595 30 0.24 87.35 0.00 0.35 86.81 0.00

0 PAN 12.65 100.00 -14.48 13.19 100.00 -15.19
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Figure 7-1 Dry and wet PSD (walnut- water system).

Table 7-2 Cumulative distribution of the wet PSD (walnut) (water system) and size degradation percent

10-Minute Mix 30-Minute Mix
b Value % Change from dry Value % Change from
(um) sample (um) dry sample

10 1,458 0% 1,438 -2%

25 1,642 -1% 1,597 -4%

50 2,024 -2% 1,951 -5%

75 2,463 -4% 2,366 -8%

90 2,950 -2% 2,821 -6%
Average 2,108 -2% 2,035 -5%
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7.2.2  Clay System

Two clay systems were used in this work, one with a pH of 7 (referred to hereafter as
7pH) and the other with a pH of 11 (hereafter referred to as 11pH). The total of five mixes was
performed, and the time intervals were 5, 10 and 30 minutes at 4000 RPM.

The wet PSD results of walnut with 7pH and 11pH clay systems are shown in Table
7-3 and Table 7-5. The cumulative distributions (Ds) for both clay systems (7pH and 11pH) and
comparative analysis are shown in Table 7-4 and Table 7-6. The cumulative distributions graph
of the dry and wet PSD profile of the 7pH and 11pH clay systems are presented in Figure 7-2
and Figure 7-3. It was noted, the size reduction effect is minimum in both clay systems. The
11pH clay system observation resembles the 7pH wet PSD profiles. The alkalinity changing did
not affect walnut-size degradation performance (Figure 7-4). Overall, the walnut performed with
clay systems as a high strength material, and the average size degradation did not exceed a

4% reduction.

Table 7-3 Wet sieve data (walnut) 7pH clay system

10-Minute Mix 30-Minute Mix
Size | Mesh -
(um) | Size | Retained | Cumulative | Cumulative | Retained | Cumulative Cum(L;(I) ative
(grams) | % (retained) | % (passed) (grams) | % (retained) (passed)

3360 6 3.38 3.38 96.2 2.88 2.88 96.6
2830 7 9.7 13.08 85.3 7.94 10.82 87.4
2380 8 14.26 27.34 69.2 13.12 23.94 72.0
2000 10 17.68 45.02 49.2 17.58 41.52 51.5
1680 12 16.57 61.59 30.6 15.04 56.56 34.0
1410 14 19.10 80.69 9.0 19.45 76.01 11.2
1190 16 6.77 87.46 1.4 7.58 83.59 24
841 20 0.97 88.43 0.3 1.75 85.34 04
595 30 0.26 88.69 0.0 0.30 85.64 0.0

0 PAN 11.31 100.00 -12.8 14.36 100.00 -16.8
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Table 7-4 Cumulative distributions of the wet PSD (walnut) (7pH clay system) and size degradation

percent
5-Minute Mix 10-Minute Mix 30-Minute Mix
0, 0, 0,
D Value /? Change Value 0% Change Value % Change
(um) rom dry (um) from dry (um) from dry
sample sample sample
10 1413 -3% 1422 -3% 1379 -6%
25 1607 -4% 1610 -3% 1574 -6%
50 1975 -4% 2015 -2% 1972 -4%
75 2475 -4% 2543 -1% 2467 -4%
90 3016 0% 3060 1% 2981 -1%
Average 2097 -3% 2130 -2% 2074 -4%
Walnut - Dry and Wet PSD ( Clay System 7pH)
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Figure 7-2 Dry and wet PSD (walnut- 7pH clay system).
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Table 7-5 Wet sieve data (walnut) 11pH clay system

_ 10-Minute Mix 30-Minute Mix
Size
(um) | Mesh [ Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative

Size (grams) | % (retained) | % (passed) (grams) | % (retained) | % (passed)

3360 6 2.61 2.61 97.07 3.21 3.21 96.24
2830 7 9.19 11.80 86.78 8.74 11.95 85.99
2380 8 13.61 2541 71.52 13.53 25.48 70.14
2000 10 18.27 43.68 51.05 17.68 43.16 49.41
1680 12 17.68 61.36 31.23 15.2 58.36 31.60
1410 14 19.61 80.97 9.26 18.89 77.25 9.46
1190 16 6.92 87.89 1.50 6.68 83.93 1.63
841 20 1.03 88.92 0.35 1.2 85.13 0.22
595 30 0.31 89.23 0.00 0.19 85.32 0.00

0 PAN 10.77 100.00 -12.07 14.68 100 -17.21

Table 7-6 Cumulative distribution of the wet PSD (walnut) (11pH clay system) and size degradation

percent
10-Minute Mix 30-Minute Mix
D Value | % Change from Value % Change from
(um) dry sample (um) dry sample

10 1419 -3% 1417 -3%

25 1603 -4% 1600 -4%

50 1983 -4% 2011 -2%

75 2483 -4% 2518 -2%

90 2996 -1% 3037 1%
Average 2097 -3% 2116 -2%
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Figure 7-3 Dry and wet PSD (walnut- 11pH clay system).
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Figure 7-4 Dry and wet PSD (Walnut- 7pH and 11pH Clay System).
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7.2.3

In the polymer systems, three different alkalinity points were tested, 7, 9, and 10pH.

The wet PSD tests results of the three pH values are shown in Table 7-7, Table 7-9, and Table

7-11.

The comparison analysis between dry and wet PSD is illustrated in Table 7-8, Table

7-10, and Table 7-12. The cumulative distributions for

Polymer System

10-minutes and 30-minutes shearing

time of the three formulations are shown in Figure 7-5, Figure 7-6, and Figure 7-7.

All in all, the alkalinity effect of the polymer systems does not influence the walnut-size
degradation performance (Figure 7-8).

showed the material with polymer systems behaved almost the same as clay and water system

with insignificant size reduction percentage.

Table 7-7 Wet sieve data (walnut) 7pH polymer system

The comparison analysis between dry and wet PSD

10-Minute Mix 30-MinuteMix

Size | Mesh | Retained | Cumulative | Cumulative % | Retained Cum;lative Cum(l)jlative
(Mm) | Size | (grams) | % (retained) (passed) (grams) (retai;e d) (pas;e d)
3360 6 5.61 5.61 93.66 2.92 2.92 96.57
2830 7 9.24 14.85 83.22 8.54 11.46 86.52
2380 8 13.35 28.20 68.14 12.25 23.71 72.11
2000 10 16.69 44.89 49.29 16.16 39.87 53.10
1680 12 17.98 62.87 28.98 17.97 57.84 31.96
1410 14 18.75 81.62 7.79 19.57 77.41 8.94
1190 16 5.67 87.29 1.39 5.85 83.26 2.06
841 20 1.09 88.38 0.16 1.51 84.77 0.28
595 30 0.14 88.52 0.00 0.24 85.01 0.00

0 PAN 11.48 100.00 -12.97 14.99 100.00 -17.63
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Table 7-8 Cumulative distribution of the wet (walnut) (7pH polymer system) and size degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
value (um) % Change from value (um) % Change from dry
dry sample sample
10 1438 -2% 1422 -3%
25 1629 -2% 1598 -4%
50 2014 -2% 1953 -5%
75 2585 0% 2470 -4%
90 3174 5% 3014 0%
Average 2168 0% 2092 -3%
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Figure 7-5 Dry and wet PSD (walnut- 7 pH polymer system).
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Table 7-9 Wet sieve data (walnut) 9pH polymer system

10-Minute Mix 30-Minute Mix
Size | Mesh C ot C ot
(Mm) | Size | Retained | Cumulative | Cumulative | Retained | ~UMi@Ve | SUMUAtve
(grams) % (retained) | % (passed) (grams) % /0
(retained) (passed)
3360 6 3.84 3.84 95.6 2.96 2.96 96.4
2830 7 10.39 14.23 83.7 7.89 10.85 86.9
2380 8 15.68 29.91 65.8 13.13 23.98 71.1
2000 10 18.01 47.92 45.2 16.30 40.28 51.4
1680 12 14.18 62.10 29.0 15.69 55.97 325
1410 14 21.14 83.24 4.9 20.50 76.47 7.8
1190 16 3.55 86.79 0.8 4.82 81.29 2.0
841 20 0.55 87.34 0.2 1.34 82.63 0.4
595 30 0.17 87.51 0.0 0.30 82.93 0.0
0 PAN 12.49 100.00 -14.3 17.07 100.00 -20.6

Table 7-10 Cumulative distribution of the wet PSD (walnut) (9pH polymer system) and size degradation

percent
10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 1467 0% 1434 -2%

25 1635 -2% 1598 -4%

50 2088 1% 1976 -4%

75 2611 1% 2491 -3%

90 3109 3% 3002 0%
Average 2182 1% 2100 -3%
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Figure 7-6 Dry and wet PSD (walnut- 9pH polymer system).
Table 7-11 Wet sieve data (walnut) 10pH polymer system
10-Minute Mix 30-Minute Mix
Size | Mesh
(um) | Size | Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
(grams) % (retained) | % (passed) | (grams) | % (retained) | % (passed)
3360 6 3.71 3.71 95.8 2.78 2.78 96.6
2830 7 9.62 13.33 84.8 7.29 10.07 87.8
2380 8 14.83 28.16 67.8 10.92 20.99 74.6
2000 10 15.84 44.00 49.7 16.68 37.67 54.4
1680 12 17.28 61.28 29.9 16.84 54.51 34.0
1410 14 19.25 80.53 7.9 21.12 75.63 8.4
1190 16 5.66 86.19 15 5.17 80.80 2.2
841 20 1.14 87.33 0.1 1.49 82.29 0.4
595 30 0.13 87.46 0.0 0.32 82.61 0.0
0 PAN 12.54 100.00 -14.3 17.39 100.00 -21.1
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Table 7-12 Cumulative distribution of the wet PSD (walnut) (10pH polymer system) and size degradation

percent
10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 1435 -2% 1426 -3%
25 1619 -3% 1585 -5%
50 2006 -3% 1931 -6%
75 2571 0% 2394 -7%
90 3083 2% 2962 -2%
Average 2143 -1% 2060 -4%
Walnut- Dry and Wet PSD ( Polymer System 10pH )
100
PA
0 : e Dry Sieve /.
80 1 «e+ees Wet PSD 10 Minutes //
2 01 Wet PSD 30 Minutes //
()
A B
g J
2 60
< J
2 50 7
© .],
35 B
E 40 ,-‘/
3 //
30 /
20 //
10 Vi
0 e ———
500 1000 2000 4000
Size (Microns)

Figure 7-7 Dry and wet PSD (walnut- 10pH polymer system).
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Walnut- Dry and Wet PSD ( Polymer System 7&9&10pH )
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Figure 7-8 Dry and wet PSD (walnut- 7pH, 9pH, and 10pH polymer system).

7.2.4  Polymer-Salt System

There is a lack in the literature of analyzing the LCM performance with the salt
systems. In this work, two salts sources with different alkalinity environments were tested and
analyzed for size degradation study. Sodium chloride with pH values of 7 and 10 and calcium
chloride at 7pH and 9pH.
7.2.4.1 NaCl Polymer-System

The wet PSDs data of the two-time intervals of 7pH NaCl systems are presented in the
Table 7-13 and Table 7-15. Sodium chloride systems with two different alkalinities did not show
an effect on walnut-size degradation. The maximum particle size attrition is 5% below the dry

PSD measurement (Table 7-14 and Table 7-16).
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The difference in alkalinity between 7 and 10pH showed similar material performance

with almost the same size reduction effect (Figure 7-9, Figure 7-10, and Figure 7-11).

Table 7-13 Wet sieve data (walnut) 7pH NaCl polymer system

10-Minute Mix 30-Minute Mix
Size | Mesh :
(m) | Size | Retained | Cumulative | Cumulative | Retained C“m},j(') atve | cumulative
(grams) | % (retained) | % (passed) | (grams) (retained) % (passed)

3360 6 3.84 3.84 95.65 251 251 97.02
2830 7 10.27 14.11 84.00 6.89 9.4 88.85
2380 8 13.83 27.94 68.33 11.78 21.18 74.88
2000 10 16.9 44.84 49.17 18.59 39.77 52.84
1680 12 17.68 62.52 29.12 16.76 56.53 32.97
1410 14 19.55 82.07 6.96 20.72 77.25 8.40
1190 16 5.03 87.10 1.26 5.53 82.78 1.84
841 20 0.95 88.05 0.18 131 84.09 0.28
595 30 0.16 88.21 0.00 0.24 84.33 0.00

0 PAN 11.79 100.00 -13.37 15.67 100 -18.58

Table 7-14 Cumulative distributions of the wet PSD (walnut) (7pH £NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 1447 -1% 1428 -2%

25 1630 -2% 1592 -4%

50 2017 -2% 1954 -5%

75 2572 0% 2384 -8%

90 3103 3% 2904 -4%
Average 2154 -1% 2052 -5%
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Figure 7-9 Dry and wet PSD (walnut- 7pH +NaCl-polymer system).
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Table 7-15 Wet sieve data (walnut) 10pH NaCl polymer system

10-Minute Mix 30-Minute Mix
Size Mesh C o C i
(um) Size | Retained umulative - cumulative | Retained umuiative 1 cumulative
(grams) % % (passed) | (grams) % % (passed)
(retained) (retained)
3360 6 4.49 4.49 94.96 3.29 3.29 96.17
2830 7 10.15 14.64 83.56 9.24 12.53 85.41
2380 8 14.43 29.07 67.36 12.28 24.81 71.12
2000 10 18.34 47.41 46.77 17.79 42.6 50.41
1680 12 17.32 64.73 27.33 15.95 58.55 31.84
1410 14 18.32 83.05 6.76 19.7 78.25 8.91
1190 16 4.88 87.93 1.28 6.13 84.38 1.77
841 20 0.99 88.92 0.17 1.34 85.72 0.21
595 30 0.15 89.07 0.00 0.18 85.9 0.00
0 PAN 10.93 100.00 -12.27 14.1 100 -16.41

Table 7-16 Cumulative distributions of the wet PSD (walnut) (10pH +NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 1453 -1% 1423 -3%

25 1649 -1% 1599 -4%

50 2060 0% 1993 -3%

75 2592 1% 2502 -3%

90 3129 4% 3056 1%
Average 2177 1% 2115 -2%
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Figure 7-10 Dry and wet PSD (walnut- 10pH +NaCl-polymer system).
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Walnut- Dry and Wet PSD ( Polymer System 7&10pH NaCl )
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Figure 7-11 Dry and wet PSD (walnut- 7pH and 10pH NaCl- polymer system).

7.2.4.2 CacCl, Polymer-System

The calcium chloride system PSDs data of two pH values are shown in Table 7-17 and
Table 7-19. The CaCl2 showed similar performance to all previous systems with no effect of
size degradation (Table 7-18 and Table 7-20). The highest size reduction was 4% in 30
minutes of mixing. The cumulative PSD graphs of the two pH are shown in Figure 7-12, Figure

7-13, and Figure 7-14.
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Table 7-17 Wet sieve data (walnut) 7pH CaClz polymer system

10-Minute Mix 30-Minute Mix
Size | Mesh C a6 C ot
(um) | Size | Retained | Cumulative Cumulative | Retained | —Umuative | tLumuative
(grams) % (retained) % (passed) (grams) % %
(retained) (passed)

3360 6 2.68 2.68 97.00 2.96 2.96 96.53
2830 7 10.93 13.61 84.75 7.84 10.8 87.34
2380 8 15.4 29.01 67.50 13.78 24.58 71.18
2000 10 17.93 46.94 47.41 17.76 42.34 50.36
1680 12 17.37 64.31 27.94 15.62 57.96 32.05
1410 14 18.53 82.84 7.18 19 76.96 9.78
1190 16 5.14 87.98 1.42 6.97 83.93 1.61
841 20 1.12 89.10 0.17 1.07 85 0.35
595 30 0.15 89.25 0.00 0.3 85.3 0.00

0 PAN 10.75 100.00 -12.04 14.7 100 -17.23

Table 7-18 Cumulative distributions of the wet PSD (walnut) (7pH xCaClz- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 1447 -1% 1413 -3%

25 1642 -1% 1595 -4%

50 2049 -1% 1994 -3%

75 2576 0% 2450 -5%

90 3057 1% 2983 -1%
Average 2154 0% 2087 -3%
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Figure 7-12 Dry and wet PSD (walnut- 7pH CaClz- polymer system).
Table 7-19 Wet sieve data (walnut) 9pH CaClz polymer system
10-Minute Mix 30-Minute Mix
Size '\g‘?Sh Retained | Cumulative | Cumulative Retained Cum(l;(l) atve | cumulative
m ize 9 i 9 9
(Hm) (grams) | % (retained) | % (passed) (grams) (retained) % (passed)
3360 6 3.87 3.87 95.65 2.76 2.76 96.78
2830 7 10.24 14.11 84.14 6.9 9.66 88.73
2380 8 14.61 28.72 67.71 13.16 22.82 73.37
2000 10 18.13 46.85 47.33 18.23 41.05 52.09
1680 | 12 16.65 63.50 28.61 16.51 57.56 32.83
1410 14 18.72 82.22 7.57 21.48 79.04 7.76
1190 16 5.81 88.03 1.03 5 84.04 1.93
841 20 0.70 88.73 0.25 131 85.35 0.40
595 30 0.22 88.95 0.00 0.34 85.69 0.00
0 PAN 11.05 100.00 -12.42 14.31 100 -16.70
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Table 7-20 Cumulative distributions of the wet PSD (walnut) (9pH *CaClz- polymer system) and size

degradation percent

Size (Microns)

10-Minute Mix 30-Minute Mix
D 0,
% Change from % Change from
VIR () dry sample e ) dry sample
10 1441 -2% 1434 -2%
25 1634 -2% 1596 -4%
50 2050 -1% 1965 -5%
75 2580 0% 2428 -6%
90 3100 3% 2914 -3%
Average 2161 0% 2067 -4%
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Figure 7-13 Dry and wet PSD (walnut- 9pH CaClz- polymer system).
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Figure 7-14 Dry and wet PSD (walnut- 7pH and 9pH CacClz- polymer system).

7.3 Graphite

Graphite is the second material in granular group. It has a particle size distribution
range from 1190 to 74 pm. The cumulative distributions of the five Ds values are Dio (189 um),
D25 (306 um), Dso (445 pm), D7s (593 um) and Doo (774 um). The following sections will share
the wet PSD of the graphite material with the ten designed fluids and a comparative analysis of
the size-changing between the dry PSD and wet PSD of each fluid.
7.3.1  Water System

The wet PSD of the graphite with the water system for two-time intervals 10 and 30
minutes is shown Table 7-21. The cumulative size distributions of the dry and wet PSD are
shown in Figure 7-15. The percent changing of each Ds value and the average percent of the

overall size degradation are illustrated in Table 7-22.
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Table 7-21 Wet sieve data (graphite) water system

10-Minute Mix 30-Minute Mix

Size | Mesh | Retained | Cumulative | Cumulative | Retained Cum(l;/llative Cum(l;/llative
(Hm) Size (grams) | % (retained) | % (passed) | (grams) (retai(r)1e d) (pasge d)
1190 16 0.28 0.28 100 0.19 0.19 99.80
841 20 6.42 6.70 93 5.00 5.19 94.56
595 30 19.65 26.35 73 22.66 27.85 70.82
500 35 14.55 40.90 58 12.19 40.04 58.05
420 40 18.58 59.48 38 15.96 56.00 41.33
297 50 15.91 75.39 21.8 16.59 72.59 23.95
250 60 551 80.90 16.1 5.67 78.26 18.01
210 70 4.26 85.16 11.7 4.35 82.61 13.45
149 100 6.73 91.89 4.7 7.29 89.90 5.81
105 140 3.47 95.36 1.1 3.77 93.67 1.86
88 170 0.53 95.89 0.6 0.94 94.61 0.88
74 200 0.55 96.44 0.0 0.84 95.45 0.00

0 PAN 3.56 100.00 -3.7 4.55 100.00 -4.77

Table 7-22 Cumulative distribution of the wet PSD (graphite) (water system) and size degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
Value (um) % Chasngne;;:gm B Value (pm) /()(glrge'lsr;?‘?&r;)m

10 195 3% 182 -4%

25 321 5% 304 0%

50 468 5% 461 4%

75 623 5% 638 8%

90 804 4% 794 2%
Average 482 4% 476 2%
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Figure 7-15 Dry and wet PSD (graphite- water system).
7.3.2 Clay System

The total of five clay systems was performed, and the time intervals were 5, 10 and 30
minutes. Table 7-23 and Table 7-25 illustrate the results of the wet PSD of graphite with clay
systems. Table 7-24 and Table 7-26 show the wet cumulative distributions (Ds) of both clay
systems, and comparative analysis is also included.

The cumulative distribution of the dry PSD and three wet PSD profiles of the 7pH clay
system are presented in Figure 7-16. Graphite showed a low size reduction for all time
intervals. The 11pH clay system observation resembles the 7pH wet PSD profiles (Figure
7-17). The change in alkalinity did not affect the graphite size degradation performance (Figure
7-18). Overall, the graphite performed as a high strength material, and the average size

degradation did not exceed 8% in reduction with clay systems (Figure 7-18).
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Table 7-23 Wet sieve data (graphite) for 7pH clay system

10-Minute Mix 30-Minute Mix

Size | Mesh | Retained | Cumulative | Cumulative | Retained Cum;lative Cum;lative
(Hm) Size (grams) | % (retained) | % (passed) | (grams) (retai(;e d) (pasge d)
1190 16 0.22 0.22 99.8 0.09 0.09 99.9
841 20 7.74 7.96 91.9 3.98 4.07 95.8
595 30 18.15 26.11 73.3 20.31 24.38 74.6
500 35 15.29 41.40 57.7 12.42 36.80 61.7
420 40 25.55 66.95 31.7 17.03 53.83 44.0
297 50 12.03 78.98 194 18.92 72.75 24.3
250 60 3.77 82.75 15.5 5.35 78.10 18.7
210 70 3.96 86.71 11.5 5.02 83.12 13.5
149 100 6.01 92.72 5.3 6.97 90.09 6.2
105 140 3.63 96.35 1.6 4.04 94.13 2.0
88 170 0.76 97.11 0.9 0.73 94.86 1.3
74 200 0.85 97.96 0.0 1.22 96.08 0.0

0 PAN 2.04 100.00 -2.1 3.92 100.00 -4.1

Table 7-24 Cumulative distributions of the wet (graphite) (7pH clay system) and size degradation percent

5-Minute Mix 10-Minute Mix 30-Minute Mix
D % Change % Change Value % Change

Value (pm) from dry Value (um) from dry (um) from dry

sample sample sample
10 178 -6% 195 3% 181 -4%
25 303 -1% 353 16% 301 -1%
50 447 0% 476 7% 447 0%
75 586 -1% 617 4% 599 1%
90 765 -1% 816 5% 774 0%
Average 456 -2% 492 7% 461 -1%
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Figure 7-16 Dry and wet PSD (graphite - 7pH clay system).
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Table 7-25 Wet sieve data (graphite) 11pH clay system

10-Minute Mix 30-Minute Mix

Size | Mesh | Retained | Cumulative | Cumulative | Retained Cum;lative Cum;lative
(Hm) Size (grams) | % (retained) | % (passed) | (grams) (retai(;e d) (pas;e d)
1190 16 0.66 0.66 99.33 0.16 0.16 99.8
841 20 8.80 9.46 90.40 491 5.07 94.8
595 30 23.57 33.03 66.49 21.04 26.11 73.1
500 35 13.08 46.11 53.22 13.67 39.78 59.0
420 40 11.57 57.68 41.48 13.53 53.31 45.1
297 50 21.72 79.40 19.45 19.85 73.16 24.6
250 60 4.10 83.50 15.29 5.64 78.8 18.8
210 70 3.70 87.20 11.53 4.86 83.66 13.8
149 100 6.03 93.23 5.42 7.2 90.86 6.4
105 140 3.43 96.66 1.94 4.24 95.1 2.0
88 170 0.89 97.55 1.03 0.84 95.94 1.2
74 200 1.02 98.57 0.00 1.13 97.07 0.0

0 PAN 1.43 100.00 -1.45 2.93 100 -3.0

Table 7-26 Cumulative distribution of the wet (graphite) (11pH clay system) and size degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 195 3% 179 -5%

25 328 8% 299 -2%

50 477 7% 448 1%

75 683 15% 617 4%

90 825 7% 787 2%
Average 502 8% 466 0%
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Figure 7-17 Dry and wet PSD (graphite - 11pH clay system).
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Figure 7-18 Dry and wet PSD (graphite - 7pH and 11pH clay system).
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7.3.3  Polymer System

The wet PSD data and analysis for the three pH are shown in Table 7-27, Table 7-29,
and Table 7-31. The comparison analysis between dry and wet PSD showed the graphite with
polymer systems behaved with a minor size reduction percentage, as can be seen in Table
7-28,Table 7-30, and Table 7-32. The polymer systems with different alkalinites have no
adverse effects associated with size degradation (Figure 7-19, Figure 7-20, and Figure 7-21).

The size degradation performance of graphite with the polymer systems showed that
the material is capable of maintaining the initial particle size distribution. The material

demonstrates some swelling, and size increases up to 8% of the average Ds value (Figure

7-22).
Table 7-27 Wet sieve data (graphite) 7pH polymer system
10-Minute Mix 30-Minute Mix

Size | Mesh | Retained | Cumulative | Cumulative | Retained Cum(l;lative Cum;lative
(Hm) Size (grams) | % (retained) | % (passed) | (grams) (retait;le d) (pas;e d)
1190 16 0.26 0.26 99.74 0.16 0.16 99.84
841 20 6.00 6.26 93.63 4.67 483 95.10
595 30 19.48 25.74 73.80 20.70 25.53 74.10
500 35 13.70 39.44 59.85 15.69 41.22 58.19
420 40 19.89 59.33 39.60 13.84 55.06 44.15
297 50 18.40 77.73 20.87 19.96 75.02 23.91
250 60 4.71 82.44 16.07 6.25 81.27 17.57
210 70 3.45 85.89 12.56 4.67 85.94 12.83
149 100 7.35 93.24 5.08 7.33 93.27 5.40
105 140 3.55 96.79 1.47 3.83 97.10 1.51
88 170 0.65 97.44 0.80 0.63 97.73 0.87
74 200 0.79 98.23 0.00 0.86 98.59 0.00

0 PAN 1.77 100.00 -1.80 1.41 100.00 -1.43
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Table 7-28 Cumulative distribution of the wet PSD (graphite) (7pH polymer system) and size degradation

percent
10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from Value (um) 0% Change from dry
(um) dry sample sample
10 189 0% 187 -1%
25 324 6% 304 0%
50 461 4% 453 2%
75 610 3% 605 2%
90 796 3% 781 1%
Average 476 3% 466 1%
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Figure 7-19 Dry and wet PSD (graphite - 7pH polymer system).
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Table 7-29 Wet sieve data (graphite) 9pH polymer system

10-Minute Mix 30-Minute Mix

Size | Mesh | Retained | Cumulative | Cumulative | Retained Cum;lative Cum;lative
(Hm) Size (grams) | % (retained) | % (passed) | (grams) (retai(;e d) (pasge d)
1190 16 0.17 0.17 99.8 0.15 0.15 99.8
841 20 4.25 4.42 95.5 5.98 6.13 93.7
595 30 21.81 26.23 73.4 22.10 28.23 71.1
500 35 14.48 40.71 58.8 13.84 42.07 56.9
420 40 15.56 56.27 43.0 11.72 53.79 44.9
297 50 18.97 75.24 23.8 19.15 72.94 254
250 60 5.87 81.11 17.8 6.33 79.27 18.9
210 70 4.81 85.92 13.0 511 84.38 13.6
149 100 11.19 97.11 1.6 7.42 91.80 6.0
105 140 0.96 98.07 0.6 4.16 95.96 1.8
88 170 0.32 98.39 0.3 0.79 96.75 1.0
74 200 0.32 98.71 0.0 0.96 97.71 0.0

0 PAN 1.29 100.00 -1.3 2.29 100.00 -2.3

Table 7-30 Cumulative distribution of the wet PSD (graphite) (9pH polymer system) and size degradation

percent

10-Minute Mix 30-Minute Mix
T [ e | vavegm [ g on
10 194 3% 181 -4%
25 305 0% 294 -3%
50 456 2% 454 2%
75 613 3% 637 7%
90 780 1% 800 3%
Average 469 2% 473 1%

89



Cumulative % passed

100

90

80

70 -

60

50

40

30

20

10

0

Graphite- Dry and Wet PSD ( Polymer System 9pH )

Size (Microns)

/
[ | 4
i Dry Sieve J
I eeeeees \Wet PSD 10 Minutes [.//'.
| = +\Net PSD 30 Minutes /:;;.
;
/
7
/"..
'
10;). — 200 400 800 1600

Figure 7-20 Dry and wet PSD (graphite - 9pH polymer system).
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Table 7-31 Wet sieve data (graphite) 10pH polymer system

10-Minute Mix 30-Minute Mix
Size (um) I\éiezseh F(zetained 0Cumulative é:umulative Retained Cum(% ative Cum;(l) ative
grams) % (retained) | % (passed) | (grams) (retained) (passed)
1190 16 0.21 0.21 99.8 0.15 0.15 99.8
841 20 5.56 5.77 94.2 5.38 5.53 94.4
595 30 22 27.77 71.9 20.11 25.64 73.9
500 35 14.88 42.65 56.8 15.03 40.67 58.7
420 40 15.92 58.57 40.7 17.66 58.33 40.7
297 50 17.89 76.46 22.5 16.96 75.29 235
250 60 5.34 81.80 171 5.50 80.79 17.9
210 70 4.59 86.39 12.5 4.81 85.60 13.0
149 100 8.74 95.13 3.6 7.28 92.88 5.6
105 140 2.62 97.75 1.0 4.01 96.89 15
88 170 0.49 98.24 0.5 0.62 97.51 0.9
74 200 0.46 98.70 0.0 0.86 98.37 0.0
0 PAN 1.30 100.00 -1.3 1.63 100.00 -1.7

Table 7-32 Cumulative distribution of the wet PSD (graphite) (10pH polymer system) and size
degradation percent.

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 193 2% 185 -2%

25 314 3% 308 1%

50 466 5% 461 4%

75 630 6% 608 2%

90 795 3% 788 2%
Average 480 4% 470 1%
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Graphite-Dry and Wet PSD ( Polymer System 10pH )
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Figure 7-21 Dry and wet PSD (graphite - 10pH polymer system).
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Figure 7-22 Dry and wet PSD (graphite - 7pH, 9pH and 10pH polymer system).

92




7.3.4

Polymer-Salt System

and 9 were mixed and tested for size degradation study with graphite.

7.3.4.1 NaCl Polymer- System

7-35. The average wet particle size measurement increased by 5% (Table 7-34 and Table

7-36). The cumulative wet and dry PSD of the two pH values are shown in Figure 7-23 and

Figure 7-24.

The size degradation performance

in the different sodium chloride systems alkalinity

The Sodium chloride systems wet PSD results are shown

in Table 7-33 and Table

showed similar behavior with almost the same size reduction effect (Figure 7-25).

Table 7-33 Wet sieve data (graphite) 7pH NaCl polymer system

Sodium chloride systems with pH 7 and 10 and calcium chloride systems with pH 7

10-Minute Mix 30-Minute Mix
Size | Mesh
(um) | Size | Retained | Cumulative | Cumulative | Retained Cumulative Cumulative
(grams) | % (retained) | % (passed) (grams) % (retained) | % (passed)

119 0.16 0.16

0 16 0.27 0.27 99.73 99.84
841 20 6.1 6.37 93.52 6.44 6.6 93.29
595 30 21.49 27.86 71.66 20.36 26.96 72.59
500 35 15.28 43.14 56.11 14.01 40.97 58.35
420 40 16.36 59.50 39.46 21.8 62.77 36.18
297 50 16.71 76.21 22.46 13.4 76.17 22.56
250 60 571 81.92 16.65 5.85 82.02 16.61
210 70 5.23 87.15 11.33 4.15 86.17 12.39
149 100 6.47 93.62 4.75 6.88 93.05 5.40
105 140 3.50 97.12 1.19 3.76 96.81 1.58

88 170 0.48 97.60 0.70 0.7 97.51 0.86

74 200 0.69 98.29 0.00 0.85 98.36 0.00

0 PAN 1.71 100.00 -1.74 1.64 100 -1.67
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Table 7-34 Cumulative distribution of the wet PSD (graphite) (7pH =NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
b Value % Change from value (um) % Change from dry
(um) dry sample H sample
10 198 5% 189 0%
25 315 4% 319 5%
50 471 6% 470 6%
75 633 7% 624 5%
90 801 3% 802 4%
Average 484 5% 481 4%
Graphite- Dry and Wet PSD ( Polymer System 7pH NacCl)
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Figure 7-23 Dry and wet PSD (graphite - 7pH +NaCl-polymer system).
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Table 7-35 Wet sieve data (graphite) 10pH NaCl polymer system

10-Minute Mix 30-Minute Mix
Size Mesh .
(um) | Size | Retained | Cumulative | Cumulative | Retained | Cumulative Curglg/loatw
(grams) | % (retained) | % (passed) (grams) % (retained) (passed)
1190 16 0.95 0.95 99.04 0.1 0.1 99.9
841 20 5.02 5.97 93.96 5.67 5.77 94.1
595 30 20.37 26.34 73.35 21.98 27.75 71.7
500 35 14.07 4041 59.11 12.78 40.53 58.6
420 40 21.06 61.47 37.80 17.91 58.44 40.3
297 50 15.87 77.34 21.74 16.88 75.32 23.1
250 60 4.89 82.23 16.79 5.66 80.98 17.3
210 70 4.39 86.62 12.35 441 85.39 12.8
149 100 7.00 93.62 5.26 7.21 92.6 55
105 140 3.68 97.30 1.54 3.78 96.38 1.6
88 170 0.78 98.08 0.75 0.7 97.08 0.9
74 200 0.74 98.82 0.00 0.86 97.94 0.0
0 PAN 1.18 100.00 -1.19 2.06 100 -2.1

Table 7-36 Cumulative distribution of the wet PSD (graphite) (10pH £NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 190 1% 187 -1%

25 322 6% 312 3%

50 466 5% 462 4%

75 615 4% 632 6%

90 794 2% 796 3%
Average 477 3% 478 3%
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Graphite- Dry and Wet PSD ( Polymer System 10pH NaCl)
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Figure 7-24 Dry and wet PSD (graphite - 10pH =NaCl-polymer system).
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Figure 7-25 Dry and wet PSD (graphite - 7pH and 10pH NacCl- polymer system).
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7.3.4.2 CaCl; Polymer- System

The wet PSD results of calcium chloride systems are shown in Table 7-37 and Table

7-39. The maximum average size degradation was 5% increased

values are shown in Figure 7-26 and Figure 7-27.

effect of size degradation (Figure 7-28).

Table 7-37 Wet sieve data (graphite) 7pH CaClz polymer system

in size (Table 7-38 and Table 7-40). The cumulative wet and dry PSD of the two pH

Calcium chloride systems showed similar performance to all previous systems with no

10-Minute Mix 30-Minute Mix
Size | Mesh : -
(um) | Size | Retained Cumt;/loatwe Cumulative | Retained Cuml;/loatwe Cumulative
(grams) (retained) % (passed) (grams) (retained) % (passed)
1190 16 0.26 0.26 99.74 0.17 0.17 99.83
841 20 5.74 6.00 93.94 4.03 4.2 95.71
595 30 235 29.50 70.19 27.82 32.02 67.27
500 35 12.65 42.15 57.40 14.36 46.38 52.59
420 40 18.36 60.51 38.85 11.97 58.35 40.35
297 50 16.84 77.35 21.83 16.8 75.15 23.18
250 60 5.22 82.57 16.55 55 80.65 17.55
210 70 4.73 87.30 11.77 451 85.16 12.94
149 100 6.56 93.86 5.14 8.62 93.78 413
105 140 3.65 97.51 1.46 24 96.18 1.68
88 170 0.55 98.06 0.90 0.81 96.99 0.85
74 200 0.89 98.95 0.00 0.83 97.82 0.00
0 PAN 1.05 100.00 -1.06 2.18 100 -2.23
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Table 7-38 Cumulative distribution of the wet PSD (graphite) (7pH £CacClz- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample H sample
10 194 3% 190 1%
25 320 5% 310 2%
50 468 5% 483 8%
75 645 9% 662 12%
90 800 3% 792 2%
Average 485 5% 487 5%
Graphite- Dry and Wet PSD ( Polymer System 7pH CaCl )
100
90 1 e Dy Sieve 4
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Figure 7-26 Dry and wet PSD (graphite - 7pH CaClz- polymer system).
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Table 7-39 Wet sieve data (graphite) 9pH CaClz polymer system

10-Minute Mix 30-Minute Mix
Size Mesh
(um) | Size | Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
(grams) % (retained) | % (passed) | (grams) | % (retained) | % (passed)
1190 16 0.2 0.20 99.80 0.26 0.26 99.7
841 20 6.88 7.08 92.80 6.0 6.26 93.6
595 30 29.44 36.52 62.84 24.74 31 68.4
500 35 9.54 46.06 53.13 13.23 44.23 54.8
420 40 13.28 59.34 39.62 12.15 56.38 42.4
297 50 17.06 76.40 22.26 18.18 74.56 23.9
250 60 5.46 81.86 16.70 5.87 80.43 17.9
210 70 4.64 86.50 11.98 4.86 85.29 12.9
149 100 6.84 93.34 5.02 7.18 92.47 5.6
105 140 3.61 96.95 1.34 3.93 96.4 1.6
88 170 0.49 97.44 0.84 0.62 97.02 0.9
74 200 0.83 98.27 0.00 0.93 97.95 0.0
0 PAN 1.73 100.00 -1.76 2.05 100 -2.1

Table 7-40 Cumulative Distribution of the wet PSD (graphite) (9pH +CaCl2- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 193 2% 186 -2%

25 316 4% 253 -17%

50 481 8% 469 5%

75 695 17% 660 11%

90 818 6% 806 4%
Average 501 7% 475 0%
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Graphite- Dry and Wet PSD ( Polymer System 9pH CaCl )
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Figure 7-27 Dry and wet PSD (graphite - 9pH CaClz- polymer system).
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Figure 7-28 Dry and wet PSD (graphite - 7pH and 9pH CaClz- polymer system).
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7.4 Marble

Marble is the third material in a granular group. It has a particle size distribution range
from 841 to 149 um. The cumulative distribution of the five Ds values is Dio (352 um), D2s (442
pm), Dso (535 pm), D7s (662 pm) and Deo (770 pm). The following sections will present the wet
particle size distribution measurements of the marble material with the ten designed fluids and
a comparative analysis of the size-changing between the dry PSD and wet PSD of each fluid.
7.4.1  Water System

The material was mixed for 10 minutes and 30 minutes time intervals and the wet PSD
data is shown in Table 7-41. The cumulative size distributions of the dry and wet is shown in
Figure 7-29. Furthermore, the percent changing of each Ds value and the average percent of
the sizes degradation are illustrated in Table 7-42.

The material experienced a high size degradation, and the average reduction size is

reached 44% when it is compared to dry phase.

Table 7-41 Wet sieve data (marble) water system

10-Minute Mix 30-Minute Mix
Size | Mesh c i
(um) | Size | Retained | Cumulative | Cumulative | Retained umu /Oa V€ | cumulative
0, I 0, 0,
(grams) Y% (retained) % (passed) (grams) (retained) % (passed)
841 20 0.00 0.00 100 0.00 0.00 100.0
595 30 0.89 0.89 98.9 0.10 0.10 99.9
500 35 7.33 8.22 90.0 0.42 0.52 99.3
420 40 28.56 36.78 55.4 5.40 5.92 915
297 50 31.42 68.20 17.3 35.96 41.88 39.7
210 70 9.07 77.27 6.3 18.00 59.88 13.8
149 100 5.20 82.47 0.0 9.62 69.50 0.0
0 PAN 17.52 99.99 -21.2 30.46 99.96 -43.8
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Table 7-42 Cumulative distribution of the wet PSD (marble) (water system) and size degradation percent

10-Minute Mix 30-Minute Mix
D value (um) % Change from dry value (um) % Change from
H sample H dry sample

10 239 -32% 193 -45%

25 322 -27% 247 -44%

50 403 -25% 321 -40%

75 465 -30% 381 -43%

90 500 -35% 416 -46%
Average 386 -30% 312 -44%

Marble- Dry and Wet PSD (Water System)
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Figure 7-29 Dry and wet PSD (marble- water system).
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7.4.2  Clay System

The total of six mixes was performed and the time intervals were 1,510 and 30
minutes. The wet PSD results of marble with clay systems (Table 7-43 and Table 7-45).Table
7-44 and Table-46 show the wet cumulative distribution (Ds) of both clay systems and a
comparison analysis between the wet and dry PSD.

The cumulative distribution of the dry PSD and four wet PSD profiles of the 7pH clay
system are presented in Figure 7-30. The results showed an increase in size degradation with
time. The 11pH clay system observation resembles the 7pH wet PSD profiles (Figure
7-31).The change in alkalinity did not affect the marble size degradation performance (Figure
7-32).

Overall, marble experienced a high size reduction and affected by the shearing force,

which resulted in an average size attrition of 44%.

Table 7-43 Wet sieve data (marble) 7pH clay system

10-Minute Mix 30-Minute Mix
Size | Mesh c i
(um) | Size | Retained | Cumulative | Cumulative | Retained um(l%a V€ | cumulative
0, i 0, 0,
(grams) % (retained) | % (passed) (grams) (retained) % (passed)
841 20 0.01 0.01 100.0 0.01 0.01 99.99
595 30 0.25 0.26 99.7 0.03 0.04 99.94
500 35 5.44 5.70 92.9 0.05 0.09 99.87
420 40 30.92 36.62 54.5 1.44 1.53 97.72
297 50 28.3 64.92 19.4 39.23 40.76 39.37
210 70 9.97 74.89 7.0 16.77 57.53 14.43
149 100 5.67 80.56 0.0 9.70 67.23 0.00
0 PAN 19.44 100.00 -24.1 32.77 100.00 -48.74
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Table 7-44 Cumulative distribution of the wet PSD (marble) (7pH clay system) and size degradation

percent
1-Minute Mix 5-Minute Mix 10-Minute Mix 30-Minute Mix
% % %
0,
D Value b Tl Value Change | Value | Change Value Change
from dry
(um) sample (um) from dry (um) from dry (um) from dry
P sample sample sample
10 329 -7% 288 -18% 231 -34% 191 -46%
25 422 -5% 357 -19% 317 -28% 247 -44%
50 509 -5% 446 -17% 404 -24% 319 -40%
75 614 -7% 520 -21% 463 -30% 372 -44%
90 751 -2% 588 -24% 494 -36% 404 -48%
Average 525 -5% 440 -20% 382 -31% 307 -44%
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Figure 7-30 Dry and wet PSD (marble - 7pH clay system).
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Table 7-45 Wet sieve data (marble) 11pH clay system

10-Minute Mix 30-Minute Mix
Size Mesh C a0 C i
(Hm) Size | Retained | Cumulative | Cumulative | Retained | ~YMuative | Lumulative
(grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

841 20 0.02 0.02 99.98 0.04 0.04 99.94
595 30 1.03 1.05 98.71 0.06 0.1 99.85
500 35 7.26 8.31 89.81 0.12 0.22 99.67
420 40 35.05 43.36 46.85 1.52 1.74 97.41
297 50 24.26 67.62 17.11 39.93 41.67 37.95
210 70 8.73 76.35 6.41 15.79 57.46 14.44
149 100 5.23 81.58 0.00 9.7 67.16 0.00

0 PAN 18.42 100.00 -22.58 32.84 100 -48.90

Table 7-46 Cumulative distribution of the wet PSD (marble) (11pH clay system) and size degradation

percent
10-Minute Mix 30-Minute Mix
D 0,
\(/Skwj)e /oézrgasr;%f;l?m Value (um) % Change from dry sample

10 239 -32% 191 -46%

25 330 -25% 249 -44%

50 426 -20% 322 -40%

75 472 -29% 374 -44%

90 502 -35% 405 -47%
Average 394 -28% 308 -44%

1

05




Marble- Dry and Wet PSD ( Clay System 11pH)
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Figure 7-31 Dry and wet PSD (marble - 11pH clay system).
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Figure 7-32 Dry and wet PSD (marble - 7pH and 11pH clay system).
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7.4.3  Polymer System
The wet PSD data and analysis for the three pH (7, 9, 10 pH.) with marble are shown
in Table 7-47, Table 7-49, and Table 7-51. The comparison analysis between dry and wet PSD
showed the marble with polymer systems was prone to high size degradation, as can be seen
in Table 7-48, Table 7-50, and Table 7-52.

The PSD profile of the dry sample and three different pH fluids showed similar

performance Figure 7-33, Figure 7-34, and Figure 7-35. Therefore, polymer systems with

different alkalinities have no adverse associated with size degradation. All three alkalinities
systems showed similar results (Figure 7-36).

The size degradation performance of marble with the polymer system showed a better
performance by 12% less degradation than the water and clay systems. The maximum
average size reduction in the polymer system was 32%, while the water and clay system the

degradation reach up to 44%.

Table 7-47 Wet sieve data (marble) 7pH polymer system

10-Minute Mix 30-Minute Mix
Size Mesh c i C a6
(um) | Size | Retained uMuiative | cumulative | Retained umuiative 1 cumulative
(grams) % % (passed) (grams) % % (passed)
9 (retained) °p g (retained) °p
841 20 0.02 0.02 99.98 0.03 0.03 99.96
595 30 5.11 5.13 94.34 0.39 0.42 99.50
500 35 21.38 26.51 70.75 7.34 7.76 90.78
420 40 27.51 54.02 40.40 26.80 34.56 58.95
297 50 25.57 79.59 12.18 33.31 67.87 19.38
210 70 7.26 86.85 417 10.73 78.60 6.63
149 100 3.78 90.63 0.00 5.58 84.18 0.00
0 PAN 9.37 100.00 -10.34 15.82 100.00 -18.79
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Table 7-48 Cumulative distribution of the wet PSD (marble) (7pH polymer system) and size percent

change
10-Minute Mix 30-Minute Mix
D 0 [0)
Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 273 -22% 233 -34%
25 353 -20% 314 -29%
50 445 -17% 392 -27%
75 517 -22% 460 -30%
90 578 -25% 498 -35%
Average 433 -21% 380 -31%
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Figure 7-33 Dry and wet PSD (marble - 7pH polymer system).
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Table 7-49 Wet sieve data (marble) 9pH polymer system

10-Minutes Mix 30-Minute Mix
Size Mesh
(um) | Size | Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
(grams) | % (retained) | % (passed) | (grams) | % (retained) | % (passed)
841 20 0.01 0.01 100.0 0.08 0.08 99.9
595 30 4.65 4.66 94.8 0.30 0.38 99.5
500 35 23.68 28.34 68.4 12.61 12.99 84.4
420 40 28.09 56.43 37.1 22.32 35.31 57.7
297 50 22.42 78.85 12.2 30.71 66.02 20.9
210 70 7.05 85.90 4.3 11.52 77.54 7.1
149 100 3.86 89.76 0.0 5.94 83.48 0.0
0 PAN 10.24 100.00 -11.4 16.52 100.00 -19.8

Table 7-50 Cumulative distribution of the wet PSD (marble) (9pH polymer system) and size percent

change
10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 273 -22% 228 -35%
25 360 -19% 311 -30%
50 453 -15% 394 -26%
75 524 -21% 472 -29%
90 578 -25% 535 -31%
Average 438 -20% 388 -30%
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Marble- Dry and Wet PSD ( Polymer System 9pH )
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Figure 7-34 Dry and wet PSD (marble - 9pH polymer system).
Table 7-51 Wet sieve data (marble) 10pH polymer system
10-Minute Mix 30-Minute Mix
Size Mesh c ot C a6
(um) Size | Retained | Cumulative | Cumulative | Retained | ~"Moave | SUMUAve
(grams) | % (retained) | % (passed) | (grams) /0 /0
(retained) (passed)
841 20 0.05 0.05 99.9 0.03 0.03 99.96
595 30 9.12 9.17 89.9 0.27 0.30 99.64
500 35 22.52 31.69 65.0 5.83 6.13 92.66
420 40 28.61 60.30 33.3 28.95 35.08 58.01
297 50 20.14 80.44 11.1 30.41 65.49 21.62
210 70 6.36 86.80 4.1 11.84 77.33 7.44
149 100 3.67 90.47 0.0 6.22 83.55 0.00
0 PAN 9.53 100.00 -10.5 16.45 100.00 -19.69
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Table 7-52 Cumulative distribution of the wet PSD (marble) (10pH polymer system) and size percent

change
10-Minute Mix 30-Minute Mix
D 0, 0,
value (um) % Change from Value (um) % Change from dry
dry sample sample
10 284 -19% 226 -36%
25 374 -15% 308 -30%
50 462 -14% 393 -26%
75 538 -19% 459 -31%
90 598 -22% 494 -36%
Average 451 -18% 376 -32%
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Figure 7-35 Dry and wet PSD (marble - 10pH polymer system).
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7.4.4

Sodium chloride with pH 7 and 10 and calcium chloride with pH 7 and 9 were mixed

and tested for marble size degradation study.

Polymer-Salt System

7.4.4.1 NaCl Polymer-System

Sodium chloride systems with two different alkalinities showed similar size degradation
effect of polymer systems (with no salt) (Figure 7-37 and Figure 7-38). The maximum average

particle size measurement of sodium chloride after degradation reached up to 32% below the

original PSD.

The NaCl wet PSD results are shown in Table 7-53 and Table 7-55. The cumulative
distribution of the sodium chloride and averages size degradation are tabulated in Table 7-54

and Table 7-56. The size degradation performance of the two sodium chloride systems showed

similar behavior with almost the same size reduction effect (Figure 7-39).
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Figure 7-36 Dry and wet PSD (marble - 7pH, 9pH and 10pH polymer system).




Table 7-53 Wet sieve data (marble) 7pH NaCl polymer system

10 Minutes- Mix 30 Minutes-Mix

Size M?Sh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
um | Size (grams) | % (retained) | % (passed) | (grams) | % (retained) | % (passed)
841 20 0.03 0.03 99.97 0.03 0.03 99.96
595 30 6.13 6.16 93.28 0.33 0.36 99.57
500 35 24.67 30.83 66.35 5.88 6.24 92.54
420 40 26.79 57.62 37.10 30.22 36.46 56.41
297 50 23.65 81.27 11.29 30.29 66.75 20.19
210 70 7.04 88.31 3.60 10.86 77.61 7.21
149 100 3.30 91.61 0.00 6.03 83.64 0.00

0 PAN 8.39 100.00 -9.16 16.36 100 -19.56

Table 7-54 Cumulative distribution of the wet PSD (marble) (7pH +NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from value (um) % Change from dry
(um) dry sample sample

10 282 -20% 229 -35%

25 362 -18% 313 -29%

50 455 -15% 398 -26%

75 531 -20% 461 -30%

90 583 -24% 466 -40%
Average 443 -19% 373 -32%
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Marble- Dry and Wet PSD ( Polymer System 7pH NacCl)
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Figure 7-37 Dry and wet PSD (marble - 7pH £NaCl-polymer system).
Table 7-55 Wet sieve data (marble) 10pH NaCl polymer system
10 Minutes- Mix 30 Minutes-Mix
Size I\é_esh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm 1ze (grams) | % (retained) | % (passed) (grams) % %
(retained) (passed)
841 20 0.05 0.05 99.94 0.03 0.03 99.97
595 30 10.29 10.34 88.52 0.5 0.53 99.39
500 35 21.67 32.01 64.45 9.74 10.27 88.14
420 40 26.91 58.92 34.56 30.45 40.72 52.97
297 50 21.64 80.56 10.53 30.44 71.16 17.82
210 70 6.24 86.80 3.60 10.11 81.27 6.14
149 100 3.24 90.04 0.00 5.32 86.59 0.00
0 PAN 9.96 100.00 -11.06 13.41 100 -15.49
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Table 7-56 Cumulative distribution of the wet PSD (marble) (10pH =NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 290 -18% 239 -32%
25 371 -16% 322 -27%
50 461 -14% 410 -23%
75 542 -18% 470 -29%
90 627 -19% 516 -33%
Average 458 -17% 391 -29%
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Figure 7-38 Dry and wet PSD (marble - 10pH +NaCl-Polymer System).
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Figure 7-39 Dry and wet PSD (marble - 7pH and 10pH NaCl- polymer system).

7.4.4.2 CacCl, Polymer-System

The calcium chloride systems PSDs data of two pH values are shown in Table 7-57
and Table 7-59. The CaCl. systems showed similar performance to all previous systems with
no effect of size degradation (Table 7-58 and Table 7-60). The cumulative PSD graphs of the
two pH are shown Figure 7-40, Figure 7-41,

measurement was decreased by 29% as an average from the dry phase PSD.
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Table 7-57 Wet sieve data (marble) 7pH CaClz polymer system

10-Minute Mix 30-Minute Mix
Size Mesh c i
(Mm) | Size | Retained | Cumulative | Cumulative | Retained um(l)i)a V€ | cumulative
0, I 0, 0,
(grams) % (retained) | % (passed) (grams) (retained) % (passed)
841 20 0.03 0.03 99.97 0.04 0.04 99.95
595 30 11.54 11.57 87.79 0.86 0.9 98.95
500 35 28.18 39.75 58.07 9.62 10.52 87.74
420 40 24.95 64.70 31.74 28.62 39.14 54.39
297 50 22.21 86.91 8.31 30.72 69.86 18.59
210 70 5.53 92.44 2.48 10.55 80.41 6.29
149 100 2.35 94.79 0.00 54 85.81 0.00
0 PAN 5.21 100.00 -5.50 14.19 100 -16.54

Table 7-58 Cumulative distribution of the wet PSD (marble) (7pH =CaClz- polymer system) and size
percent change

10-Minute Mix 30-Minute Mix

D \(/S::]J)e % Chasr;gni:pflr:m dry Value (um) % Chir;grﬁpflfm dry

10 306 -13% 236 -33%

25 385 -13% 319 -28%

50 475 -11% 405 -24%

75 554 -16% 469 -29%

90 640 -17% 519 -33%
Average 472 -14% 390 -29%
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Marble- Dry and Wet PSD ( Polymer System 7pH CaCl )
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Figure 7-40 Dry and wet PSD (marble - 7pH CaClz- polymer system).
Table 7-59 Wet sieve data (marble) 9pH CaClz polymer system
10-Minute Mix 30-Minute Mix
Size Mesh C a6 C ot
(um) | Size Retained | Cumulative | Cumulative | Retained | ~!MoaVe | Sumuaive
(grams) % (retained) | % (passed) | (grams) /° /0
(retained) (passed)
841 20 0.04 0.04 99.96 0.05 0.05 99.94
595 30 10.31 10.35 88.92 1.16 1.21 98.63
500 35 27.01 37.36 59.99 14.5 15.71 82.16
420 40 25.44 62.80 32.75 31.66 47.37 46.21
297 50 22.23 85.03 8.94 27.04 74.41 15.50
210 70 5.50 90.53 3.05 9.17 83.58 5.09
149 100 2.85 93.38 0.00 4.48 88.06 0.00
0 PAN 6.62 100.00 -7.09 11.94 100 -13.56
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Table 7-60 Cumulative distribution of the wet PSD (marble) (9pH =CaClz- polymer system) and size

percent change

Size (Microns)

10-Minute Mix 30-Minute Mix
D Value % Change from value (um) % Change from dry
(um) dry sample H sample
10 302 -14% 251 -29%
25 380 -14% 335 -24%
50 471 -12% 428 -20%
75 549 -17% 484 -27%
90 619 -20% 545 -29%
Average 464 -15% 409 -26%
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Figure 7-41 Dry and wet PSD (marble - 9pH CaClz- polymer system).
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Marble- Dry and Wet PSD ( Polymer System 7&9pH CaCl )
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Figure 7-42 Dry and wet PSD (marble - 7pH and 9pH CacClz- polymer system).

7.5 A Sized Grade of Mica

Mica is one of the flaky group materials. It has a wide particle size distribution and
large particles up to 4000 um. Its dry PSD measurements showed the material has a particle
size distribution that covers a range from 4000 to 149 um.

The cumulative distribution of the five Ds values is Dio (768 pm), D2s (1131 um), Dso
(1751 pm), D7s (2382 pm) and Deo (2776 pm). The following sections will share the wet particle
size distribution measurements of the mica with the ten designed fluids and a comparative

analysis of the size-changing between the dry PSD and wet PSD of each fluid.

7.5.1 Water System
The material was mixed with the water system for 10 minutes and 30 minutes time

intervals, and the wet PSD data is shown in Table 7-61. The cumulative size distribution of the
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dry and wet is shown in Figure 7-43. The percent of size-changing of each Ds value and the
average percent of the size degradaton VKRZHG WKDW WKH PDWHULDOSYV VL]H GHJL
and lost more than 60% of its size (Table 7-62). The time was not a factor in size degradation

in which both 10-minutes and 30-minutes results showed a similar average size reduction

percentage.
Table 7-61 Wet sieve data (mica) water system
10-Minute Mix 30-Minute Mix

Size | Mesh -

Hm Size | Retained Cumulative | Cumulative | Retained Cum(l;(l) atve | cumulative

(grams) | % (retained) | % (passed) (grams) (retained) % (passed)

4000 5 0 0.00 100.0 0.00 0.00 100.00
3360 6 0.07 0.07 99.9 0.00 0.00 100.00
2830 7 0.15 0.22 99.7 0.18 0.18 99.74
2380 8 0.52 0.74 99.0 0.22 0.40 99.43
2000 10 0.83 1.57 97.9 0.37 0.77 98.91
1680 12 1.89 3.46 95.3 0.98 1.75 97.52
1410 14 2.96 6.42 91.2 2.70 4.45 93.69
1190 16 5.29 11.71 84.0 3.30 7.75 89.00
841 20 16.30 28.01 61.8 15.26 23.01 67.35
595 30 12.44 40.45 44.8 12.24 35.25 49.99
500 35 5.78 46.23 36.9 4.60 39.85 43.46
420 40 6.92 53.15 275 6.77 46.62 33.85
297 50 9.51 62.66 14.5 11.25 57.87 17.89
250 60 6.55 69.21 5.6 3.60 61.47 12.78
210 70 1.06 70.27 4.1 2.58 64.05 9.12
149 100 3.02 73.29 0.0 6.43 70.48 0.00

0 PAN 26.71 100.00 -36.4 29.52 100.00 -41.88

121



Table 7-62 Cumulative distribution of the wet PSD (mica) (water system) and size degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
value (um) % Change from dry value (um) % Change from dry
sample sample
10 273 -64% 220 -71%
25 396 -65% 352 -69%
50 670 -62% 595 -66%
75 1048 -56% 964 -60%
90 1372 -51% 1237 -55%
Average 752 -60% 674 -64%
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Figure 7-43 Dry and wet PSD (mica- water system).
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7.5.2 Clay System

The total of five mixes was performed and the time intervals were 5, 10 and 30
minutes. Table 7-63 and Table 7-65 illustrate the results and observations of the wet PSD of
mica with clay systems. The cumulative distribution (Ds) for both clay systems and comparison
analysis of the average size degradation are shown in Table 7-64 and Table 7-66.

The cumulative distribution of the dry PSD and three wet PSD profiles of 7pH clay
system are presented in Figure 7-44. It was noticed that the size degradation of mica with clay
system was 56% at 5 minutes, 62% at 10 minutes, and 66% at 30 minutes of shearing. The
11pH clay system observation resembles the 7pH wet PSD profiles (Figure 7-45). The
alkalinity changing did not affect mica size degradation performance (Figure 7-46).

Overall, the mica performed as a low strength material and the average size

degradation exceed 66% in reduction with clay systems.

Table 7-63 Wet sieve data (mica) 7pH clay system

10-Minute Mix 30-Minute Mix
Size Mesh c ot C a6
(Hm) Size | Retained | Cumulative | Cumulative | Retained | ~UMuative | Lumuiative
(grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)
4000 5 0 0.00 100.0 0.0 0.00 100.00
3360 6 0.02 0.02 100.0 0.0 0.00 100.00
2830 7 0.11 0.13 99.8 0.0 0.00 100.00
2380 8 0.34 0.47 99.4 0.1 0.09 99.87
2000 10 0.75 1.22 98.4 0.2 0.24 99.64
1680 12 1.87 3.09 95.9 0.4 0.62 99.07
1410 14 2.67 5.76 92.4 1.2 1.78 97.34
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Table 7-63 Continued

10-Minute Mix 30-Minute Mix
Size Mesh C ot C a0
(Hm) Size | Retained | Cumulative | Cumulative | Retained | ~Umuative  Lumuative
(grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

1190 16 4.33 10.09 86.7 2.9 4.70 92.98
841 20 11.82 21.91 71.2 11.3 15.99 76.10
595 30 16.55 38.46 49.4 15.9 31.86 52.38
500 35 6.48 44,94 40.8 5.3 37.16 44.46
420 40 8.07 53.01 30.2 6.8 43.95 34.31
297 50 9.64 62.65 17.5 13.2 57.17 14.56
250 60 8.07 70.72 6.9 2.0 59.16 11.58
210 70 1.33 72.05 5.1 2.8 61.97 7.38
149 100 3.91 75.96 0.0 4.9 66.91 0.00

0 PAN 24.04 100.00 -31.6 33.1 100.00 -49.45

Table 7-64 Cumulative distribution of the wet PSD (mica) (7pH clay system) and size degradation percent

5-Minute Mix 10-Minute Mix 30-Minute Mix
0, 0, 0,
D value % Change % Change Value 0% Change
from dry Value (um) from dry from dry
(um) (um)
sample sample sample
10 241 -69% 264 -66% 235 -69%
25 422 -63% 369 -67% 362 -68%
50 728 -58% 602 -66% 566 -68%
75 1223 -49% 927 -61% 830 -65%
90 1582 -43% 1317 -53% 1128 -59%
Average 839 -56% 696 -62% 624 -66%
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A Sized Grade of Mica -Dry and Wet PSD ( Clay System 7pH)
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Figure 7-44 Dry and wet PSD (mica - 7pH clay system).
Table 7-65 Wet sieve data (mica) 11pH clay system
10-Minute Mix 30-Minute Mix
Size Mesh c i C a6
(Mm) | Size | Retained | Cumulative | Cumulative | Retained | ~ oo e | MUMUatve
(grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)
4000 5 0 0.00 100.00 0 0 100.0
3360 6 0.05 0.05 99.93 0.01 0.01 100.0
2830 7 0.16 0.21 99.72 0.06 0.07 99.9
2380 8 0.58 0.79 98.95 0.11 0.18 99.7
2000 10 0.86 1.65 97.80 0.22 0.4 99.4
1680 12 1.89 3.54 95.28 0.54 0.94 98.6
1410 14 3.77 7.31 90.26 2.1 3.04 95.6
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Table 7-65 Continued

10-Minute Mix 30-Minute Mix
Size Mesh C ot C a0
(Hm) Size | Retained | Cumulative | Cumulative | Retained umé’ ative “m}j ative
(grams) | % (retained) | % (passed) (grams) /° /0
(retained) (passed)
1190 16 3.39 10.70 85.74 2.16 5.2 92.4
841 20 14.93 25.63 65.85 13.72 18.92 72.4
595 30 16.48 42.11 43.90 15.19 34.11 50.3
500 35 6.32 48.43 35.48 5.78 39.89 41.8
420 40 6.75 55.18 26.49 9.8 49.69 27.5
297 50 8.42 63.60 15.27 6.81 56.5 17.6
250 60 2.94 66.54 11.35 3 59.5 13.2
210 70 271 69.25 7.74 3.32 62.82 8.4
149 100 5.81 75.06 0.00 5.75 68.57 0.0
0 PAN 24.94 100.00 -33.23 31.43 100 -45.8

Table 7-66 Cumulative distribution of the wet PSD (mica) (11pH clay system) and size degradation

percent
10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 235 -69% 223 -71%

25 404 -64% 389 -66%

50 663 -62% 592 -66%

75 1001 -58% 886 -63%

90 1397 -50% 1148 -59%
Average 740 -61% 648 -65%
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Figure 7-45 Dry and wet PSD (mica - 11pH clay system).
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Figure 7-46 Dry and wet PSD (mica - 7pH and 11pH clay system).
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7.5.3

In the polymer system three different alkalinity points were tested, 7, 9, 10 pH with
mica (Table 7-67, Table 7-69, and Table 7-71). The comparison analysis between dry and wet
PSD showed the material with polymer systems behaved almost the same as clay and water
system with a very high size-reduction percentage, as can be seen in Table 7-68, Table 7-70,

and Table 7-72. The wet and dry PSDs graphs are shown Figure 7-47, Figure 7-48, and Figure

7-49.

All

degradation performance. The size degradation percentage remained constant at around 66%

in all,

Polymer System

size reduction (Figure 7-50).

Table 7-67 Wet sieve data (mica) 7pH polymer system

the alkalinity effect of the polymer systems does not influence mica size

10 Minutes- Mix 30 Minutes-Mix
Size M?Sh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)
4000 5 0.06 0.06 99.9 0.00 0.00 100.0
3360 6 0.43 0.49 99.4 0.07 0.07 99.9
2830 7 0.43 0.92 98.8 0.09 0.16 99.8
2380 8 0.91 1.83 97.7 0.23 0.39 99.5
2000 10 1.16 2.99 96.2 0.27 0.66 99.1
1680 12 191 4.90 93.8 0.39 1.05 98.5
1410 14 4.11 9.01 88.7 1.89 2.94 95.9
1190 16 3.31 12.32 84.5 1.63 4.57 93.6
841 20 11.51 23.83 70.1 8.14 12.71 82.3
595 30 19.10 42.93 46.1 13.65 26.36 63.3
500 35 8.07 51.00 35.9 6.65 33.01 54.0
420 40 6.21 57.21 28.1 12.70 45.71 36.3
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Table 7-67 Continued

10 Minutes- Mix 30 Minutes-Mix
Size M?Sh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

297 50 13.44 70.65 11.3 12.19 57.90 19.3
250 60 1.86 7251 8.9 3.33 61.23 14.7
210 70 2.63 75.14 5.6 4.08 65.31 9.0
149 100 4.48 79.62 0.0 6.44 71.75 0.0

0 PAN 20.38 100.00 -25.6 28.25 100.00 -39.4

Table 7-68 Cumulative distribution of the wet PSD (mica) (7pH polymer system) and size percent change

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 272 -65% 217 -712%
25 397 -65% 338 -70%
50 635 -64% 482 -712%
75 960 -60% 747 -69%
90 1479 -47% 1078 -61%
Average 749 -60% 573 -69%
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Figure 7-47 Dry and wet PSD (mica - 7pH polymer system).
Table 7-69 Wet sieve data (mica) 9pH polymer system
10 Minutes- Mix 30 Minutes- Mix
Size '\g?Sh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm 1z€ | (grams) % % (passed) | (grams) % % (passed)
(retained) (retained)

4000 5 0.1 0.1 99.9 0.0 0.0 99.9
3360 6 0.5 0.6 99.2 0.4 0.5 99.4
2830 7 1.3 1.9 97.5 0.6 11 98.5
2380 8 1.3 3.2 95.7 0.8 1.9 97.4
2000 10 1.4 4.6 93.8 1.2 3.1 95.8
1680 12 25 7.1 90.4 1.7 4.9 93.4
1410 14 2.1 9.1 87.6 2.7 7.5 89.8
1190 16 25 11.7 84.2 3.3 10.8 85.4
841 20 7.3 19.0 74.2 8.7 19.5 73.5
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Table 7-69 Continued

10 Minutes- Mix 30 Minutes-Mix
Size M?Sh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

595 30 6.6 25.6 65.3 7.9 274 62.9
500 35 8.2 33.7 54.2 4.8 32.2 56.3
420 40 13.0 46.7 36.6 10.6 42.8 42.0
297 50 12.2 58.9 20.0 15.3 58.1 21.2
250 60 4.5 63.4 13.9 4.7 62.8 14.8
210 70 3.6 67.0 9.0 4.0 66.8 9.4
149 100 6.6 73.7 0.0 7.0 73.7 0.0

0 PAN 26.4 100.0 -35.8 26.3 100.0 -35.6

Table 7-70 Cumulative distribution of the wet PSD (mica) (9pH polymer system) and size percent change

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 218 -712% 214 -712%
25 334 -70% 319 -712%
50 481 -73% 465 -73%
75 868 -64% 885 -63%
90 1639 -41% 1426 -49%
Average 708 -64% 662 -66%
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Figure 7-48 Dry and wet PSD (mica - 9pH polymer system).
Table 7-71 Wet sieve data (mica) 10pH polymer system
10 Minutes- Mix 30 Minutes-Mix
Size I\é_esh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm 1ze (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)
4000 5 0.36 0.36 99.52 0.07 0.07 99.91
3360 6 0.64 1.00 98.66 0.42 0.49 99.38
2830 7 0.9 1.90 97.46 0.64 1.13 98.56
2380 8 1.55 3.45 95.39 0.94 2.07 97.37
2000 10 1.9 5.35 92.85 1.14 3.21 95.92
1680 12 2.42 7.77 89.62 1.85 5.06 93.56
1410 14 4.80 12.57 83.21 4.28 9.34 88.12
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Table 7-71 Continued

10 Minutes- Mix 30 Minutes-Mix
Size Mgsh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

1190 16 2.61 15.18 79.72 3.04 12.38 84.25
841 20 9.35 24.53 67.24 9.79 22.17 71.80
595 30 13.22 37.75 49.58 16.66 38.83 50.61
500 35 8.33 46.08 38.45 8.70 47.53 39.54
420 40 8.48 54.56 27.13 7.16 54.69 30.44
297 50 8.98 63.54 15.13 12.54 67.23 14.49
250 60 3.19 66.73 10.87 3.48 70.71 10.06
210 70 2.49 69.22 7.55 2.72 73.43 6.60
149 100 5.65 74.87 0.00 5.19 78.62 0.00

0 PAN 25.13 100.00 -33.56 21.38 100.00 -27.19

Table 7-72 Cumulative distribution of the wet (mica) (10pH polymer system) and size percent change

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 240 -69% 249 -68%
25 398 -65% 378 -67%
50 601 -66% 590 -66%
75 1058 -56% 931 -61%
90 1717 -38% 1503 -46%
Average 803 -59% 730 -61%
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A Sized Grade of Mica -Dry and Wet PSD ( Polymer System 10pH )
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Figure 7-49 Dry and wet PSD (mica- 10pH polymer system).
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Figure 7-50 Dry and wet PSD (mica- 7pH, 9pH and 10pH polymer system).
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7.5.4 Polymer-Salt System

Mica was mixed with two salts systems (NaCl and CaCl2) to study the ODW HsUdiZ2 O |
degradation behavior. Two salts sources with different alkalinity environments were tested and
analyzed for size degradation study. Sodium chloride with pH values of 7pH and 10pH and

calcium chloride at 7pH and 9pH were tested for size degradation.

7.5.4.1 NaCl Polymer-System

Sodium chloride systems with two different alkalinities showed an effect on mica size
degradation (Table 7-73 and Table 7-75). The maximum particle size attrition was 77% below
the dry PSD measurement, resulting from the low pH fluids (Table 7-74 and Figure 7-51Table
7-74). The pH 10 was slightly better than the 7pH, in maintaining the particle size distribution
by around 8% less degradation (Table 7-76 and Figure 7-52). The wet and dry PSDs for all

NaCl systems are shown in Figure 7-53.

Table 7-73 Wet sieve data (mica) 7pH NaCl polymer system

10 Minutes- Mix 30 Minutes-Mix
Size M_esh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)
4000 5 0 0.00 100.00 0 0 100.00
3360 6 0.06 0.06 99.92 0 0 100.00
2830 7 0.14 0.20 99.73 0.05 0.05 99.90
2380 8 0.39 0.59 99.20 0.08 0.13 99.75
2000 10 0.79 1.38 98.13 0.03 0.16 99.69
1680 12 2.06 3.44 95.35 0.1 0.26 99.50
1410 14 2.94 6.38 91.37 0.29 0.55 98.94
1190 16 3.25 9.63 86.97 0.73 1.28 97.53
841 20 9.20 18.83 74.52 5.18 6.46 87.52
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Table 7-73 Continued

Size

Mesh

10 Minutes- Mix

30 Minutes-Mix

; Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) (grams) % %
(retained) (passed)

595 30 10.01 28.84 60.98 4.74 112 78.37
500 35 9.28 38.12 48.42 2.64 13.84 73.27
420 40 7.74 45.86 37.95 6.73 20.57 60.27
297 50 15.71 61.57 16.70 9.13 29.7 42.64
250 60 3.27 64.84 12.27 2.75 32.45 37.33
210 70 3.61 68.45 7.39 571 38.16 26.30
149 100 5.46 73.91 0.00 13.62 51.78 0.00

0 PAN 26.09 100.00 -35.30 48.22 100 -93.12

Table 7-74 Cumulative distribution of the wet PSD (mica) (7pH +NaCl- polymer system) and size
degradation percent change

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 231 -70% 172 -78%
25 345 -69% 207 -82%
50 512 -71% 348 -80%
75 854 -64% 532 -78%
90 1342 -52% 927 -67%
Average 657 -65% 437 -717%
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Figure 7-51 Dry and wet PSD (mica - 7pH +NaCl-polymer system).
Table 7-75 Wet sieve data (mica) 10pH NaCl polymer system
10 Minutes- Mix 30 Minutes-Mix
Size I\é_esh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm 1ze (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)
4000 5 0 0.00 100.00 0 0 100.00
3360 6 0.25 0.25 99.68 0 0 100.00
2830 7 0.21 0.46 99.41 0.03 0.03 99.96
2380 8 0.72 1.18 98.49 0.18 0.21 99.71
2000 10 0.9 2.08 97.34 0.18 0.39 99.46
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Table 7-75 Continued

10 Minutes- Mix 30 Minutes-Mix
Size M?Sh Retained | Cumulative | Cumulative | Retained | Cumulative | Cumulative
Hm Size (grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

1680 12 2.72 4.80 93.85 1.22 1.61 97.77
1410 14 3.13 7.93 89.84 1.57 3.18 95.60
1190 16 3.23 11.16 85.70 1.96 5.14 92.89
841 20 12.44 23.60 69.76 8.06 13.2 81.75
595 30 1541 39.01 50.02 12.5 25.7 64.47
500 35 8.09 47.10 39.65 8.91 34.61 52.15
420 40 9.46 56.56 27.53 9.4 44.01 39.15
297 50 9.88 66.44 14.88 13.17 57.18 20.95
250 60 3.05 69.49 10.97 4.51 61.69 14.71
210 70 3.19 72.68 6.88 3.82 65.51 9.43
149 100 5.37 78.05 0.00 6.82 72.33 0.00

0 PAN 21.95 100.00 -28.12 27.67 100 -38.26

Table 7-76 Cumulative distribution of the wet PSD (mica) (10pH +NaCl- polymer system) and size
degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 241 -69% 214 -712%

25 395 -65% 324 -71%

50 595 -66% 487 -712%

75 956 -60% 745 -69%

90 1421 -49% 1099 -60%
Average 721 -62% 574 -69%
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Cumulative % passed
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Figure 7-52 Dry and wet PSD (mica - 10pH +NaCl-polymer system).
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Figure 7-53 Dry and wet PSD (mica - 7pH and 10pH NaCl- polymer system).
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7.5.4.2 CaCl; Polymer-Salt System

The calcium chloride system showed similar

performance

to another

salt system

(Table 7-77 and Table 7-79). The highest size reduction was 59% in 30 minutes mixing with

9pH, while the low pH showed a degradation percentage of 69% (Table 7-78 and Table 7-80).

The PSD charts of wet and dry are shown in Figure 7-54, Figure 7-55, and Figure 7-56.

Table 7-77 Wet sieve data (mica) 7ph CaClz polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum(l)j(l)atlve
(grams) | % (retained) | % (passed) (grams) (retained) (passed)

4000 5 0.02 0.02 99.98 0.03 0.03 99.96
3360 6 0.6 0.62 99.25 0.23 0.26 99.62
2830 7 0.67 1.29 98.45 0.45 0.71 98.97
2380 8 1.25 2.54 96.94 0.7 141 97.95
2000 10 1.98 452 94.56 0.71 212 96.91
1680 12 3.77 8.29 90.03 0.56 2.68 96.09
1410 14 6.02 14.31 82.79 2.58 5.26 92.33
1190 16 4.05 18.36 77.92 2.46 7.72 88.75
841 20 18.37 36.73 55.82 9.08 16.8 75.52
595 30 17.68 54.41 34.56 7.15 23.95 65.10
500 35 571 60.12 27.69 3 26.95 60.73
420 40 6.11 66.23 20.34 5.92 32.87 52.10
297 50 10.35 76.58 7.89 14.93 47.8 30.34
250 60 1.41 77.99 6.19 551 53.31 22.31
210 70 1.95 79.94 3.85 6.31 59.62 13.12
149 100 3.20 83.14 0.00 9 68.62 0.00

0 PAN 16.86 100.00 -20.28 31.38 100 -45.73
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Table 7-78 Cumulative distribution of the wet PSD (mica) (7pH +CaClz- polymer system) and size
percent change

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 318 -59% 196 -75%
25 471 -58% 266 -T7%
50 774 -56% 408 -T7%
75 1144 -52% 829 -65%
90 1679 -40% 1267 -54%
Average 877 -53% 593 -69%
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Figure 7-54 Dry and wet PSD (mica- 7pH CaClz- polymer system).
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Table 7-79 Wet sieve data (mica) 9pH CaClz polymer system

10-Minute Mix 30-Minute Mix
Size Mesh -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l) atve | cumulative
(grams) | % (retained) | % (passed) (grams) (retained) % (passed)

4000 5 0.03 0.03 99.96 0.01 0.01 99.99
3360 6 0.2 0.23 99.72 0.14 0.15 99.79
2830 7 0.57 0.80 99.02 0.34 0.49 99.33
2380 8 1.14 1.94 97.62 0.74 1.23 98.32
2000 10 2.28 4.22 94.82 0.64 1.87 97.44
1680 12 2.87 7.09 91.30 1.32 3.19 95.63
1410 14 5.95 13.04 83.99 4.24 7.43 89.83
1190 16 4.14 17.18 78.91 2.67 10.1 86.17
841 20 16.99 34.17 58.05 16.82 26.92 63.14
595 30 15.31 49.48 39.26 15.16 42.08 42.38
500 35 4.83 54.31 33.33 5.31 47.39 35.11
420 40 9.13 63.44 22.12 6.77 54.16 25.84
297 50 8.59 72.03 11.58 11.31 65.47 10.35
250 60 2.39 74.42 8.64 15 66.97 8.30
210 70 2.05 76.47 6.13 2.14 69.11 5.37
149 100 4.99 81.46 0.00 3.92 73.03 0.00

0 PAN 18.54 100.00 -22.76 26.97 100 -36.93
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Table 7-80 Cumulative distribution of the wet PSD (mica) (9pH +CaClz- polymer system) and size
percent change

10-Minute Mix 30-Minute Mix
D Value % Change from value (um) % Change from dry
(um) dry sample H sample
10 272 -65% 289 -62%
25 441 -61% 413 -63%
50 736 -58% 685 -61%
75 1125 -53% 1021 -57%
90 1632 -41% 1418 -49%
Average 841 -56% 765 -59%
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Figure 7-55 Dry and wet PSD (mica- 9ph CaClz- polymer system).
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Figure 7-56 Dry and wet PSD (mica- 7ph and 9pH CaClz- polymer system).
7.6 Flaked Calcium Carbonate

Flaked calcium carbonate is the second material of the flaky group materials. It has a

wide particle size distribution.

Its dry PSD measurements showed the material has a particle

size distribution that covers a range from 4000 to 149 ym.

The cumulative distribution of the five Ds values is D10 (1111 pm), D25 (1512 pm),
D50 (2074 pm), D75 (2805 pm) and D90 (3420 pm). The following sections will share the wet
particle size distribution measurements of the flaked calcium carbonate with the ten designed

fluids and a comparative analysis of the size-changing between the dry PSD and wet PSD of

each fluid.
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7.6.1 Water System
The material was mixed with the water system for 10 minutes and 30 minutes time
intervals, and the wet PSD data is shown in Table 7-71. The cumulative size distribution of the
dry and wet is shown in Figure 7-57. The percent changing of each Ds value and the average
percent of the overal VLIH GHJUDGDWLRQ VKRZHG WKDW WKH PDWHULDOTV

and lost more than 72% of its size due to shearing (Table 7-82).

Table 7-81 Wet sieve data (flaked calcium carbonate) water system

10-Minute Mix 30-Minute Mix
Size Mesh -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l) atve | cumulative
(grams) | % (retained) | % (passed) (grams) (retained) % (passed)

4000 5 0 0 100 0.00 0.00 100.00
3360 6 0.92 0.92 99 0.06 0.06 99.91
2830 7 0.84 1.76 98 0.14 0.20 99.70
2380 8 1.08 2.84 96 0.17 0.37 99.44
2000 10 1.63 4.47 94 0.22 0.59 99.11
1680 12 3.71 8.18 89 0.94 1.53 97.68
1410 14 2.53 10.71 86 3.08 4.61 93.02
1190 16 12.66 23.37 70 1.60 6.21 90.60
841 20 21.96 45.33 41 17.99 24.20 63.38
595 30 5.07 50.40 35 7.72 31.92 51.69
500 35 4.63 55.03 29 6.59 38.51 41.72
420 40 5.68 60.71 21 6.37 44.88 32.08
297 50 6.91 67.62 12 8.93 53.81 18.57
250 60 3.65 71.27 8 443 58.24 11.86
210 70 2.22 73.49 5 2.97 61.21 7.37
149 100 3.58 77.07 0 4.87 66.08 0.00

0 PAN 22.93 100.00 -30 33.92 100.00 -51.33

145



Table 7-82 Cumulative distribution of the wet PSD (flaked calcium carbonate) (water system) and size
percent change

10-Minute Mix 30-Minute Mix
D Value (um) % Change from dry Value (um) % Change from dry
H sample H sample
10 275 -75% 233 -79%
25 461 -70% 356 -76%
50 949 -54% 579 -72%
75 1261 -55% 990 -65%
90 1721 -50% 1182 -65%
Average 933 -61% 668 -72%
Flaked Calcium Carbonate - Dry and Wet PSD (Water System)
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Figure 7-57 Dry and wet PSD (flaked calcium carbonate - water system).
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7.6.2 Clay System

The total of five mixes was performed at the time intervals of 5, 10 and 30 minutes.
The below data and table illustrate the results and observations of the wet PSD of mica with
clay systems (Table 7-83 and Table 7-85). The cumulative distribution (Ds) for both clay
systems and comparison analysis are shown in Table 7-84 and Table 7-76.

The cumulative distribution of the dry PSD and three wet PSD profiles of 7pH clay
system are presented in Figure 7-58. The results showed that the size degradation of flaked
calcium carbonate with clay system with 7pH alkalinity was a little high, in which the size
reduced by 60% from the original at 30 minutes of shearing. The size degradation result of the
clay system with 11pH showed a similar performance to the 7pH system. However, the higher
pH was slightly less by 6%, which does not consider as a significant difference (Figure 7-59).
Thus, the alkalinity effect was negligible on the flaked calcium carbonate § Vsize degradation

performance (Figure 7-60).

Overall, the flaked calcium carbonate performed as a low strength material and the
average size degradation exceed 60% in reduction with clay systems.
Table 7-83 Wet sieve data (flaked calcium carbonate) 7pH clay system
10-Minute Mix 30-Minute Mix
Size Mesh c i c i
(Hm) Size | Retained | Cumulative | Cumulative | Retained | ~ Mo atve | Lumuative
(grams) | % (retained) | % (passed) | (grams) % %

(retained) (passed)

4000 5 0 0 100.0 0 0 100.00

3360 6 1.63 1.63 97.9 0.92 0.92 98.69

2830 7 0.92 2.55 96.8 0.8 1.72 97.55

2380 8 1.6 4.15 94.7 1.23 2.95 95.80

2000 10 2.65 6.8 91.4 1.22 4.17 94.07

1680 12 6.17 12.97 83.5 2.1 6.27 91.08
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Table 7-83 Continued

10-Minute Mix 30-Minute Mix
Size Mesh -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum(%atlve Cumulative
(grams) | % (retained) | % (passed) (grams) (retained) % (passed)

1410 | 14 10.88 23.85 69.7 4.81 11.08 84.24
1190 16 10.67 34.52 56.1 10.38 21.46 69.47
841 20 21.39 55.91 28.9 22.06 43.52 38.09
595 30 5.18 61.09 22.3 6.31 49.83 29.11
500 35 3.12 64.21 18.4 3.01 52.84 24.83
420 40 3.19 67.4 14.3 3.85 56.69 19.35
297 50 5.15 72.55 7.8 6.14 62.83 10.61
250 60 2.37 74.92 4.7 2.79 65.62 6.64
210 70 1.53 76.45 2.8 1.92 67.54 3.91
149 100 2.20 78.65 0.0 2.75 70.29 0.00

0 PAN 21.35 100 -27.1 29.71 100 -42.27

Table 7-84 Cumulative distribution of the wet PSD (flaked calcium carbonate) (7pH clay system) and size
degradation percent

5-Minute Mix 10-Minutes Mix 30-Minute Mix
D Value % Change from Yo G Value o Cliring

(um) dry sample Value (um) from dry (um) from dry

sample sample
10 389 -65% 339 -69% 290 -714%
25 755 -50% 695 -54% 504 -67%
50 1328 -36% 1112 -46% 973 -53%
75 1846 -34% 1514 -46% 1272 -55%
90 2936 -14% 1945 -43% 1637 -52%
Average 1451 -40% 1121 -52% 935 -60%

148



Flaked Calcium Carbonate -Dry and Wet PSD ( Clay System 7pH)
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Figure 7-58 Dry and wet PSD (flaked calcium carbonate - 7pH clay system).
Table 7-85 Wet sieve data (flaked calcium carbonate) 11pH clay system
10-Minute Mix 30-Minute Mix
Size Mesh C It C i
(m) | Size | Retained | Cumulative | Cumulative | Retained |~ o2 Ve | ~MUmuaive
(grams) | % (retained) | % (passed) (grams) /° %
(retained) (passed)

4000 5 0 0 100.00 0 0 100.00
3360 6 2.81 2.81 96.48 1.97 1.97 97.23
2830 7 2.99 5.8 92.73 1.87 3.84 94.60
2380 8 2.92 8.72 89.07 2.09 5.93 91.66
2000 10 4.65 13.37 83.24 2.25 8.18 88.49
1680 12 7.11 20.48 74.33 3.23 11.41 83.95
1410 14 10.28 30.76 61.44 5.42 16.83 76.32
1190 16 9.45 40.21 49.60 9.74 26.57 62.61
841 20 21.25 61.46 22.96 20.38 46.95 33.94
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Table 7-85 Continued

10-Minute Mix 30-Minute Mix
Size | Mesh C o
(um) | Size | Retained | Cumulative | Cumulative | Retained um;o alVe | cumulative
0, I 0, 0,
(grams) % (retained) | % (passed) (grams) (retained) % (passed)
595 30 3.88 65.34 18.10 4.58 51.53 27.49
500 35 2.86 68.2 14.51 3.26 54.79 22.91
420 40 2.85 71.05 10.94 4.43 59.22 16.67
297 50 4.39 75.44 5.44 5.84 65.06 8.46
250 60 1.90 77.34 3.06 2.43 67.49 5.04
210 70 1.04 78.38 1.75 1.06 68.55 3.55
149 100 1.40 79.78 0.00 2.52 71.07 0.00
0 PAN 20.22 100 -25.34 28.93 100 -40.71

Table 7-86 Cumulative distribution of the wet PSD (flaked calcium carbonate) (11pH clay system) and
size degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 399 -64% 320 -71%

25 868 -43% 543 -64%

50 1197 -42% 1036 -50%

75 1704 -39% 1389 -50%

90 2494 -27% 2181 -36%
Average 1332 -43% 1094 -54%
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Figure 7-59 Dry and wet PSD (flaked calcium carbonate - 11pH clay system).
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Figure 7-60 Dry and wet PSD (flaked calcium carbonate - 7pH and 11pH clay system).
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7.6.3 Polymer System

In the polymer system, three different alkalinity points were tested, 7, 9, 10 pH with
flaked calcium carbonate. The wet PSD data and analysis of the polymer systems with three
different pH are shown (Table 7-87, Table 7-89, and Table 7-91).

The comparison analysis between dry and wet PSD showed the material with polymer
systems behaved more efficient than clay and water system, as can be seen in Table 7-88,
Table 7-90, and Table 7-92. The PSD profiles of the three pH values are shown in Figure 7-61,
Figure 7-62, and Figure 7-63.

Overall, the alkalinity effect of the polymer systems does influence flaked calcium
carbonate | Vsize degradation performance. The size degradation percentage of the higher

alkalinity was better than the low pH (Figure 7-64).

Table 7-87 Wet sieve data (flaked calcium carbonate) 7pH polymer system

10-Minute Mix 30-Minute Mix
Size Mesh C a0 C a0
(um) Size | Retained | Cumulative | Cumulative | Retained umulative | Lumulative
(grams) | % (retained) | % (passed) (grams) % %
(retained) (passed)

4000 5 0 0 100.0 0 0 100.0
3360 6 4.97 4.97 94.3 4.23 4.23 94.8
2830 7 4.26 9.23 89.4 3.85 8.08 90.2
2380 8 5.77 15.00 82.8 5.36 13.44 83.6
2000 10 7.5 22.50 74.2 5.22 18.66 77.3
1680 12 10.6 33.10 62.1 6.46 25.12 69.4
1410 14 11.93 45.03 48.4 7.81 32.93 59.9
1190 16 9.27 54.30 37.8 9.31 42.24 48.6
841 20 17.56 71.86 17.7 21.10 63.34 22.9

152



Table 7-87 Continued

10-Minute Mix 30-Minute Mix
Size | Mesh C i C i
(um) | Size | Retained | Cumulative | Cumulative | Retained | ~ e anve | LUMIALVe
(grams) | % (retained) | % (passed) (grams) /° /0
(retained) (passed)
595 30 3.74 75.60 134 4.07 67.41 17.9
500 35 2.63 78.23 10.4 2.90 70.31 14.4
420 40 2.59 80.82 7.4 3.30 73.61 10.4
297 50 3.21 84.03 3.8 4.61 78.22 4.7
250 60 1.27 85.30 2.3 1.17 79.39 3.3
210 70 0.88 86.18 1.3 1.08 80.47 2.0
149 100 1.13 87.31 0.0 1.65 82.12 0.0
0 PAN 12.69 100.00 -14.5 17.88 100.00 -21.8

Table 7-88 Cumulative distribution of the wet PSD (flaked calcium carbonate) (7pH polymer system) and

size degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 489 -56% 412 -63%

25 968 -36% 870 -42%

50 1441 -31% 1218 -41%

75 2034 -27% 1864 -34%

90 2892 -15% 2819 -18%
Average 1565 -33% 1437 -40%
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Figure 7-61 Dry and wet PSD (flaked calcium carbonate - 7pH polymer system).
Table 7-89 Wet sieve data (flaked calcium carbonate) 9pH polymer system
10-Minute Mix 30-Minute Mix
Size Mesh c i
(um) | Size | Retained | Cumulative | Cumulative | Retained um(l%a V€ | cumulative
0, i 0, 0,
(grams) | % (retained) | % (passed) (grams) (retained) % (passed)
4000 5 0 0 100.0 0 0 100.00
3360 6 5.1 5.10 94.3 4.88 4.88 94.13
2830 7 5.21 10.31 88.5 5.15 10.03 87.93
2380 8 8.1 18.41 79.5 5.33 15.36 81.51
2000 10 10.04 28.45 68.3 6.85 22.21 73.27
1680 12 111 39.55 55.9 6.67 28.88 65.24
1410 14 11.44 50.99 43.1 9.23 38.11 54.13
1190 16 13.92 64.91 27.6 8.38 46.49 44.05
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Table 7-89 Continued

10-Minute Mix 30-Minute Mix
Size Mesh c i c i
(um) | Size | Retained | Cumulative | Cumulative | Retained | —UMi atve | LUmUatve
(grams) | % (retained) | % (passed) (grams) A) /0
(retained) (passed)
841 20 7.40 72.31 19.3 18.17 64.66 22.18
595 30 5.12 77.43 13.6 3.88 68.54 17.51
500 35 2.78 80.21 10.5 2.71 71.25 14.25
420 40 2.64 82.85 7.5 3.69 74.94 9.81
297 50 3.24 86.09 3.9 3.73 78.67 5.32
250 60 1.48 87.57 2.3 1.79 80.46 3.17
210 70 1.22 88.79 0.9 1.10 81.56 1.84
149 100 0.82 89.61 0.0 1.53 83.09 0.00
0 PAN 10.39 100.00 -11.6 16.91 100.00 -20.35

Table 7-90 Cumulative distribution of the wet PSD (flaked calcium carbonate) (9pH polymer system) and
size degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 487 -56% 423 -62%

25 1082 -28% 886 -41%

50 1556 -25% 1320 -36%

75 2229 -21% 2080 -26%

90 2967 -13% 3007 -12%
Average 1664 -29% 1543 -36%
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Flaked Calcium Carbonate -Dry and Wet PSD ( Polymer System 9pH )
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Figure 7-62 Dry and wet PSD (flaked calcium carbonate - 9pH polymer system).
Table 7-91 Wet sieve data (flaked calcium carbonate) 10pH polymer system
10-Minute Mix 30-Minute Mix
Size Mesh c i c i
(m) | Size | Retained | Cumulative | Cumulative | Retained | ~ oo Ve | SUMUaive
(grams) | % (retained) | % (passed) | (grams) /0 /0
(retained) (passed)
4000 5 0 0 100.00 0 0 100.00
3360 6 8 8.00 91.09 6.02 6.02 93.00
2830 7 8.89 16.89 81.19 7.67 13.69 84.07
2380 8 6.91 23.80 73.49 5.17 18.86 78.06
2000 10 10.33 34.13 61.98 5.34 24.20 71.84
1680 12 9.97 44.10 50.87 7.15 31.35 63.53
1410 14 11.09 55.19 38.52 9.31 40.66 52.69
1190 16 7.85 63.04 29.78 9.08 49.74 42.13
841 20 14.01 77.05 14.17 17.50 67.24 21.77
595 30 2.61 79.66 11.26 3.86 71.10 17.28
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Table 7-91 Continued

10-Minute Mix 30-Minute Mix
Size | Mesh C a6 C a0
(um) | Size | Retained | Cumulative | Cumulative | Retained | ~mohative ) Lumuiative
(grams) | % (retained) | % (passed) | (grams) % %
(retained) (passed)

500 35 2.19 81.85 8.82 2.65 73.75 14.19
420 40 1.95 83.80 6.65 3.36 77.11 10.29
297 50 2.68 86.48 3.66 4.16 81.27 5.45
250 60 1.32 87.80 2.19 1.78 83.05 3.37
210 70 0.73 88.53 1.38 0.87 83.92 2.36
149 100 1.24 89.77 0.00 2.03 85.95 0.00

0 PAN 10.23 100.00 -11.40 14.05 100.00 -16.35

Table 7-92 Cumulative distribution of the wet PSD (flaked calcium carbonate) (10pH polymer system) and
size degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample

10 546 -51% 413 -63%

25 1083 -28% 896 -41%

50 1661 -20% 1354 -35%

75 2468 -12% 2193 -22%

90 3302 -3% 3182 -7%
Average 1812 -23% 1608 -33%
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Flaked Calcium Carbonate - Dry and Wet PSD ( Polymer System 10pH)
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Figure 7-63 Dry and wet PSD (flaked calcium carbonate - 10pH polymer system).
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Figure 7-64 Dry and wet PSD (flaked calcium carbonate - 7pH, 9pH and 10pH polymer system).
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7.6.4

Flaked calcium carbonate was mixed with two salts systems (NaCl and CaCl.) to study

Polymer-Salt System

the P D W H Wikebdedfadation behavior.

7.6.4.1 NaCl Polymer-System

The size degradation of sodium chloride systems with two different alkalinities
are shown Table 7-93 and Table 7-95. The maximum particle size attrition is 40% below the

dry PSD measurement, resulted from the 11pH fluids (Table 7-94 and Table 7-96). Both NacCl

polymer systems showed similar results (Figure 7-65, Figure 7-66, and Figure 7-67).

Table 7-93 Wet sieve data (flaked calcium carbonate) 7pH NaCl polymer system

10-Minute Mix 30-Minute Mix

Size | Mesh - -
(um) | Sizé | Retained | Cumulative | Cumulative | Retained Cum(l;(l)anve Cum(t;(l)anve

(grams) | % (retained) | % (passed) (grams) (retained) (passed)
4000 5 0 0 100.00 0 0 100.00
3360 6 4.79 4.79 94.58 4.48 4.48 94.77
2830 7 4.63 9.42 89.33 4.45 8.93 89.58
2380 8 5.47 14.89 83.14 5.2 14.13 83.50
2000 10 7.01 21.90 75.20 6.25 20.38 76.21
1680 12 8.98 30.88 65.03 7.06 27.44 67.97
1410 14 12.01 42.89 51.43 10.04 37.48 56.25
1190 16 9.17 52.06 41.04 9.5 46.98 45.16
841 20 19.79 71.85 18.63 19 65.98 22.97
595 30 3.68 75.53 14.46 3.64 69.62 18.73
500 35 2.61 78.14 11.51 3.1 72.72 15.11
420 40 2.90 81.04 8.22 5.18 77.9 9.06
297 50 3.49 84.53 4.27 3.07 80.97 5.48
250 60 1.61 86.14 2.45 1.85 82.82 3.32
210 70 0.90 87.04 1.43 0.6 83.42 2.61
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Table 7-93 Continued

10-Minute Mix 30-Minute Mix
Size Mesh c i c i
(um) Size | Retained | Cumulative | Cumulative | Retained “mg’ ative “mg’ ative
(grams) | % (retained) | % (passed) (grams) A) /0
(retained) (passed)
149 100 1.26 88.30 0.00 2.24 85.66 0.00
0 PAN 11.70 100.00 -13.25 14.34 100 -16.74

Table 7-94 Cumulative distribution of the wet PSD (flaked calcium carbonate) (7pH £NaCl- polymer
system) and size degradation percent

Size (Microns)

10-Minute Mix 30-Minute Mix
D 0 0
Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 463 -58% 432 -61%
25 940 -38% 873 -42%
50 1380 -33% 1286 -38%
75 1994 -29% 1953 -30%
90 2898 -15% 2873 -16%
Average 1535 -35% 1484 -38%
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Figure 7-65 Dry and wet PSD (flaked calcium carbonate - 7pH +NaCl-polymer system).
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Table 7-95 Wet sieve data (flaked calcium carbonate) 10pH NaCl polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum;(l)atwe
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

4000 5 0 0 100.00 0 0 100.00
3360 6 431 4.31 95.10 3.46 3.46 95.93
2830 7 4.01 8.32 90.54 3.82 7.28 91.43
2380 8 4.62 12.94 85.29 4.36 11.64 86.29
2000 10 6.23 19.17 78.21 6.23 17.87 78.96
1680 12 9 28.17 67.98 7.07 24.94 70.63
1410 14 12.06 40.23 54.28 9.79 34.73 59.11
1190 16 9.29 49.52 43.72 10.08 44.81 47.24
841 20 20.32 69.84 20.63 20.74 65.55 22.82
595 30 4.05 73.89 16.02 3.92 69.47 18.20
500 35 2.04 75.93 13.71 2.63 72.1 15.11
420 40 4.15 80.08 8.99 4.13 76.23 10.24
297 50 3.71 83.79 4.77 4.22 80.45 5.27
250 60 1.9 85.69 2.61 1.89 82.34 3.05
210 70 0.56 86.25 1.98 1.16 83.5 1.68
149 100 1.74 87.99 0.00 1.43 84.93 0.00

0 PAN 12.01 100.00 -13.65 15.07 100 -17.74

Table 7-96 Cumulative distribution of the wet PSD (flaked calcium carbonate) (10pH +NaCl- polymer
system) and size degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 437 -61% 414 -63%
25 907 -40% 872 -42%
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Table 7-96 Continued

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
50 1321 -36% 1241 -40%
75 1899 -32% 1848 -34%
90 2783 -19% 2705 -21%
Average 1470 -38% 1416 -40%
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Figure 7-66 Dry and wet PSD (flaked calcium carbonate - 10pH *NaCl-polymer system).
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Figure 7-67 Dry and wet PSD (flaked calcium carbonate - 7pH and 10pH NaCl- polymer system).
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7.6.4.2 CaCl; Polymer-System

The calcium chloride system showed similar performance to sodium chloride, as seen
in the wet sieves results (Table 7-97 and Table 7-99). The highest size reduction was 40% in
30 minutes of mixing with 10pH, while the lowest degradation occurred in 30 minutes shearing
time with 9pH (Table 7-98 and Table 7-100). Therefore, the alkalinity showed no direct relation
with size degradation performance of flaked calcium carbonate, as seen in Figure 7-68, Figure
7-69, and Figure 7-70.

Table 7-97 Wet Sieve data (flaked calcium carbonate) 7pH CaClz polymer system

10-Minute Mix 30-Minute Mix
Size | Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum;l)atwe
(grams) | % (retained) | % (passed) (grams) (retained) (passed)

4000 5 0 0 100.00 0 0 100.00
3360 6 4.27 4.27 95.27 4.04 4.04 95.35
2830 7 5 9.27 89.73 4.53 8.57 90.14
2380 8 7.81 17.08 81.07 5.9 14.47 83.35
2000 10 8.38 25.46 71.79 7.82 22.29 74.36
1680 12 12.54 38.00 57.89 10.24 32.53 62.58
1410 14 12.48 50.48 44.07 13 45,53 47.62
1190 16 6.96 57.44 36.35 6.8 52.33 39.80
841 20 21.22 78.66 12.84 14.87 67.2 22.70
595 30 1.72 80.38 10.94 104 77.6 10.73
500 35 1.60 81.98 9.16 0.82 78.42 9.79
420 40 1.90 83.88 7.06 1.92 80.34 7.58
297 50 2.76 86.64 4.00 2.57 82.91 4.62
250 60 1.35 87.99 2.50 1.15 84.06 3.30
210 70 0.66 88.65 1.77 0.77 84.83 2.42
149 100 1.60 90.25 0.00 2.1 86.93 0.00

0 PAN 9.75 100.00 -10.80 13.07 100 -15.04
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Table 7-98 Cumulative distribution of the wet PSD (flaked calcium carbonate) (7pH +£CaClz- polymer
system) and size percent change

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 545 -51% 521 -53%
25 1021 -32% 888 -41%
50 1526 -26% 1453 -30%
75 2131 -24% 2027 -28%
90 2856 -16% 2821 -18%
Average 1616 -30% 1542 -34%
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Figure 7-68 Dry and wet PSD (flaked calcium carbonate - 7pH CaClz- polymer system).
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Table 7-99 Wet sieve data (flaked calcium carbonate) 9pH CacCl. polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum(%anve
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

4000 5 0 0 100.00 0 0 100.00
3360 6 4.61 4.61 94.99 3.59 3.59 95.79
2830 7 4.88 9.49 89.69 4.57 8.16 90.43
2380 8 8.52 18.01 80.44 5 13.16 84.57
2000 10 10.96 28.97 68.54 7.33 20.49 75.97
1680 12 13.04 42.01 54.38 8.26 28.75 66.28
1410 14 12.70 54.71 40.58 11.36 40.11 52.96
1190 16 10.16 64.87 29.55 9.25 49.36 42.11
841 20 15.27 80.14 12.97 21.08 70.44 17.39
595 30 2.40 82.54 10.36 3.59 74.03 13.18
500 35 2.20 84.74 7.97 1.72 75.75 11.16
420 40 1.92 86.66 5.89 3.7 79.45 6.83
297 50 2.65 89.31 3.01 2.84 82.29 3.49
250 60 1.15 90.46 1.76 1.4 83.69 1.85
210 70 0.77 91.23 0.92 0.65 84.34 1.09
149 100 0.85 92.08 0.00 0.93 85.27 0.00

0 PAN 7.92 100.00 -8.60 14.73 100 -17.27
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Table 7-100 Cumulative distribution of the wet PSD (flaked calcium carbonate) (9pH +CaClz- polymer
system) and size percent change

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 581 -48% 479 -57%
25 1094 -28% 948 -37%
50 1594 -23% 1350 -35%
75 2206 -21% 1968 -30%
90 2861 -16% 2797 -18%
Average 1667 -27% 1508 -35%
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Figure 7-69 Dry and wet PSD (flaked calcium carbonate - 9pH CacClz- polymer system).
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Flaked Calcium Carbonate - Dry PSD and Wet PSD ( Polymer System
7&9pH CacCl, )
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Figure 7-70 Dry and wet PSD (flaked calcium carbonate - 7pH and 9pH CaClz- polymer system)

7.7 Natural Cellulose Fiber

Natural Cellulose Fiber is the only material in this research that falls in the fibrous
group. It has a particle size distribution range from 2830 to 105 pum. The cumulative distribution
of the five Ds values is Dio (427 pm), D2s (767 pm), Dso (1159 pm), D7s (1584 pm) and Do
(2007 pm). It is considered one of the large LCM that can be used in high permeable formation,
due to its large Dso. The following sections will share the wet particle size distribution
measurements of the natural cellulose fiber material with the ten designed fluids and a
comparative analysis of the size-changing between the dry PSD and wet PSD of each fluid.
7.7.1  Water System

The material was mixed for 10 minutes and 30 minutes time intervals, and the wet PSD

data is shown in Table 7-101. The cumulative size distribution of the dry and wet is shown in
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Figure 7-71 and the percent changing of each Ds value and the average percent of the sizes
degradation are illustrated in Table 7-102.

The results of the material with the water system showed that the fiber was able to
maintain its original PSD. The size degradation was only occurred at the large particle size (D7s
and Deo), where the small particles (Dio and D2s) showed an increase in size, resulted in an

overall increase in the average particle size of the material by 5% after 30 minutes of shearing.

Table 7-101 Wet sieve data (natural cellulose fiber) water system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum(t;(l)atlve
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

2830 7 0.04 0.04 100 0.10 0.10 99.88
2380 8 0.53 0.57 99.3 0.15 0.25 99.69
2000 10 3.18 3.75 95.6 0.72 0.97 98.81
1680 12 10.12 13.87 83.9 3.72 4.69 94.23
1410 14 26.54 40.41 53.0 16.39 21.08 74.07
1190 16 14.10 5451 36.6 29.11 50.19 38.27
841 20 13.08 67.59 21.4 13.81 64.00 21.28
595 30 6.70 74.29 13.6 7.50 71.50 12.05
500 35 2.63 76.92 10.6 2.49 73.99 8.99
420 40 2.87 79.79 7.2 2.47 76.46 5.95
297 50 1.94 81.73 5.0 1.04 77.50 4.67
250 60 1.03 82.76 3.8 0.87 78.37 3.60
210 70 0.68 83.44 3.0 0.79 79.16 2.63
149 100 1.55 84.99 1.2 1.29 80.45 1.05
105 140 1.03 86.02 0.0 0.85 81.30 0.00

0 PAN 13.98 100.00 -16.3 18.70 100.00 -23.00
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Table 7-102 Cumulative distribution of the wet PSD (natural cellulose fiber) (water system) and size
percent change

10-Minute Mix 30-Minute Mix
D 0, 0,
Value (um) % Change from dry Value (um) % Change from
sample dry sample
10 486 14% 531 24%
25 923 20% 917 20%
50 1369 18% 1262 9%
75 1602 1% 1422 -10%
90 1847 -8% 1623 -19%
Average 1246 9% 1151 5%
Natural Cellulose Fiber- Dry and Wet PSD (Water System)
100 | | =
90 +— Dry Sieve ,}/
80 ——  +e¢eee Wet PSD 10 Minutes 3
[N Wet PSD 30 Minutes /:
T 60 / :
7 71
g 50 / ..'
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Figure 7-71 Dry and wet PSD (natural cellulose fiber - water system).

7.7.2  Clay System
The total of five mixes was performed, and the time intervals were 5, 10 and 30
minutes. The below data and table (Table 7-103 and Table 7-105) illustrate the results and

observations of the wet PSD of graphite with clay systems. Table 7-104 and Table 7-106 show
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the wet cumulative distribution (Ds) of both clay systems and comparison analysis.

cumulative distribution of the dry PSD and three wet PSD profiles of the 7pH clay system are
presented in Figure 7-72.
maximum degradation was 5%

alkalinity fluid has a less size degradation percentage than the 11pH fluid (Figure 7-73). The

at 30 minutes mixing.

change in alkalinity did affect the P D W H Wikzeébd@dfadation performance (Figure 7-74).

Overall,

the natural

cellulose fiber

material

and the average size degradation did not exceed 17% size reduction with clay systems.

Table 7-103 Wet sieve data (natural cellulose fiber) for 7pH Clay System

It was noted that the size reduction effect is minimum, and the

It was also observed that the

performed as a medium-strength material,

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum(%atlve Cum;l)atwe
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

2830 7 0 0.00 100.0 0 0.00 100.00
2380 8 0 0.00 100.0 0 0.00 100.00
2000 10 1.554 1.55 98.2 0.86 0.86 98.92
1680 12 6.042 7.60 91.2 5.6 6.46 91.92
1410 14 13.133 20.73 76.1 11.8 18.26 77.17
1190 16 20.265 40.99 52.7 14.60 32.86 58.92
841 20 21.36 62.36 28.0 24.09 56.95 28.80
595 30 11.29 73.64 15.0 11.15 68.10 14.86
500 35 4.06 77.70 10.3 3.50 71.60 10.49
420 40 2.06 79.76 7.9 2.02 73.62 7.96
297 50 2.49 82.25 5.0 2.14 75.76 5.29
250 60 1.80 84.05 2.9 1.53 77.29 3.38
210 70 0.47 84.53 24 0.47 77.76 2.79
149 100 1.38 85.91 0.8 131 79.07 1.15
105 140 0.68 86.59 0.0 0.92 79.99 0.00

0 PAN 1341 100.00 -15.5 20.01 100.00 -25.02
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Table 7-104 Cumulative distribution of the wet PSD (natural cellulose fiber) (7pH clay system) and size
percent change

5-Minute Mix 10-Minute Mix 30-Minute Mix
0, 0, 0,
D value 0% Change % Change Value % Change
from dry Value (um) from dry from dry
(Hm) (Hm)
sample sample sample
10 501 17% 491 15% 485 13%
25 848 11% 785 2% 774 1%
50 1257 9% 1152 -1% 1087 -6%
75 1604 1% 1400 -12% 1384 -13%
90 2030 1% 1658 -17% 1645 -18%
Average 1248 8% 1097 -2% 1075 -5%
Natural Cellulose Fiber- Dry and Wet PSD ( Clay System 7pH)
100
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90 ‘,/ //
I Y
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| | 7/
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Figure 7-72 Dry and wet PSD (natural cellulose fiber - 7pH clay System).
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Table 7-105 Wet sieve data (natural cellulose fiber) 11pH clay system

10-Minute Mix 30-Minute Mix
Size | Mesh : -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum(';/'l ative Cum;:atlve
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

2830 7 0 0.00 100.00 0 0 100.00
2380 8 0 0.00 100.00 0 0 100.00
2000 10 0.82 0.82 99.02 0 0 100.00
1680 12 2.2 3.02 96.37 1.45 1.45 98.35
1410 14 8.54 11.56 86.12 4.9 6.35 92.77
1190 16 17.25 28.81 65.41 11.88 18.23 79.25
841 20 28.72 57.53 30.92 38.94 57.17 34.92
595 30 10.54 68.07 18.26 14.12 71.29 18.84
500 35 3.88 71.95 13.60 5.48 76.77 12.60
420 40 2.62 74.57 10.46 2.45 79.22 9.81
297 50 3.16 77.73 6.66 3 82.22 6.40
250 60 1.40 79.13 4.98 131 83.53 4.91
210 70 1.06 80.19 3.71 0.84 84.37 3.95
149 100 1.93 82.12 1.39 2.06 86.43 1.61
105 140 1.16 83.28 0.00 141 87.84 0.00

0 PAN 16.72 100.00 -20.08 12.16 100 -13.84
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Table 7-106 Cumulative distribution of the wet PSD (natural cellulose fiber) (11pH clay system) and size
percent change

10-Minute Mix 30 Minutes-Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 405 -5% 425 0%
25 726 -5% 689 -10%
50 1034 -11% 960 -17%
75 1292 -18% 1157 -27%
90 1512 -25% 1365 -32%
Average 994 -13% 919 -17%
Natural Cellulose Fiber- Dry and Wet PSD ( Clay System 11 pH)
100 P Tk =
| | £ //
01— e D1y Sieve I.." /
Iy /
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Figure 7-73 Dry and wet PSD (natural cellulose fiber - 11pH clay system).
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Natural Cellulose Fiber - Dry and Wet PSD ( Clay Systems 7pH&11pH )
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Figure 7-74 Dry and wet PSD (natural cellulose fiber - 7pH and 11pH clay system).

7.7.3  Polymer System

Natural cellulose fiber was tested for size degradation with polymer system at three
different alkalinity points 7, 9, 10 pH. The wet PSD data and analysis for the three pH are
shown below in Table 7-107, Table 7-109, and Table 7-111.

The comparison analysis between dry and wet PSD showed the natural cellulose fiber
with polymer systems behaved with a very small size reduction percentage, as can be seen in
Table 7-108, Table 7-110, and Table 7-112. The PSD profile of the dry sample and three

different pH fluids showed similar performance. Therefore, the polymer systems with different
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alkalinities have no adverse effects associated with size degradation (Figure 7-75, Figure 7-76,
Figure 7-77, and Figure 7-78).

The size degradation performance of natural cellulose fiber with a polymer system
showed that the material maintained the original particle size distribution. The material
demonstrated a high reduction in the big particles (Do and D7s) and that redistributed in the
small particles (Do and Dzs), and maintained Dso almost constant, resulted in an overall

increase in the average percent of the Ds values to be 6%.

Table 7-107 Wet sieve data (natural cellulose fiber) 7pH polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum(%atlve Cum;l)atwe
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

2830 7 0.33 0.33 99.65 0.54 0.54 99.36
2380 8 0.8 1.13 98.80 0.88 1.42 98.31
2000 10 2.21 3.34 96.46 1.14 2.56 96.95
1680 12 5.22 8.56 90.93 3.78 6.34 92.46
1410 14 21.82 30.38 67.82 14.17 20.51 75.60
1190 16 15.36 45.74 51.55 17.21 37.72 55.13
841 20 30.55 76.29 19.18 26.63 64.35 23.46
595 30 6.72 83.01 12.07 8.73 73.08 13.07
500 35 2.83 85.84 9.07 2.53 75.61 10.06
420 40 1.61 87.45 7.36 1.63 77.24 8.12
297 50 244 89.89 4.78 2.31 79.55 5.38
250 60 1.35 91.24 3.35 1.31 80.86 3.82
210 70 0.70 91.94 2.61 0.87 81.73 2.78
149 100 1.46 93.40 1.06 1.24 82.97 131
105 140 1.00 94.40 0.00 1.10 84.07 0.00

0 PAN 5.60 100.00 -5.93 15.93 100.00 -18.95
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Table 7-108 Cumulative distribution of the wet PSD (natural cellulose fiber) (7pH polymer system) and
size percent change

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 530 24% 497 16%
25 904 18% 858 12%
50 1173 1% 1133 -2%
75 1494 -6% 1404 -11%
90 1669 -17% 1641 -18%
Average 1154 4% 1107 -1%
Natural Cellulose Fiber Dry and Wet PSD ( Polymer System 7pH )
100 | | /
90 } === Dry Sieve //
80 | «++++« Wet PSD 10 Minutes 2/
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Figure 7-75 Dry and wet PSD (natural cellulose fiber - 7pH polymer system).
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Table 7-109 Wet sieve data (natural cellulose fiber) 9pH polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum;:atwe
(grams) | % (retained) | % (passed) (grams) (retained) (passed)
2830 7 0.55 0.55 99.4 0.25 0.25 99.7
2380 8 0.93 1.48 98.4 0.79 1.04 98.8
2000 10 2.07 3.55 96.2 2.17 3.21 96.2
1680 12 6.89 10.44 88.7 2.55 5.76 93.2
1410 14 20.82 31.26 66.2 14.17 19.93 76.3
1190 16 26.54 57.80 37.6 23.20 43.13 48.8
841 20 16.69 74.49 19.5 23.40 66.53 211
595 30 7.11 81.60 11.8 9.51 76.04 9.8
500 35 2.25 83.85 9.4 2.13 78.17 7.2
420 40 2.10 85.95 7.1 1.18 79.35 5.8
297 50 2.11 88.06 4.9 1.70 81.05 3.8
250 60 1.05 89.11 3.7 1.07 82.12 2.6
210 70 0.78 89.89 2.9 0.40 82.52 21
149 100 1.40 91.29 1.4 0.93 83.45 1.0
105 140 1.27 92.56 0.0 0.82 84.27 0.0
0 PAN 7.44 100.00 -8.0 15.73 100.00 -18.7
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Table 7-110 Cumulative distribution of the wet PSD (natural cellulose fiber) (9pH polymer system) and
size percent change

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 523 22% 600 40%
25 947 23% 891 16%
50 1285 11% 1199 4%
75 1515 -4% 1399 -12%
90 1735 -14% 1629 -19%
Average 1201 8% 1144 6%
Natural Cellulose Fiber - Dry and Wet PSD ( Polymer System 9pH)
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Figure 7-76 Dry and wet PSD (natural cellulose fiber - 9pH Polymer System).
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Table 7-111 Wet sieve data for (natural cellulose fiber) 10pH Polymer System

10-Minute Mix 30-Minute Mix
Size Mesh i c i
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum(l%atwe um(t)}oa ve
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

2830 7 0.25 0.25 99.7 0.08 0.08 99.9
2380 8 0.75 1.00 98.8 0.19 0.27 99.7
2000 10 1.64 2.64 96.9 0.38 0.65 99.2
1680 12 7.39 10.03 88.2 1.74 2.39 97.1
1410 14 17.02 27.05 68.2 11.97 14.36 82.8
1190 16 15.87 42.92 49.5 23.14 37.50 55.0
841 20 22.22 65.14 23.3 23.96 61.46 26.2
595 30 9.41 74.55 12.2 10.28 71.74 13.8
500 35 2.24 76.79 9.6 3.01 74.75 10.2
420 40 0.88 77.67 8.6 1.57 76.32 8.3
297 50 2.90 80.57 5.2 2.25 78.57 5.6
250 60 1.18 81.75 3.8 1.39 79.96 4.0
210 70 0.91 82.66 2.7 0.74 80.70 3.1
149 100 1.37 84.03 11 1.48 82.18 1.3
105 140 0.92 84.95 0.0 1.08 83.26 0.0

0 PAN 15.05 100.00 -17.7 16.74 100.00 -20.1
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Table 7-112 Cumulative distribution of the wet PSD (natural cellulose fiber) (10pH polymer system) and
size percent change

10-Minute Mix 30-Minute Mix
D 0 [0)
Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 514 20% 491 15%
25 863 13% 817 7%
50 1196 3% 1130 -2%
75 1502 -5% 1349 -15%
90 1746 -13% 1546 -23%
Average 1164 4% 1067 -4%
Natural Cellulose Fiber - Dry and Wet PSD ( Polymer System 10pH)
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Figure 7-77 Dry and wet PSD (natural cellulose fiber - 10pH polymer system.
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Natural Cellulose Fiber - Dry PSD and Wet PSD ( Polymer System )
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Figure 7-78 Dry and wet PSD (natural cellulose fiber - 7pH, 9pH and 10pH polymer system).

7.7.4

Sodium chloride with pH 7 and 10 and calcium chloride with pH 7 and 9 were mixed

Polymer-Salt System

and tested to study natural cellulose fiber size degradation.

7.7.4.1 NaCl Polymer-System

The natural cellulose fiber size degradation
shown in Table 7-113 and Table 7-115. The average wet PSD decreased by 10% with low pH
fluids, while it was slightly better at high pH, with only 2% size reduction (Table 7-114 and

Table 7-116. The dry and wet PSD graphs are shown in Figure 7-79, Figure 7-80, and Figure

7-81.
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Table 7-113 Wet sieve data (natural cellulose fiber) 7pH NaCl polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;(l)atwe Cum;(l)atwe
(grams) | % (retained) | % (passed) | (grams) (retained) (passed)

2830 7 0.21 0.21 99.76 0.11 0.11 99.87
2380 8 0.29 0.50 99.42 0.26 0.37 99.55
2000 10 1.04 1.54 98.23 0.65 1.02 98.77
1680 12 4.94 6.48 92.53 1.91 2.93 96.46
1410 14 16.74 23.22 73.25 10.72 13.65 83.52
1190 16 15.58 38.80 55.29 16.36 30.01 63.77
841 20 27.91 66.71 23.14 27.07 57.08 31.10
595 30 6.93 73.64 15.15 11.74 68.82 16.92
500 35 2.98 76.62 11.72 3.84 72.66 12.29
420 40 3.11 79.73 8.13 3.19 75.85 8.44
297 50 2.24 81.97 5.55 1.65 77.5 6.45
250 60 1.33 83.30 4.02 1.31 78.81 4.86
210 70 2.10 85.40 1.60 0.84 79.65 3.85
149 100 0.67 86.07 0.83 1.7 81.35 1.80
105 140 0.72 86.79 0.00 1.49 82.84 0.00

0 PAN 13.21 100.00 -15.22 17.16 100 -20.71
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Table 7-114 Cumulative distribution of the wet PSD (natural cellulose fiber) (7pH £NaCl- polymer system)
and size degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 462 8% 452 6%
25 861 12% 735 -4%
50 1133 -2% 1043 -10%
75 1435 -9% 1315 -17%
90 1645 -18% 1545 -23%
Average 1107 -2% 1018 -10%
Natural Cellulose Fiber - Dry and Wet PSD ( Polymer System 7pH NacCl)
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Figure 7-79 Dry and wet PSD (natural cellulose fiber - 7pH +NaCl-polymer system).
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Table 7-115 Wet sieve data (natural cellulose fiber) 10pH NaCl polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;l)anve Cum(%anve
(grams) | % (retained) | % (passed) (grams) (retained) (passed)

2830 7 0.13 0.13 99.85 0.23 0.23 99.72
2380 8 0.81 0.94 98.90 0.53 0.76 99.08
2000 10 1.43 2.37 97.22 0.68 1.44 98.25
1680 12 8.31 10.68 87.48 2.49 3.93 95.23
1410 14 19.33 30.01 64.81 16.84 20.77 74.77
1190 16 15.35 45.36 46.80 15.93 36.7 55.42
841 20 20.35 65.71 22.94 24.57 61.27 25.57
595 30 9.74 75.45 11.52 11.06 72.33 12.14
500 35 1.17 76.62 10.14 1.55 73.88 10.25
420 40 2.01 78.63 7.79 0.96 74.84 9.09
297 50 2.18 80.81 5.23 2.31 77.15 6.28
250 60 1.24 82.05 3.78 1.47 78.62 4.49
210 70 0.90 82.95 2.72 0.79 79.41 3.53
149 100 1.42 84.37 1.06 1.69 81.1 1.48
105 140 0.90 85.27 0.00 1.22 82.32 0.00

0 PAN 14.73 100.00 -17.27 17.68 100 -21.48
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Table 7-116 Cumulative distribution of the wet PSD (natural cellulose fiber) (10pH *NaCl- polymer
system) and size degradation percent

10-Minute Mix 30-Minute Mix
D 0, 0,
Value % Change from value (um) % Change from dry
(um) dry sample sample
10 495 16% 483 13%
25 871 14% 831 8%
50 1229 6% 1127 -3%
75 1531 -3% 1413 -11%
90 1763 -12% 1611 -20%
Average 1178 4% 1093 -2%
Natural Cellulose Fiber - Dry and Wet PSD ( Polymer System 10pH
NacCl)
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Figure 7-80 Dry and wet PSD (natural cellulose fiber - 10pH tNaCl-polymer system).
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Figure 7-81 Dry and wet PSD (natural cellulose fiber - 7pH and 10pH NaCl- polymer system).

7.7.4.2 CacCl; Polymer-System
Calcium chloride systems showed a better performance than sodium chloride systems,
in maintaining original size (Table 7-17 and Table 7-19). The wet PSD was increased by 3%
with high pH, while it was a 5% size reduction of the low pH. All these data at 30 minutes of

shearing (Table 7-18 and Table 7-20). The wet and dry PSD profiles of CaCl. are shown in

Figure 7-82, Figure 7-83, and Figure 7-84.
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Table 7-117 Wet sieve data (natural cellulose fiber) 7pH CaClz polymer system

10-Minute Mix 30-Minute Mix
Size Mesh - -
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;l)anve Cum(%anve
(grams) | % (retained) | % (passed) (grams) (retained) (passed)

2830 7 0.1 0.10 99.89 0.12 0.12 99.86
2380 8 0.63 0.73 99.18 0.18 0.3 99.65
2000 10 1.76 2.49 97.20 0.52 0.82 99.03
1680 12 7.51 10.00 88.75 2.02 2.84 96.64
1410 14 17.87 27.87 68.64 9.94 12.78 84.88
1190 16 16.93 44.80 49.59 23.14 35.92 57.51
841 20 29.69 74.49 16.18 25.93 61.85 26.84
595 30 4.83 79.32 10.75 10.67 72.52 14.22
500 35 2.54 81.86 7.89 3.49 76.01 10.09
420 40 1.68 83.54 6.00 2 78.01 7.72
297 50 2.09 85.63 3.65 2.46 80.47 4.81
250 60 1.06 86.69 2.45 1.09 81.56 3.52
210 70 0.66 87.35 1.71 0.76 82.32 2.63
149 100 1.10 88.45 0.47 1.35 83.67 1.03
105 140 0.42 88.87 0.00 0.87 84.54 0.00

0 PAN 11.13 100.00 -12.52 15.46 100 -18.29
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Table 7-118 Cumulative distribution of the wet PSD (natural cellulose fiber) (7pH +£CaClz- polymer
system) and size degradation percent

10-Minute Mix 30-Minute Mix
D 0 [0)
Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 570 33% 497 16%
25 933 22% 805 5%
50 1195 3% 1105 -5%
75 1495 -6% 1331 -16%
90 1727 -14% 1528 -24%
Average 1184 8% 1053 -5%
Natural Cellulose Fiber - Dry and Wet PSD ( Polymer System 7pH
CacCl,)
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Figure 7-82 Dry and wet PSD (natural cellulose fiber - 7pH CaClz- polymer system).
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Table 7-119 Wet sieve data (natural cellulose fiber) 9pH CacClz polymer system

10-Minute Mix 30-Minute Mix
Size Mesh i c i
(um) | Size | Retained | Cumulative | Cumulative | Retained Cum;o ative um(l%a Ve
(grams) | % (retained) | % (passed) (grams) (retained) (passed)

2830 7 0.28 0.28 99.68 0.49 0.49 99.43
2380 8 0.59 0.87 98.99 0.8 1.29 98.49
2000 10 1.35 2.22 97.43 1.45 2.74 96.80
1680 12 4.25 6.47 92.51 3.52 6.26 92.68
1410 14 26.85 33.32 61.45 14.82 21.08 75.36
1190 16 12.77 46.09 46.67 25.71 46.79 45.31
841 20 23.62 69.71 19.35 19.44 66.23 22.58
595 30 7.86 77.57 10.25 8.8 75.03 12.30
500 35 2.20 79.77 7.71 2.64 77.67 9.21
420 40 1.77 81.54 5.66 2.55 80.22 6.23
297 50 1.95 83.49 3.40 2.08 82.3 3.80
250 60 1.05 84.54 2.19 1.1 83.4 251
210 70 0.64 85.18 1.45 0.74 84.14 1.65
149 100 0.77 85.95 0.56 0.88 85.02 0.62
105 140 0.48 86.43 0.00 0.53 85.55 0.00

0 PAN 13.57 100.00 -15.70 14.45 100 -16.89
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Table 7-120 Cumulative distribution of the wet PSD (natural cellulose fiber) (9pH +CacClz- polymer
system) and size degradation percent

10-Minute Mix 30-Minute Mix
D Value % Change from Value (um) % Change from dry
(um) dry sample sample
10 586 37% 524 23%
25 913 19% 878 14%
50 1240 7% 1224 6%
75 1528 -4% 1407 -11%
90 1658 -17% 1638 -18%
Average 1185 8% 1134 3%
Natural Cellulose Fiber - Dry PSD and Wet PSD ( Polymer System 9pH CaCl )
100 — | | - 7
ol — Dry Sieve .///
— Wet PSD 10 Minutes .

80 1 === .WetPSD 30 Minutes

/
/
70 :
60 /V
/

50 /

20 /
/]
30 /'

20 /
/
10 P

Cumulative % passed

100 200 400 800 1600 3200

Size (Microns)

Figure 7-83 Dry and wet PSD (natural cellulose fiber - 9pH CacClz- polymer system).
190



Natural Cellulose Fiber - Dry and Wet PSD ( Polymer System 7&9pH CaCl ;)

100 T—

| Wet PSD 30 Minutes 9pH N /
90 + I
| = .Wet PSD 30 Minutes 7pH . /
g0 b Dry Sieve ’, //
70 ,' /
60 ,’//

=

CaCJ Polymer System with Natural Cellulose Fiber:
50 14 The change in alkalinity has a little effect on th ]
size degradation. The higher pH performed betterr. y

40 /
30 /
i

20 A
V.
10 /

Cumulative % passed

100 200 400 800 1600 3200

Size (Microns)

Figure 7-84 Dry and wet PSD (natural cellulose fiber - 7pH and 9pH CaClz- polymer system).

191




CHAPTER 8

ANALYTICAL TESTING RESULTS OF DRY AND WET LCMs

This phase discusses the physical and chemical behavior of the selected materials
after applying high shearing to the designed fluids. The analysis of this phase was based on
the data generated from the first two phases and the intensive experimental lab work on each
material after it was exposed to fluid, including the specific gravity and shape analysis.

Phase 1l examined the fluid and material interaction by analyzing the ten fluid designs
from Phase I.

In this chapter, the analytical analysis of the materials after being exposed to the
carrier fluids will be addressed, includes the specific gravity and shape analysis. The fluids
used in this investigation were; clay system at 7pH and 11pH, polymer system with no salt at
7pH, polymer sodium chloride system at 7pH, and calcium chloride system at 7pH. All the six
concerned materials in this research were undertaken in this analysis.

8.1 Specific Gravity after Fluid Interaction

The specific gravity was measured for all materials, as shown in Table 8-1. Specific
gravity measurements were performed on both dry and wet phases. It was noted that most of
the materials V SHFLILFwasUribty affacted by the fluid wetting, except for graphite, a sized

grade of mica, and natural cellulose fiber.

8.1.1 Granular Group

As mentioned above the change in SG after fluids interaction was only occurred in
graphite from granular group.

The specific gravity of the dry graphite phase was 1.837, and after the material was
mixed with fluids, the specific gravity decreased. The average reduction of specific gravity was
approximately 0.1 due to the volume increase in the material. In the size degradation study of
graphite, a swelling phenomenon was detected, and the average particle size increased after

the mixing, which confirms the specific gravity results.
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8.1.2 Flaky Group

Another material that experienced a specific gravity changing after fluids interaction
from flaky group, is a sized grade of mica. The mica dry phase specific gravity was 2.736, and
the wet specific gravity increased by an average of 0.07. This increase was due to a volume
decrease from fluids interaction. Furthermore, in size degradation study of mica, a high

percentage of the mica wet PSD was significantly decreased.

8.1.3 Fibrous Group

The last material that showed a specific gravity decreased due to fluids interaction from
fibrous group, is natural cellulose fiber. The average wet specific gravity reduction was 0.71
and that was due to characteristic of water absorption by the cellulose to develop hydrogen-
bond interaction, resulting in the volume increase (Caulfield 1980). Therefore, the specific
gravity showed that reduction. Moreover, this material did not show a high size degradation
which fits with the specific gravity results.

Table 8-1 Specific gravity measurements

Specific Gravity
Clay System Polymer System

Material Dry 7pH 7pH No salt NaCl CaClz

Walnut 1.394 1.364 1.353 1.352 1.347 1.336

Graphite 1.837 1.732 1.740 1.725 1.738 1.730

Marble 2.724 2.724 2.726 2.727 2.726 2.729

A S'Zer‘f“g;ade of 2.736 2.781 2.787 2.824 2.801 2.805

Flaked calcium 2.73 2.722 2.725 2.728 2.728 2.718
carbonate

Nat“r"’}!b":r”“'ose 2.028 1.329 1.344 1.309 1.308 1.314

8.2 Shape Analysis aft er Fluid Interaction

The microscopy analysis in this work was carried out to investigate the shape of the

particles. As mentioned in the literature chapter, the S D U W Lshapél faffects the packing and
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placement mechanisms. The particle shape of all materials in dry phase was investigated and
the results illustrated in Table 6-2. To continue the full investigation of the shape analysis, a
new evaluation of the materials § V K Bffeithe | O X in@faktion was required.

Five fluids were mixed with each material for 30 minutes, and the shape was
examined. The fluids are clay systems (7pH and 11pH), polymer system (7pH), polymer-NacCl
system (7pH), and polymer-CaClz system (7pH).

8.2.1  Granular Group

The shape analysis of the walnut material showed that the dry phase of the material
contained particles of various shapes and sizes + sub-rounded, sub-angular, and all with
curved corners. The wet-shape analysis of the five fluids showed that the shape of the walnut
was not affected by the fluids and maintained the same shape description (Figure 8-1).

The graphite dry shape observation showed that the material has various shapes of
sub-rounded and sub-angular. The wet shape was not affected by the fluids, and the material
was able to keep the same shape analysis between dry and wet (Figure 8-2).

The shape of the dry marble particles can be described as sub-angular and angular.

The wet particle shape analysis showed a high similarity to the dry-shape analysis (Figure 8-3).

4. Polymer system no
salt

2. Clay system low pH 3. Clay system high pH

1. Dry Phase

5. Polymer system NaCl 6.Polymer system CaCl.
Figure 8-1 Dry and wet walnut microscopy images.
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2.Clay systemlowpH 3 Clay system high pH

2
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At 3

5. Polymer system NaCl g Polymer system CaCl,

Figure 8-2 Dry and wet graphite microscopy images.

1. Dry Phase

5. Polymer system NaCl g Polymer system CaCl,

Figure 8-3 Dry and wet graphite microscopy images.
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8.2.2  Flaky Group

The flaky group has two materials: a sized grade of mica and flaked calcium
carbonate. The dry-shape analysis of the first material showed the LCM to be angular, thin,
and flat in shape with a large surface area, where the wet shape was described as rounded
and angular (Figure 8-4).

The original particle shape of flaked calcium carbonate was angular, sub-angular, thin,
and flat in shape with a small surface area. The wet shape for all fluids was drastically changed

to be sub-rounded and angular (Figure 8-5).

4..P6'1ymer system no
salt

5. Polymer system NaCl 6 Polymer system CaCl,

Figure 8-4 Wet and dry mica microscopy images.
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4 Pﬁlymer system no

2. Clay system low pH 3. Clay system high pH alt

| Dry Phase

9. Polymer system NaCl - 6 Polymer system CaCl,

Figure 8-5 Wet and dry flaked calcium carbonate microscopy images.
8.2.3 Fibrous Group

The fibrous group has only one fiber material. Natural cellulose fiber is an organic
material with dry particle shapes of angular and sub-angular; on the other hand, the wet shape

showed more angularity with curved corners (Figure 8-6).
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4. Polymer system no
3Clayspstemhigh pl o

3RolmersstemNaCl - § Bolmer system CCl

Figure 8-6 Wet and dry natural cellulose fiber microscopy image.
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CHAPTER 9

LCM PERFORMANCE AND ABILITY DETERMINATION

This chapter addresses the relationship between all factors related to lost circulation
events that is part of Phase IV of this dissertation. It demonstrated the material performance
based on the dry and wet particle size distribution (PSD) of the material and examined the
impact of PSD on the optimum bridging theory for plugging a specific fracture size. The output
of Phase IV is a mathematical relationship from the lab test that used to estimate the suitable
fracture aperture size based on the dry and wet PDWHULDO(Y{V 36'

9.1 Phase IV: LCM Performance and Plugging Efficiency

The last phase of the dissertation is to evaluate the LCM performance with regards to
the simulated fracture sizes. The Permeability Plugging Apparatus (PPA) was used in this
phase with the new modification that was in-house designed and manufactured to obtain an

accurate result.

The widely used bridging theory in the industry is Abrams 1977 ' WKH

formation average pore size); but this theory does not consider size attrition. The testing plan in
this Ph.D. research was to understand materials behavior in plugging the fracture apertures
before and after the size degradation. The objective is to quantify the effect of the size
degradation and relate the percentage size degradation impact on plugging the fracture with
the new smaller particles.
9.2 Phase IV: Lab Testing Protocol

The testing protocol of Phase IV was to examine the material ability before and after
IOXLGY H[SRVXUH WR XQGHUVWDQG WKH VL]H GHJUDGDWLRQ
of the material.

The plan started with preparing two different fluids and material mixtures. The first

mixture was not subjected to shear; the material and the fluids (clay system) were mixed for 1
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minute with a spatula to avoid any force to the particles. This mixture will investigate the
material behavior without size degradation effect

The second mixture received the high shear of 4000 RPM for 30 minutes as per the
size degradation procedure (Phase-lll).

These two mixtures were tested at test conditions of 500-psi pressure and ambient
temperature. The LCM performance was investigated based the plugged fracture size with and
without the size degradation effect to understand the material behavior.

9.3 Walnut Plugging Performance

Walnut material was tested on different fracture sizes. The test results revealed that
walnut was not affected by the size degradation, although size attrition regarding this material
was around 4% reduction in particle size.

The mathematical relationship of plugging efficiency was developed based on the dry
Dso value. The plugged fracture size was 2.0 mm in both cases, as seen in Table 9-1. The
original dry phase Dso is 2060 pm, while the Dso after degradation is 1,972 pm. The update
mathematical relationship is based the original Dso given in Equation 9.1. The median particle

size over the fracture must be equal or greater than 1.0 to form the bridging.
& ..
WN=2PONAR SBVA (9-1)

Table 9-1 Walnut plugging performance

No Shearing 30- Minutes Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), > 9ging (slotted), > 99ing
cm cm
mm mm
2.0 15 2.0 19
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Table 9-1 Continued

No Shearing 30- Minutes Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), > g9ging (slotted), > 9ging
cm cm
mm mm
No No
2.5 Control . 2.5 Control
No
3 o -
No
5 Control ‘
No
6 Control ‘

9.4 Graphite Plugging Performance

Graphite has a similar performance to that of walnut; the size degradation did not
affect the material performance. As observed during the testing, that the material was able to
form the plug on a fracture size of 0.5 mm with and without shearing (Table 9-2)

The size degradation of graphite was recorded at only 1%. The Dso before and after

degradation was 445 and 447 um, respectively. The new mathematical relationship equation is
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given below (Equation 9.2). The median particle size over the fracture size must be equal or

greater than 0.9 to form the bridging.

& )
WN=2PQNAR s A (9-2)
Table 9-2 Graphite plugging performance
No Shearing 30- Minutes Shearing

e | P s | e

(slotted) Losss, Plugging Photo (slotted) Losss, Plugging Photo
cm cm

, mm , mm
0.5 12 0.5 12
No No
L Control L Control

9.5 Marble Plugging Performance

Marble is the third material in the granular group, showed a significant change in the
plugging efficiency for the material before and after the shearing. The plugged fracture size for
the original material with no shearing was 1.5 mm, while the shearing reduced the ability to
plug the fracture to be 1.0 mm in size, as seen in Table 9-3.

The Dso of the material before and after degradation was 535 and 319 pm,

respectively. The mathematical relationship equation for marble is shown in Equation 9.3. The
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median particle size over the fracture size must be equal or greater than 0.5 to form effective

bridging.
& ”
WN=2PQNA&R 5EWA (9:3)
Table 9-3 Marble plugging performance
No Shearing 30- Minutes Shearing
Size of . Size of .
Fluid Fluid
Fracture . Fracture .
(slotted). LossB, Plugging Photo (slotted), Losss, Plugging Photo
cm cm
mm mm
0.12 4 0.12 8
0.5 7 0.19 13
15 19 1.0 21
No No
2.0 Control 15 Control
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9.6 A Sized Grade of Mica Plugging Performance

The first material of the flaky group, mica, showed a significant decrease in plugging

efficiency. The mixture with fluid and no shearing showed excellent performance and was able

to plug a 5.0-mm fracture even with size degradation reducing the size to 1.5 mm (Table 9-4).

The Dso for the material before and after degradation was recorded at 1,751 and 566
pm, respectively. The median particle size over the fracture size must be equal or greater than

1.2 to form effective bridging (Equation 9.4). This is the highest ratio among all

tested.

&”V(N:?PQNAB sEALA

Table 9-4 A sized grade of mica plugging performance

No Shearing 30-Minute Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), 3 (slotted), 3
cm cm
mm mm
35 11 0.25 5
5.0 30 15 26
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Table 9-4 Continued

No Shearing 30-Minute Shearing
Fsrzlalzcet}u?fe Fluid Fsrzlazcetu?fe Fluid
(slotted), Losss, Plugging Photo (slotted). Losss, Plugging Photo
cm cm
mm mm
No No
55 Control 2 Control
9.7 Flaked Calcium Carbonate Performan ce

Flaked calcium carbonate is the second material

in the flaky group. It has a better

performance than mica. The no shearing mixture of the material was able to seal a fracture

size of 5.0 mm. After the material was sheared with the fluid, the sealing capability dropped to

3.0 mm (Table 9-5).

The material plugging efficiency performance was remarkable, especially with the high

size degradation of the material. The median size of the dry phase was 2,074 um; the wet-

phase median size dropped to 973 pm due to size degradation.

The new mathematical

relationship equation for flaked calcium carbonate is shown below. That the median particle

size over the fracture size must be equal or greater than 0.7 to form the bridging (Equation

9.5).

&QWN=?PQN,B 5 A
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Table 9-5 Flaked calcium carbonate plugging performance

No Shearing 30- Minutes Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), 3 (slotted), 3
cm cm
mm mm
25 8 3 28
No
3.5 19 3.5 Control
5.0 31
No
55 Control
9.8 Natural Cellulose Fiber Performance

The last material in our study is the natural cellulose fiber. The overall size degradation
results of the material revealed that the material had a 5% size increase when immersed in the

fluid. The no shearing mixture plugged a fracture size of 2.5 mm; likewise, did the mixture
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sheared for 30 minutes. The material maintained the ability to plug the same fracture aperture
with no effect caused by the shearing force (Table 9-6).

The Dso of the dry phase was 1,159 pm, while the size degradation caused a reduction
of the Dso to 1,087 pm. The developed mathematical relationship equation (Equation 9.6)
states that the median size of the dry phase over the fracture size has to be equal or greater

than 0.7 in order to form the rigid plug with natural cellulose fiber.

&JWN:?PQN,B =YUN (9.6)

Table 9-6 Natural cellulose fiber plugging performance

No Shearing 30- Minutes Shearing
Fracure | UG Szest | e
(slotted), Losss, Plugging Photo (slotted), Loss;, Plugging Photo
cm cm
mm mm
No No
30 Control 3.0 Control
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CHAPTER 10

DISCUSSION

This chapter discusses some pendent questions about lost circulation management, as
well as materials behavior, size degradation, and plugging efficiency. Finally, detailed
analyzing criteria for the concerned materials will be proposed for better managing the loss
circulation problem. The discussion will be based on each phase of this work.

The obtained experimental results and observations were analyzed for Lost Circulation
Materials (LCMs) field applications. These recommendations and observations aim toward
enhancing LCMs placement and sealing the fractures. The first part of these observations
focuses on the drilling fluids effect on the LCM incudes size degradation and material behavior
with the fluids. The second part of the recommendations provides a mathematical relationship
between the material particles size distributions and the fracture size.

Six aspects were analyzed in the material and fluids interaction are as follows:

Carrier fluids: the ten fluids designed were used to examine the effect of the fluids with
the LCM. The observations are based on the size degradation results and a comparison
DQDO\WLV RI WKH ZHW DQG The Yindd DWpHt Udeternified BHch fluids resulted in
less size degradation if any.

Size degradation: the high shearing of 4000 RPM with several time-intervals
determined the average size reduction of the five Distributions (Ds). The analysis addressed
the overall average of size degradation besides the examined Dgo, Dso, and Dio to observe the
new particle size distribution.

Shearing time effect: The shearing time effect of size degradation addressed the
behavior of the material with the two time-intervals 10-minutes and 30 minutes. In this section,
the study is based on the effect of the time factor on the material size changing by analyzing

the average size degradation of the two-time-intervals on each fluid system and one fluid
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example is selected to study the material and time behavior particles by examining the
particles weight retained on each mesh size of two-time intervals.

Particles mass lost %: The percent loss of the material mass which the 100% of the
particles is within the specified range of the initial particle size distribution. In this analysis, the
results and the analysis showed the mass of particles percentage that dropped below the
original low end of the dry PSD due to shearing.

Material behavior after fluids interaction: the change of the material properties such as
particles shape and specific gravity after fluid interactions.

Material plugging performance: The newly mathematical relationships equation for
each material has been formulated by considering the main factors of this study such as size
degradation and material properties. The analysis showed that the bridging should be material
specific, and the old practice of one-fits-all must be updated.

10.1  Walnut

The first material of granular group. The walnut analysis showed that the particle size
range of the dry phase was from 3,360 to 595 um.
10.1.1 Carrier Fluids

The overall performance of walnut with different carrier fluid systems showed that
walnut performed with a very minimum size reduction for all fluid systems. Thus, the selection
of the fluid type is not a critical issue that would influence the size degradation behavior of

walnut (Figure 10-1).
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Figure 10-1 Dry and wet PSD (walnut- all systems).

10.1.2 Size Degradation

As mentioned earlier, walnhut is a highly rigid material, and no size reduction was
experienced that is worth highlighting. It was also observed that the average size degradation
percent was 4% reduction in the overall particle size distribution, while the average loss of

particles size in Dgo was 1%, Dso was 4%, and Dio was 3% (Figure 10-2 and Table 10-1).
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Figure 10-2 Walnut-size degradation performance (30- minutes shearing).
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Table 10-1 Walnut-size degradation performance (30- minutes shearing)

Size
Drilling Fluid Systems Degradation
% Dgo% | Ds0% | D10%

Dry Phase 0 0 0 5
Water 5 > = 5

7pH -4 -1 -4 -6
Clay Base

11pH -2 1 ) 3

7pH -3 0 5 | -3
Polymer Base 9pH 3 0 ) )

10pH -4 -2 6 3
Sodium Chloride (NaCl) 7pH -5 -4 5 2
Systems TopH > - ~ -
Calcium Chloride (CaCl2) 7pH -3 1 3 3
Systems 9pH ” = - >
Average 2% 1 2 3

10.1.3 Shearing Time Effect

The time-intervals analysis of walnut size degradation performance showed that the
material was not affected by time changing and acted as a time-independent material. The size
degradation results of the 10-minutes and 30-minutes shearing time were similar and no extra
size degradation was encountered, as it can be seen in the clay system example (Figure 10-3).

The average size degradation of 10-minutes with all fluids was 1% reduction in size,

while the 30-minutes showed an average of 3% reduction in size (Table 10-2).
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Figure 10-3 Walnut tparticles weight retained on each mesh size of two-time- intervals (clay system).

Table 10-2 Walnut- average size degradation of two-time-intervals

Drilling Fluid Systems 10-Minutes Shearing (%) | 30-Minutes Shearing (%)
Dry Phase 0 0
Water ®) =
7pH -2 7
Clay Base
11pH 3 >
7pH 0 3
Polymer Base 9pH 1 3
10pH -1 7
Sodium Chioride (Nacl) | 'PH -1 5
Systems 10pH 1 >
Calcium Chloride (CaClz) | /PH 0 3
Systems SpH 5 -
Average 1% %
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10.1.4 Mass Lost %

The aspect of walnut mass percentage loss study that went below of the original PSD,
revealed that the material lost some of its mass and introduced new small particles that are
below the minimum dry particle size (595 um). As seen in Table 10-3, for all fluids, walnut
behaved in very similar terms of percentage mass lost. The walnut average percentage of lost
mass was observed to be around 15% that means after mixing and shearing, only 85% of the
initial material mass will be reaching the target zone (Figure 10-4).

These observations are essential in designing material concentration and treatment
strategy by planning and selecting a higher Dio and Dzs to avoid the PSD being outside the

intended size range and ending up with an increase in smaller particles.

Table 10-3 Walnut- mass lost % (30- minutes shearing)

Drilling Fluid Systems Mass Loss %

Dry Phase 0
Water 13

7pH 14
Clay Base

11pH 15

7pH 15
Polymer Base 9pH 17

10pH 17

7pH 16
Sodium Chloride (NaCl) Systems

10pH 14

7pH 15
Calcium Chloride (CaClz) Systems

9pH 14
Average 15%
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Figure 10-4 Walnut- mass lost %.

10.1.5 Material Behavior after Fluids Interaction

The shape and specific gravity of the walnut were not affected by the mixing and
shearing force. The walnut particles shape before mixing was described as sub-rounded, sub-
angular, and all with curved corners which is similar to wet particles shape. The walnut dry and

specific gravity were not changed and styed constant at the value of 1.394.
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10.1.6 Material Plugging Performance

The material was able to seal a 2.0-mm fracture in both simulated situations of no
shearing and with a high shearing HIIHFW 6R WKH gdnhy effitienry Wis SO XAffected
by the minimum size degradation seen during testing. However, the fluid loss during testing
with no shearing and with high shear was 15 and 19 ml, respectively. The fluid loss increase
was because of the size degradation and the absence of some of the larger particles which

adversely affected the bridging mechanism (Table 10-4).

Table 10-4 Walnut plugged fracture size before and after shearing force

No Shearing 30- Minutes Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), 3 (slotted), 3
cm cm
mm mm
2.0 15 2.0 19

10.2  Graphite

Graphite is a resilient, dual composition, and carbon-based material. It has a unique
characteristic that imparts resiliency and ability to recover its initial size and volume up to 120%
from initial size (Lavrov 2016).

During the dry particle size distribution experiment on graphite, the analysis showed
thattherDQJH RI WKH SDUWLFOH VL]H LV IURP WR P
10.2.1 Carrier Fluids

The overall performance of graphite with the different carrier fluid systems showed that
material performed with a very minimum size reduction with all systems, and the carrier fluids

types did not affect the graphite size degradation performance (Figure 10-5).
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Figure 10-5 Dry and wet PSD (graphite - all systems).
10.2.2 Size Degradation

The size degradation analysis of graphite confirmed that the material

did

not

experience any size reduction but show a slight size expansion. As seen in Table 10-5, the

bigger sized particles (Ds) showed an average 2% increase in size. There was a negligible
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loss in small particle size (Dio) with an average of 2% size reduction. The overall size

degradation for all fluids was reported at a 2% size increase (Figure 10-5).
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Figure 10-6 Graphite-size degradation performance (30- minutes shearing).
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Table 10-5 Graphite-size degradation performance (30- minutes shearing)

Size
Drilling Fluid Systems Degradation
% Do0% | Ds0% | D10%
Dry Phase 0 0 0 0
Water 2 2 4 -4
7pH -1 0 0 -4
Clay Base
11pH 0 2 1 -5
7pH 1 1 2 -1
Polymer Base 9pH 1 3 2 -4
10pH 1 2 4 -2
Sodium Chloride (NaCl) 7pH 4 4 6 0
Systems 10pH 3 3 4 1
Calcium Chioride (Cacl) | "PH 5 2 8 1
Systems 9pH 5 4 8 | 2
Average 2% 2% 4% -2%

10.2.3 Shearing Time Effect

The time-intervals analysis of graphite size degradation performance showed that the
material was not affected by time changing and acted as a time-independent material.

The size degradation results of the 10-minutes and 30-minutes shearing time were
similar and no extra size degradation was encountered, as it can be seen in the clay system
example (Figure 10-7). The average size degradation of 10-minutes with all fluids was 5%

increasing in size, while the 30-minutes showed an average of 2% increasing in size (Table 10-

6).
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Figure 10-7 Graphite zparticles weight retained on each mesh size of two-time- intervals (clay system).

Table 10-6 Graphite - average size degradation of two-time-intervals

Drilling Fluid Systems 10-Minutes Shearing (%) | 30-Minutes Shearing (%)
Dry Phase 0 0
Water 2 5
7pH 7 -1
Clay Base
11pH 8 5
7pH 3 1
Polymer Base 9pH 2 1
10pH 4 1
Sodium Chloride (Nacl) | PH 5 4
Systems TOpH 3 -
Calcium Chloride (CaCly) 7pH 5 5
Systems opH - -
Average 506 %
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10.2.4 Mass Lost %

The graphite mass loss percentage, due to shearing, was not noticed with all fluids.
The material maintained around 97% of its initial mass. The average mass lost percent for all

carrier fluids was 3% below the minimum (<74 pm) (Table 10-7). The mass loss range was

within 5 to 2% which indicated that the material was maintaining its mass (Figure 10-8).

Table 10-7 Graphite- mass lost % (30- minutes shearing)

Drilling Fluid Systems

Mass Loss %

Dry Phase 0
Water 5

7pH 4
Clay Base

11pH 3

7pH 1
Polymer Base 9pH 2

10pH 2

7pH 2
Sodium Chloride (NaCl) Systems

10pH 2

7pH 2
Calcium Chloride (CaClz) Systems

9pH 2
Average 3%

221




Figure 10-8 Graphite- mass lost %.

10.2.5 Material Behavior after Fluids Interaction

The analytical results of graphite showed a change in specific gravity between the dry
and wet phases due to volume increase driven by the resiliency characteristic.

The shape of the material was not affected by the shearing force and maintained its
original shape of sub-rounded and sub-angular.
10.2.6 Material Plugging Performance

The plugging efficiency of graphite, it was observed that the material was able to plug
a fracture of 0.5 mm and maintained the same fluid loss volume for both situation of shearing
and without shearing. The size degradation was not affecting the material performance in
plugging the fracture size. Because of the graphite did not experience any size degradation

(Table 10-8).
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Table 10-8 Graphite plugged fracture size before and after shearing force

No Shearing 30- Minutes Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), > g9ging (slotted), > 99ing
cm cm
mm mm
0.5 12 0.5 12
10.3  Marble

Marble dry sieves testing result covers the range from 841 to 149 um.
10.3.1 Carrier Fluids

The overall performance of marble with the different carrier fluid systems showed that
the material experienced a high size reduction with all fluid systems. The comparative analysis
showed that marble has a better performance with all polymer systems (with and without salt)

than with water or clay (Figure 10-9).
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Figure 10-9 Dry and wet PSD (marble - all systems).

10.3.2 Size Degradation

The marble size degradation analysis revealed that marble showed a high size
degradation percentage, and it varied with the fluid system used. The average size degradation
concept of all fluid systems cannot be used with marble since some fluids behaved differently.
Based on the material performance with the ten fluid systems, the fluid systems can be divided
into two groups: water and clay systems group, and all polymer systems group.

The first group of fluids is the water and clay systems that showed a similar
performance with marble. The average size of degradation was reported at a 44% reduction in
overall size. This huge lost in particles size was seen in the Doo, which has an average of 46%
lost in size (Table 10-9). That also is confirmed by the high lost in Dio of Dso at an average of
46% and 40%, respectively (Figure 10-10). Experimental results on the second group, polymer
systems, confirmed that this system could be used with marble for better material efficiency
than clay or water systems, as seen in Table 10-9.

224



The average size degradation of the polymer system was 30% reduction in size. This
is reflected in size loss of the Doo (34%), Dso (25%), and Dio (33%) percentage size reduction,
which showed a lower size degradation percent than the clay and water system (Table 10-9).
There is a significant improvement in marble performance with polymer systems than the other

fluids systems tested. (Figure 10-10).
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Figure 10-10 Marble-size degradation performance (30- minutes shearing).
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Table 10-9 Marble-size degradation performance (30- minutes shearing)

Size
Drilling Fluid Systems Degradation | D90% | D50% | D10%
%
Dry Phase 0 0 0 0
Water -44 -46 -40 -45
7pH -44 -48 -40 -46
Clay Base
11pH -44 -47 -40 -46
Average -44% -47% | -40% | -46%
7pH -31 -35 -27 -34
Polymer Base 9pH -30 -31 -26 -35
10pH -32 -36 -26 -36
Sodium Chloride (NaCl) It 2 L 2 =
Sy 10pH 29 33 | 23 | 32
Calcium Chloride ofels 2 2 2 e
(CaClz) Systems 9pH 26 29 20 -29
Average -30% -34% | -25% | -33%

10.3.3 Shearing Time Effect

The time-intervals analysis of marble size degradation performance showed that the

material was affected by time changing and acted as a time-dependent material.

The average difference of size degradation results of the 10-minutes and 30-minutes

showed around 13% more degradation with shearing time changing. As it can be seen in the

clay system example (Figure 10-11).

The average size degradation of 10-minutes with first group (water and clay systems)

was 31% reduction in size, while the 30-minutes showed an average of 44% reduction in size

(Table 10-10)
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Figure 10-11 Marble zpatrticles weight retained on each mesh size of two-time- intervals (clay system).

Table 10-10 Marble - average size degradation of two-time-intervals

Drilling Fluid Systems 10-Minutes Shearing (%) | 30-Minutes Shearing (%)
Dry Phase 0 o
Water 33 5
7pH -31 -44
Clay Base
11pH -28 -44
Average -31% -44%
7pH -21 31
Polymer Base 9pH 20 30
10pH -18 32
Sodium Chloride (NaCl) (B -19 32
Systems 10pH 5% o
Calcium Chloride (CaClz) 7pH -14 29
Systems 9pH I —
Average -18% -30%
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10.3.4 Mass Lost %

The marble mass loss percentage, due to shearing, was noticed with all fluids. For the
first fluids group (water and clay systems), the average mass loss was recorded at 32% while
in the second group (all polymer systems) was 15% of mass loss that went below 149 pm
(Table 10-7). The mass loss range indicated that the material was not able to maintain its

mass, and this should be considered while the treatment plan of this material (Figure 10-12).

Table 10-11 Marble - mass lost % (30- minutes shearing)

Drilling Fluid Systems Mass Loss %
Dry Phase 0
Water 30
7pH 33
Clay Base
11pH 33
Average 329
7pH 16
Polymer Base 9pH 17
10pH 17
Sodium Chloride (NaCl) 7pH 16
Systems TOpH 3
Calcium Chloride 7pH 14
(CaClz) Systems opH -
Average 15%
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Figure 10-12 Marble- mass lost %.

10.3.5 Material Behavior after Fluids Interaction

The shape and specific gravity of the marble were not affected by the fluid systems,
although the size degradation of marble with clay system showed a high percentage of 44%

size reduction. The dry shape was described as Angular and sub-angular and the SG was

measured at 2.724.
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10.3.6 Material Plugging Performance

The plugging efficiency of the marble mixture with no shearing was able to plug the
simulated fracture of 1.5 mm, while the sheared mixture with size degradation was able to plug
a smaller fracture with a size of 1.0 mm.

To quantify the plugging efficiency reduction with and without shearing effect, the drop
in plugging efficiency is 33% with shearing. Therefore, the reduction in particle size to the lost

in plugging efficiency is not a one-to-one ratio but it is a 1:0.83 ratio. (Table 10-8).

Table 10-12 Marble plugged fracture size before and after shearing force.

No Shearing 30- Minutes Shearing
F?:c?uc;ra Fluid FSI’;.ZC?U?L Fluid
(slotted), Lossg Plugging Photo (slotted). Loss;, Plugging Photo
cm cm
mm mm
15 19 1.0 21

10.4 A Sized Grade of Mica

The original particle size distribution of mica covers a range from 4,000 to 149 pm.

10.4.1 Carrier Fluids
The overall performance of mica with the different carrier fluid systems showed that the

material performed with very high size reduction with all fluids systems (Figure 10-13).
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Figure 10-13 Dry and wet PSD (mica - all systems).
10.4.2 Size Degradation
The size degradation of mica was extraordinarily high which reached an average of
67% lost in particles size for all fluids. The cumulative distribution showed a high reduction, as

can be seen in Table 10-13 which showed a lost in Dio at 71%, Dso lost 70% and finally, the Dgo
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experienced a lost in particles size percent of 56%. This material was destroyed and using this

material as LCM will provide no benefits (Figure 10-14).
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Figure 10-14 Mica -size degradation performance (30- minutes shearing).
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Table 10-13 Mica -size degradation performance (30- minutes shearing)

Size
Drilling Fluid Systems Degradation | D90 % | D50 % D10 %
%
Dry Phase 0 0 0 0
Water 64 55 66 71
7pH 766 59 68 69
Clay Base

11pH 65 59 66 71

7pH 69 61 72 72

Polymer Base 9pH -66 -49 -73 -72

10pH 61 46 66 68

Sodium Chloride (NaCl) 7pH 77 -67 -80 78

Systems 10pH .69 260 72 72

Calcium Chloride (CaCl;) | ’PH -69 -4 -7 75

Systems 9pH 59 29 61 62
Average 67% 56% | -70% 71%

10.4.3 Shearing Time Effect

The time-intervals analysis of marble size degradation performance showed that the
material was not affected by time changing and acted as a time-independent material.

The size degradation results of the 10-minutes and 30-minutes shearing time were
similar and no extra size degradation was encountered, as it can be seen in the clay system
example (Figure 10-15). The average size degradation of 10-minutes with all fluids was 60%

decreasing in size, while the 30-minutes showed an average of 67% decreasing in size (Table

10-14).
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Figure 10-15 Mica zparticles weight retained on each mesh size of two-time- intervals (clay system).

Table 10-14 Mica - average size degradation of two-time-intervals

Drilling Fluid Systems 10—M|nutﬁ)z)8hear|ng 30—M|nut(e02)8hear|ng
Dry Phase 0 0
Water 60 o4
7pH -62 66
Clay Base
11pH -61 65
7pH -60 69
Polymer Base 9pH 64 56
10pH -59 61
Sodium Chloride (Nacl) | /PH -65 77
Systems 10pH = —
Calcium Chioride (CaClp) | “PH -53 69
Systems SpH =5 —
Average -60% -67%
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10.4.4 Mass Lost %
The mass of the mica showed a high loss of 30% after shearing. Most of the particles

went below the minimum (<149 pum) as it can be seen in Table 10-15 and Figure 10-16.

Table 10-15 Mica - mass lost % (30- minutes shearing)

Drilling Fluid Systems Mass Loss %

Dry Phase 0
Water 30

7pH 33
Clay Base

11pH 31

7pH 28
Polymer Base 9pH 26

10pH 21

7pH 48
Sodium Chloride (NaCl) Systems

10pH 27

7pH 31
Calcium Chloride (CaClz) Systems

9pH 27
Average 30%

Figure 10-16 Mica - mass lost %.
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10.4.5 Material Behavior after Fluids Interaction
The shape of mica was changed from angular, thin, and flat in shape with a large
VXUIDFH WR URXQGHG DQG DQJXODU EHFDXVH RI VKHDULQJ DQG WKH 10X

The specific gravity showed a slight increased, due to reduction volume in volume.

10.4.6 Material Plugging Performance

The plugging efficiency of the no shearing mixture was reported at 5.0-mm fracture
size and then dropped significantly with the shearing effect to 1.5 mm. Moreover, a high fluid
loss of 26 ml was observed.

The new rounded shape was one of the reasons for the high fluid loss. The lost in
plugging efficiency from 5.0 to 1.5-mm fracture size represents around 70% lost in efficiency,
which is similar to the reduction in size degradation of 66%. Therefore, the relation between the

plugging efficiency to material size is one-to-one ratio (Table 10-16).

Table 10-16 Mica plugged fracture size before and after shearing force

No Shearing 30-Minute Shearing
Fracure | FIUS e | Fd
(slotted), Losss, Plugging Photo (slotted), Lossé, Plugging Photo
cm cm
mm mm
5.0 30 15 26

10.5 Flaked Calcium Carbonate

The PSD dry phase of flaked calcium carbonate has a particle size range from 4,000 to
149 pm.
10.5.1 Carrier Fluids

The overall performance of flaked calcium carbonate with the different carrier fluid

systems showed that the material performed with a very high size reduction in water and clay
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systems. Whereas, it showed a better performance with all polymer systems by almost 50%

less in size degradation (Figure 10-17).
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Figure 10-17 Dry and wet PSD (flaked calcium carbonate - all systems).

10.5.2 Size Degradation

The wet PSD data revealed that the material behaved differently based on the fluid
used. The water and clay systems showed more degradation and loss of the material durability
than all polymer systems.

Figure 10-18 shows the comprehensive analysis of all fluids with flaked calcium
carbonate. Since clay and water system have similar performance, the average percentage of

their data will be combined, and the same goes for polymer systems. Clay and water systems
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showed a size degradation of around 54%-72%, while polymer systems (both salt and no-salt)
showed an average of 33% to 40% size reduction (Table 10-17).

The overall size degradation of the clay and water systems was reported at 62% size
reduction, and that is considered a high lost in particle size. This was also shown in Dgo, Dso
and Dio with a size reduction of 51%, 58%, and 75%, respectively, On the other hand, the
polymer systems only showed a loss of 37% in size reduction. The cumulative distributions

showed a size reduction in Dgo, Dso and Dio with a size reduction of 16%, 36%, and 60%,

respectively,
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Figure 10-18 Flaked calcium carbonate -size degradation performance (30- minutes shearing).
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Table 10-17 Flaked calcium carbonate -size degradation performance (30- minutes shearing)

Size
Drilling Fluid Systems Degradation | D90% | D50% | D10%
%
Dry Phase 0 0 0 0
Water -72 -65 -72 -79
7pH -60 -52 -53 -74
Clay Base
11pH -54 -36 -50 -71
Average -62% -51% | -58% | -75%
7pH -40 -18 -41 -63
Polymer Base 9pH -36 -12 -36 -62
10pH -33 -7 -35 -63
Sodium Chloride (NaCl) 7pH -38 =161 =88 [ -6
SELUIS 10pH -20 21 | -40 | -63
Calcium Chloride ofels e B R
(CaClz) Systems 9pH 35 18 35 57
Average -37% -16% | -36% | -60%

10.5.3 Shearing Time Effect

The time-intervals analysis of flaked calcium carbonate size degradation performance
showed that the material was not affected by time changing and acted as a time-independent
material.

The average difference of size degradation results of the 10-minutes and 30-minutes
showed around 10% more degradation with shearing time changing. As it can be seen in the
clay system example (Figure 10-19). The average size degradation of 10-minutes with first
group (water and clay systems) was 52% reduction in size, while the 30-minutes showed an

average of 62% reduction in size (Table 10-18).
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Figure 10-19 Flaked calcium carbonate tparticles weight retained on each mesh size of two-time-
intervals (clay system).

Table 10-18 Flaked calcium carbonate - average size degradation of two-time-intervals

Drilling Fluid Systems

10-Minutes Shearing (%)

30-Minutes Shearing (%)

Dry Phase 0 o
Water 61 =
7pH -52 -60
Clay Base
11pH -43 54
Average -52% -62%
7pH -33 -40
Polymer Base 9pH 29 36
10pH -23 33
Sodium Chloride (NaCl) 7pH -35 38
Systems T0pH 25 s
Calcium Chloride (CaCly) 7pH -30 34
Systems opH o —
Average -32% -36%
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10.5.4 Mass Lost %
The clay and water systems lost 31% of the material mass after shearing with only
70% of the particles that are above 149 pm, while polymer systems maintained 85% of the

particles above the minimum size (Table 10-19 and Figure 10-20).

Table 10-19 Flaked calcium carbonate - mass lost % (30- minutes shearing)

Drilling Fluid Systems Mass Loss %
Dry Phase 0
Water 34
7pH 30
Clay Base
11pH 29
Average 31%
7pH 18
Polymer Base 9pH 17
10pH 14
Sodium Chloride (NaCl) 7pH 14
Systems 10pH =
Calcium Chloride 7pH 13
(CaClp) Systems oori -
Average 15%
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Figure 10-20 Flaked calcium carbonate - mass lost %.

10.5.5 Material Behavior after Fluids | nteracti on

The original particle shape of flaked calcium carbonate was angular, sub-angular, thin,
and flat in shape with a small surface area. The wet shape for all fluids was drastically changed
to be sub-rounded and angular.

The specific gravity measurements of flaked calcium carbonate did not change after
WKH IOXLGTY LQWHUDFWLRQ DQG VW\HG FRQVWDQW DW
10.5.6 Material Plugging Performance

The simulated plugged fracture was obtained at 5.0 mm by using the dry PSD (no
shearing) of the material, but when the shearing force occurred, the material was able to plug
3.0-mm fractures. This dropped in fracture size was quantified to be a 40% decrease, while the
size degradation of the fluids used in this test was 60%. Thus, the size degradation percent of

flaked calcium carbonate to plugging efficiency ratio is 1:0.6 ratio.
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Table 10-20 Flaked calcium carbonate plugged fracture size before and after shearing force

No Shearing 30- Minutes Shearing
Size of Fluid Size of Fluid
Fracture Loss Plugging Photo Fracture Loss Plugging Photo
(slotted), 3 (slotted), 3
cm cm
mm mm
5.0 31 3 28

10.6  Natural Cellulose Fiber

The dry size range of natural cellulose is from 2,830 to 105 pm.
10.6.1 Carrier Fluids

The overall performance of natural cellulose fiber with the different carrier fluid systems
showed that the material performed a minor size reduction with all systems with a maximum

degradation of 17% with a high-pH clay system (Figure 10-21).
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Figure 10-21 Dry and wet PSD (natural cellulose fiber - all systems).
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10.6.2 Size Degradation

The average size degradation of all fluids was reported at a 3% size reduction (Table
10-21). The small particles (Do) showed a size increase of 17%. The big particles (Doo)
showed a loss of only 21% only, while the median particles (d50) showed a size decreased of

3%. This material showed a particles redistribution between the big and small particles (Figure

10-22).
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Figure 10-22 Natural cellulose fiber -size degradation performance (30- minutes shearing).
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Table 10-21 Natural cellulose fiber -size degradation performance (30- minutes shearing)

Size
Drilling Fluid Systems Degradation
% Dgo% | Dso% | D10%
Dry Phase 0 0 0 0
Water 5 -19 9 24
7pH -5 -18 -6 13
Clay Base
11pH -17 -32 -17 0
7pH -1 -18 -2 16
Polymer Base 9pH 6 -19 4 40
10pH -4 -23 -2 15
Sodium Chloride (NaCl) 7pH -10 23 | 10 | 6
Systems 10pH 2 20 | 3 | 13
Calcium Chioride (Cacl) | "PH - 24 | -5 | 16
Systems OpH 3 18 | 6 | 23
Average -3% 21% | -3% | 17%

10.6.3 Shearing Time Effect

The time-intervals analysis of natural cellulose fiber size degradation performance
showed that the material was not affected by time changing and acted as a time-independent
material.

The size degradation results of the 10-minutes and 30-minutes shearing time were
similar and no extra size degradation was encountered, as it can be seen in the clay system
example (Figure 10-23).The average size degradation of 10-minutes with all fluids was 1%
reduction in size, while the 30-minutes showed an average of 3% reduction in size (Table 10-

22)
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Figure 10-23 Natural cellulose fiber *particles weight retained on each mesh size of two-time- intervals

(clay system).

Table 10-22 Natural cellulose fiber -average size degradation of two-time-intervals

Drilling Fluid Systems

10-Minutes Shearing (%)

30-Minutes Shearing (%)

Dry Phase 0 0
Water 9 5
7pH -2 5
Clay Base
11pH -13 17
7pH 4 1
Polymer Base 9pH 8 5
10pH 4 )
Sodium Chloride (Nacl) | 'PH -2 10
Systems TOpH 2 -
Calcium Chloride (CaCl2) 7pH 8 5
Systems opH 5 -
Average 3 3
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10.6.4 Mass Lost %

The aspect of natural cellulose fiber mass percentage loss study that went below of the
original PSD, revealed that the material lost some of its mass and introduced new small
particles that are below the minimum dry particle size (105 pum). As seen in Table 10-23, for all
fluids, natural cellulose fiber behaved in very similar terms of percentage mass lost. The
average percentage of lost mass was observed to be around 17%. That means after mixing
and shearing, only 83% of the initial material mass will be reaching the target zone (Table

10-23 and Figure 10-24).

Table 10-23 Natural cellulose fiber - mass lost % (30- minutes shearing)

Drilling Fluid Systems Mass Loss %

Dry Phase 0%
Water -19

7pH -20
Clay Base

11pH -12

7pH -16
Polymer Base 9pH -16

10pH -17

7pH -17
Sodium Chloride (NaCl) Systems

10pH -18

7pH -16
Calcium Chloride (CaClz) Systems

9pH -15
Average -17%
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Figure 10-24 Natural cellulose fiber - mass lost %.

10.6.5 Material Behavior after Fluids Interaction

The material showed a decrease in specific gravity with fluids interaction. The average
specific gravity reduction is 0.71 and that was due to -cellulose characteristics of water
absorption to develop hydrogen-bond interaction, resulting in volume increased (Caulfield

1978). Therefore, the specific gravity reflected that drop.
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The material

dry phase shape was angular

and sub-angular. Then due to fluids

interaction, the wet shape showed more angularity with curved corners.

10.6.6 Material Plugging Performance

7TKH PDWHULDOYfV SOXJJLQJ

HIILFLHQF\ ZDV QRW DIIHFWHG E\

was able to plug the same fracture size with and without the shearing force effect. The material

plugged a simulated fracture size of 2.5 mm with a fluid loss of 2.5 ml. (Table 10-24).

Table 10-24 Natural cellulose fiber plugged fracture size before and after shearing force

No Shearing 30- Minutes Sheari ng
Fsrélzcetu?; Fluid FSr;zC?u(:fe Fluid
(slotted), '-0533' Plugging Photo (slotted), LOSSé, Plugging Photo
cm cm
mm mm
25 23 25 25
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CHAPTER 11

CONCLUSIONS AND RECOMMENDATIONS

There is a variety of information and analysis that must be assimilated and understood
to plan the best lost circulation management process. Lost circulation management due
diligence is a process of evaluating the material with many factors involved. This work
developed a strategy and process for new lost circulation management.

The central new analysis and investigations of this dissertation are to identify and
introduce new aspects and areas that affect the lost circulation event. The first area evaluated
the carrier fluids to obtain wide range of fluid properties and examine the effect of fluid
properties on the LCM performance. The ten water-based fluids were designed and tested.
The new areas of investigations on the carrier fluids include different fluid systems (water, clay,
and polymer), introducing new analysis of the salt systems (NaCl and CaClz), and examining of
alkalinity alteration for all fluid systems.

The second area of investigation was an in-depth analysis of six common materials
(granular, flaky, and fibrous) in the industry by experimentally studying and quantifying the
physical (particle size distribution) and chemical characteristics of the materials. The objective
of this phase is to understand the material properties and build a relationship between the
material  oroperties and its performance. Material analytical studies were also carried out to
investigate the material specific gravity, the source of the material (compositional elements,
andthe PDWHULDOfTVY SDUWLFOH VKDSH

The third area was an intensive lab work on the materials and the interaction of
designed fluid systems to study their impact on the LCM performance. The study combines
basic and applied research to investigate the effect of the fluids on the LCM. The main analysis
includes the high shearing size degradation of each LCM with each of the designed fluids at
4000 RPM for several time-intervals. The second part of this area was the analysis of the

material mass loss percent resulting from the high shearing force. The mass loss (reported as
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mass loss %) is the percentage of sample mass that went outside the dry PSD range which
produced new small particles that adversely affecting the material plugging efficiency. The third
part of the analysis was the investigation of the small, median, and big particles size (D1o, Dso,
and Do) to examine the initial PSD design. The fourth point of investigation in this phase was
the material specific gravity and particle shape to examine the material property changes due
to fluid interaction.

Finally, a new experimental design and approach were developed to enhance the
material plugging performance by taking into accounts all areas of the study. The current
bridging theory is based on one-size-fits-all and does QRW FRQVLGHU WKH /&0fV SK\VL
chemical properties, the type or source of the LCM, and the expected size degradation. This
work developed material-specific experimental mathematical observations to optimize the
plugging capability of the six materials. Moreover, a new modification was made to the current
equipment used in the industry which obtained more accurate results.

The major findings and conclusions of my work and the recommendations for future
work are discussed in the following sections.

11.1  Conclusions

The overall impact of this Ph.D. research project proves that applying these new areas
of investigation to the current lost circulation management can drive the industry to resolve
some lost circulation problems by effectively and efficiently applying the right LCM in the
specific situation.

The results of this Ph.D. work have been extensively presented and discussed in
previous chapters. The following sections summarize the important and major findings of my
work.

X This work developed a strategy and process for new lost circulation management. It

can be identified as an informative tool to ensure a successful process of managing
the lost circulation event. This research introduced four significant phases to plan

the intended approaches.
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X Many aspects were vigorously studied to identify the pathway for lost circulation
management for better sealing of the fracture.

x ldentified the limits of material effectiveness by varying external factors.

X Investigated the current lost circulation management that typically appears to only
include the selection of LCM particle size to plug a given fracture aperture size
through the current bridging theory without taking into consideration other factors.

x Effect of carrier fluids was proven to be significant on the LCM size degradation:
some materials showed a low size degradation percent with different fluids.

0o Marble and flaked calcium carbonate are the two tested materials that
were affected by the fluid selection. Both LCMs showed a high size
degradation with water and clay systems, whereas they were less
impacted with all polymer systems and showed even a better
performance with high alkalinity polymer systems.

x Each material behaved differently under high shear.

o The materials that did not experience significant size-changes were
walnut, graphite, and natural cellulose fiber. The other materials (marble,
mica, and flaked calcium carbonate) showed a large size reduction.

X Average size degradation is the average percent of the change between wet and
dry Distributions (Ds) values.

o This analysis was not comprehensively examining the actual size
degradation to thoroughly understand the material behavior because the
average size degradation might show an increase in size which is not the
case, since the big particle lost its size and was added to small particle
resulted in increase of the overall average size.

X Analytical analysis of the material after mixing
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o0 Specific gravity was measured for all materials after mixing with fluids.
Only three (graphite, natural cellulose fiber, and mica) materials showed
a change in their specific gravity results.

0 Microscopic analysis was used to examine the material particle shape
after exposure to the fluids. Most of the materials kept their initial shape,
except the flaky group introduced more rounded shape particles.

X LCM plugging performance

0 The international drilling fluids material standard APl 13A does not
address Lost Circulation Material. There is a lack of a worldwide
standard to carry out these materials testing for either research or quality
control.

X The testing equipment and procedure

0 The current testing equipment (PPA) did not produce an accurate result

with the simulated fracture size due to the small outlet diameter.
X The new equipment designs

o A new state-of-art experimental set up was designed for in-depth study
of lost circulation material performance.

X  Six new experimental mathematical observations for better plugging efficiency

o A new experimental mathematical observation was obtained for each
material to enhance the plugging efficiency and can be used to simulate
the fracture size.

11.2 Recommendations for Future Work

This work achieved the initial investigations to update the concerned aspects of the
proper lost circulation management. There are some areas that were not adequately
addressed or needed more experimental analysis to develop a better understanding of lost
circulation material performance to serve the main objective of stopping a lost circulation event.

Below is the list of potential areas of study in the lost circulation topic.
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Study the plugging efficiency on a core.

Study blends of LCMs.

In the size degradation study, apply different shearing rate and temperature.

Study more drilling fluids types such as oil-based drilling fluid (OBM) or all oil.

Examine the effect of adding weighting materials such as barite or hematite.

Examine the sealed core by CT-Scan to identify the packing mechanism and

study the sealing integrity.
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