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[bookmark: _Toc39751576]Abstract
The United States (US) energy consumption is growing at an amazing rate. The high demand in oil and gas has created a surge in shale exploration, drilling, and production. Shale formations have become a source of attraction because of their huge potential. Some major shale plays such as the Tuscaloosa Marine Shale (TMS) have reserve estimated to be more than seven (7) billion barrels. Despite their huge potential, shale formations present major drilling concerns for drilling operators due to their high rate of alteration and incompatibility when exposed to inappropriate drilling or completion fluid systems. Shale instability and low drilling rate represent some of primary drilling concerns encountered in most shale formations. 
Wellbore instability is caused by the radical change in the mechanical strength as well as chemical and physical alterations when exposed to drilling fluids. A set of unexpected events associated with wellbore instability in shales account for more than 10% of drilling cost, which is estimated to one billion dollars per annum. Understanding shale-drilling fluid interaction plays a key role in minimizing drilling problems in unconventional resources. Drilling operators are moving away from conventional water-based mud systems because of the concerns associated with it. Therefore, the need for an alternative drilling fluid system for drilling operations in unconventional resources is growing. Oil-based mud systems have been widely used, but stringent environmental regulations and cost limit their effectiveness, therefore the introduction of inhibitive mud systems for shale operations. The introduction of inhibitive mud systems in shale drilling provide a means of controlling instability and improving drilling efficiency. The shale fluid interaction is mainly influenced by both the shale properties (mineralogy, shale strength, porosity, and permeability), and the drilling fluid properties (rheology, cutting removal abilities, and drilling effectiveness).   
The novelty in this research includes the use of an innovative high-pressure high-temperature drilling simulator set up to investigate both the drilling performance and the compatibility of a set of inhibitive mud systems used in shale drilling. The effectiveness of these inhibitive mud systems in improve shale drilling operation was investigating in the Tuscaloosa Marine Shale (TMS). The tested mud systems included KCl based fluid, formate brine, and conventional water-based mud (WBM). Cylindrical cores, used to mimic vertical wellbore, were drilled and drilling parameters such as torque, friction factor, rate of penetration (ROP), and mechanical specific energy (MSE) were recorded and analyzed.
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viii

1. [bookmark: _Toc39751577]Introduction
1.1. [bookmark: _Toc39751578]Research motivation and Research Hypothesis 
In recent years, tight oil and shale gas resources have become the center of attention for the US oil and gas market. Most shale plays are characterized by their huge potential in oil and gas, leading to a surge in their production. This surge in production has completely increased the contribution of tight oil and shale gas resources in the US production. US Energy Information Administration (EIA) reported in 2018 that tight oil resources or plays accounted for 65 billion cubic feet per day (Bcf/d) of natural gas (accounting for 70% of total US dry gas) and 7 million barrel per day (bbl/d) of crude oil (60% of total US oil). Their report revealed that tight oil resources only accounted for 16 % of US total gas and 12% of total oil respectively in 2008. This increase in tight oil and shale gas production over the past decade in the United States can be associated to the increased technological emphasis on production from unconventional reservoirs and improvement in drilling operations and practices. The production of shale gas and tight oil come from various shale plays including Haynesville, Barnett Shale and others. The natural gas production from these major fields is shown in Figure 1 (EIA 2018).
[image: ]
[bookmark: _Toc37087744]Figure 1- Natural gas production from major shale plays in the US from 2004 to 2018 (EIA 2018)
Despite the continuous increase in shale production, there are still major concerns over drilling practices in these shale plays. There continue to be an increasing focus on efficient drilling of deep and tight shale formations. Despite their huge potential, shale drilling continues to be challenging for operators and usually lead to excessive expenses because of all the possible drilling problems encountered. Serious drilling problems continues to be associated with shale drilling especially in deep and high-pressure wells. Some common problems include bit balling, wellbore instability, and low drilling rates, all correlating to excessive drilling costs. Currently, drilling with polycrystalline diamond compact (PDC) bits and oil- or synthetic mud systems constitute the best practices for shale operations. However, stringent environmental regulations and high operating cost associated with using oil-based mud (OBM) systems limit the effectiveness of these systems. As a result, continuing investigations are still ongoing in industry to find ways to minimize these shale drilling problems and therefore the introduction of inhibitive muds and high-performance water-based muds (HPWBM).
These shale drilling concerns are highly encountered in the Tuscaloosa Marine Shale (TMS). An intensive analysis of drilling reports obtained from wells such as well A, a well drilled into the Tuscaloosa Marine Shale revealed that problems such as pipe sticking, lost circulation, low drilling rate, excessive torque and drag, and hole cleaning were encountered during drilling. Figure 2 shows well A well profile. Analysis of the well profile and the drilling and mud reports from the well revealed drilling concerns such as mud loss, swelling and gumbo zone, pipe sticking, and hole cleaning issues. The TMS extends from North-east Louisiana into South-west Mississippi (Figure 3). The TMS presents a huge potential evaluated around 7 billion barrels of oil. This formation can be the next major shale producer if the appropriate drilling practices are undertaken to minimize the excessive cost of operations in the formation.

[bookmark: _Toc37087745]Figure 2- Trajectory profile of well A drilled into the Tuscaloosa Marine Shale (TMS) 
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[bookmark: _Toc37087746]Figure 3- Tuscaloosa Marine Shale deposit showing the total acres of the formation (Shale Experts 2016)
The major drilling fluid related issues encountered in the Tuscaloosa Marine Shale (TMS) include wellbore instability, bit balling, high operating cost due to use of oil-based mud systems. These issues limited the effectiveness of the drilling fluid systems. With the forgoing assessment of the drilling fluid effectiveness in the TMS, the following hypotheses have been developed for this research:
1. The drilling fluid performance is highly influenced by the formation characteristics such as mineralogy
2. The drilling fluid performance is directly related to the compatibility between the fluid systems and the formation.
3. Inhibitive mud systems are highly effective is shale drilling operations.
1.2. [bookmark: _Toc39751579]Research Objectives
In the design and development of drilling fluids, laboratory investigation of drilling fluid performance was carried out at consistent testing conditions to maintain consistency throughout the research. The objective was to devise an economical, efficient, and more compatible mud systems as alternative to oil-based mud that can drill the deep high-pressure high-temperature (HPHT) Tuscaloosa Marine Shale formation. The major objectives of this research are reported below:
1. Investigate the effect of inhibitive mud systems on shale swelling and dispersion during drilling
2. Characterize the compatibility between different drilling fluids and shale formations 
3. Investigate the impact of drilling inhibitive drilling fluid systems on shale drilling performance
4. Develop a more suitable drilling fluid system that provide better economic and performance for TMS drilling operations 
5. Design an effective lost circulation mud for controlling and treating fluid loss in the formation
1.3. [bookmark: _Toc39751580]Research Outline and scope of Study
The scope of this research focused on conducting experimental investigation on drilling fluid systems such as conventional water-based mud (WBM), cesium formate brine, and KCl based mud systems for compatibility and performance purpose. The experiments conducted using the innovative high-pressure high-temperature (HPHT) drilling simulator were performed under dynamic conditions while the swelling tests were run at ambient condition.
To better conduct this research, a concise and well-developed outline was followed. The research outline used is classified below. 
1. Theoretical study: An extensive and in-depth literature review on shale drilling and drilling fluid activity was performed. The review process included but not limited to analysis of journal articles, conference proceedings, field drilling and mud reports from well A, and related technical publications.
2. Laboratory experiments:  The experimental methods used in this research include drilling fluid formulation, rheological and mineralogy characterization, swelling test, and drilling simulation tests. The purpose of the experiments was to fully comprehend to compatibility between the tested drilling fluids and the TMS formation and evaluate their performances in term of drilling.
3. Post experimental analysis: After testing, drilling and swelling data were recorded using a data acquisition system (DAQ). The data were analyzed for correlation and trend purpose between drilling parameters. An in-depth analysis of the recorded data helped in evaluating the performance of each drilling fluid systems and choosing the most appropriate and effective drilling fluid system for TMS drilling. 



2. [bookmark: _Toc39751581]Literature Review 
1. [bookmark: _Toc35563340][bookmark: _Toc35563403][bookmark: _Toc37771871][bookmark: _Toc39751582]
2. [bookmark: _Toc35563341][bookmark: _Toc35563404][bookmark: _Toc37771872][bookmark: _Toc39751583]
2.1. [bookmark: _Toc39751584]Introduction
To effectively enhance drilling efficiency in shale, an extensive and in-depth background study of shale drilling and fluid compatibility is required. This chapter describes the drilling concerns and factors that contribute to low drilling rate. This chapter also gives an insight of the shale-drilling fluid interaction mechanisms. This first section of this chapter focuses on shale wellbore instability by analyzing the causes, consequences, and possible remediation methods. The second section introduces the concept of bit-balling, which is another detrimental drilling concern for shale. The characteristics of some detrimental clays is also discussed. The last section focuses on drilling fluids, their application, properties, and environmental concerns
2.2. [bookmark: _Toc39751585]Wellbore Instability 
Wellbore instability constitutes the most common problem associated with unconventional shale drilling. Chenevert et al. (2001) reported that wellbore instability accounts for almost 90% of shale drilling concerns and continues to pose major economic burden for drilling operators. Awal et al. (2001) reported in their study that wellbore instability has an estimated economic loss of approximately eight (8) billion US dollar per annual. Wellbore instability can be defined as the variation between the hole diameter and the bit size. It can also be characterized as when the wellbore loses its integrity. Undergauged wellbore, overgauged wellbore, and hole sloughing are prime example of wellbore instability in shale drilling. Figure 4 shows a case of wellbore instability in a naturally fractured formation.
[image: ]Bit diameter
Hole diameter

[bookmark: _Toc37087747]Figure 4- Illustration of wellbore instability in naturally fractured formation with presence of overgauge (Pasic et al. 2007)
Indicators of Wellbore Instability 
Identifying wellbore instability at early stage of the drilling operation is major component of controlling it and minimizing its impact on non-productive time (NPT), therefore saving on the drilling cost. There are various indicators of wellbore instability during a drilling operation. Mohiuddin et al. (2001) and Pasic et al. (2007) reported that the indicators of wellbore instability can be classified in two major groups. The first group consists of direct indicators of wellbore instability. This group includes indicators such as oversize hole, undergauge hole, excessive volume of cuttings, excessive volume of cavings, size and shape of caving at the surface, hole fill after tripping, and excess cement volume required. The second group consists of indirect indicators including but not limited to high torque and drag, increased in circulating pressure, stuck pipe, excessive vibrations, poor logging response, keyhole seating, and excessive dogleg. Table 1 shows the list of indicators of wellbore instability.
[bookmark: _Toc37087878]Table 1-Direct and indirect indicators of wellbore instability (Mohiuddin et al. 2001)
	Indicators of wellbore instability

	Direct Indicators
	Indirect Indicators

	Oversize hole
	High torque and drag (friction)

	Undergauge hole
	Hanging up of drillstring, casing, or coiled tubing

	Excessive volume of cutting
	Increased circulating pressure

	Excessive volume of caving
	Stuck pipe

	Caving at the surface
	Excessive drillstring vibrations

	Hole fill after tripping
	Drillstring failure

	Excess cement volume required
	Deviation control problems

	
	Inability to run logs

	
	Poor logging response

	
	Annular get leakage due to poor cement

	
	Keyhole seating

	
	Excessive dogleg



Causes of Wellbore Instability 
Wellbore instability is one of the most common drilling concerns encountered when drilling most unconventional shale formations. There are various causes of the wellbore instability. According to Samuel et al. (2001), Chenevert et al. (2001), and Konate et al. (2020) the causes of wellbore instability can be grouped under three (3) major interrelated headings. The first heading refers to mechanical wellbore instability. The mechanical instability is associated with stress and rock strength variation around the wellbore. The causes are related to the rock type, rock strength, rock stresses, and wellbore geometry such as inclination and azimuth. Mechanical failure occurs when the wellbore stresses concentration exceeds the rock strength. Samuel et al. (2001), Chenevert et al. (2001), and Van Oort et al. (2003) reported that wellbore stress concentration of wellbore results from drilling into pre-stressed rock, excessive wellbore pressure, and drillstring vibration. The second major heading is the chemical-rock interaction instability. This refers to the sensitivity of shale formations to their chemical environment. Incompatibility between drilling fluid systems and shale formation constitute one of the primary and most concerning cause of wellbore instability as cause a reaction. This reaction is characterized by the swelling, disintegration, and dispersion of the wellbore and eventually lead to the collapse of the wellbore. Finally, the last heading refers to the man-made wellbore instability. The man-made instability mostly involves the lack of inadequate well planning. Poor well trajectory selection, selection of wrong inclination and azimuth angle, selection of the wrong drilling fluid system, and poor mud weight selection. All these major headings consist of causes that can be classified into two groups: uncontrollable causes referring to natural factors that cannot be adjusted and the controllable causes where the operators can take actions to limit their impact. Table 2 reveals the list of uncontrollable and controllable causes of wellbore stability. All aspects of wellbore instability (mechanical, chemical etc.) need to be considered when analyzing instability. Salehi et al. (2010) in their work to develop a numerical model to simulate the mechanical aspect of wellbore instability, suggested that a combination of both chemical and mechanical instability should be considered.
[bookmark: _Toc37087879]Table 2- Causes of wellbore instability (Samuel et al. (2001), Mohiuddin et al. (2001), Pasic et al. (2007), Chen et al. (1998))
	Causes of wellbore instability

	Uncontrollable (natural) factors
	Controllable factors

	Naturally fractured or faulty formations
	Bottom-hole pressure (mud density)

	Tectonically stressed formations
	Well inclination and azimuth

	High in-situ stresses
	Transient pore pressure 

	Unconsolidated formations
	Physio-chemical rock-fluid interaction

	Naturally over-pressure shale collapse
	Drillstring vibration

	Mobile formation
	Erosion 

	Induced overpressure shale collapse
	Temperature



Consequences of Wellbore Instability 
Wellbore instability in shale and unconventional drilling continues to have major consequences for the drilling operators, with the most relevant consequences being the increase in non-productive time (NPT) and therefore an increase in drilling cost. The major consequences of wellbore instability according to (Samuel et al. (2001), Santarelli et al. (1992), Chenevert et al. (2001), Salehi et al. (2011)) include but not limited to:
· Reduction in drilling performance (slow drilling rate)
· Stuck bottomhole assembly (BHA) and downhole tools
· Loss of equipment and sidetracking 
· Excessive trip time and reaming time 
· Poor hole logging, inability to land casing and poor cementing conditions and cement jobs
· Total collapse and loss of hole
· Fracture generation and propagation.
· Loss circulation
All these consequences create a huge economic burden for the operators because of the increase in drilling cost due to the excessive non-productive time. Figure 5 reveals that about of 57 % of the non-productive time encountered in well A of the TMS can be attributed to wellbore instability. The wellbore instability NPT comes from sources such as lost circulation, pipe sticking, and loss of equipment. The other source of NPT such as tools replacement and wait on weather accounted for 32%, while the wait on cement (WOC) accounted for 11 % of the total NPT in well A. This indicates the impact of wellbore instability in the TMS formation.

[bookmark: _Toc37087748]Figure 5- Record of non-productive time from well A drilled into TMS
2.3. [bookmark: _Toc39751586]Bit Balling 
The slow drilling rate in shale is one of the major consequences of wellbore instability. The low rate of penetration (ROP) is a major drilling concern for all drilling operators because of its implications on drilling time and costs. A primary contributing factor to low ROP in shale is known as the bit-balling. Bit-balling is a very common phenomenon in high reactive and water sensitive shales. According to Van Oort (1997), bit balling refers to the tendency of drilled cuttings to adhere to the bit surface, as a result forming a cushion between the formation and the bit. The sticky cuttings occupy spaces between drill bit teeth therefore preventing the drill bit cutters from effectively contacting the formation. Consequently, this phenomenon of poor contact between the drill bit cutters and the formation lower the rate of penetration (ROP). Dupriest and Koederitz (2005) and Remmert et al. (2007) reported that bit balling is qualified as a major limiter to ROP. Bit balling and cutting accretion are highly affected by shale hydration process. Van Oort (1997) reported that the tendency of shale cuttings to stick to the bit is a function of the water content of the cutting and the used drilling fluid system. The initial water content is also dependent on the shale type and its clay content. In a study performed in 1997, Van Oort evaluated the correlation between the water content and the clay stickiness. He identified three major zones in his study. A dry zone where the shale is in its initial state. In this zone, the shale is too dry to stick to the bit. It is qualified as a safe zone where there is no chance of bit balling. Continuous hydration of the shale leads to a transition from the dry zone to a more plastic zone. In this zone, shales highly hydrated and very sticky. As a result, the probability of bit balling occurring is very high, making the zone very problematic. The last zone refers to the liquid zone, which is obtained by continuous hydration of the plastic zone. In this zone, shales are too dispersed which limits their ability to stick on the bit. This zone there is an effective wash off of the drill bit cutter. Therefore, this zone presents no risk of bit balling. Figure 6 shows the relationship between the clay stickiness and the water content.
[image: ]
[bookmark: _Toc37087749]Figure 6- Relationship between bit balling and water content (Van Oort 1997)
Bit balling ranges from slight to severe with an uninhibited water-based mud. Invert emulsion oil-based muds are reported to have no bit balling issues. The ratio of bit torque to weight-on-bit (WOB) is a reliable indicator of the degree of severity of the bit balling. Bit balling and cutting accretion results in reduced drilling rate, excessive non-drilling time (NDT), and expensive remediation.
Bit balling can be significantly reduced by maintaining a low water content of the shale, selection of appropriate drilling fluid system, and drill bit optimization. Most formations including high-reactive shale formations rely on polycrystalline diamond compact (PDC) bit. However, the use of shear cutting principle by the PDC bit makes it very vulnerable to bit balling due to its ability to generate cutting chips. Several studies have been undertaken to understand and develop method of optimizing PDC bit. Since bit balling is mostly initiated by the generation of small cuttings, Zijsling et al. (1993) suggested the use of larger cutter standoff distance in a PDC design to ensure the production of larger cuttings that can be efficiently transported and reducing the contact with the bit body. This method provides improvement in minimizing bit balling; however, it greatly weakens the bit strength. Thus, this method is only effective for a range of drilling parameters and certain formations to avoid rapid wear and fatigue of the bit. Additionally, Smith et al. (1995) suggested smoothening the surface finish of a PDC cutter in order to reduce the friction coefficient of the cutter and produce long thin cuttings that are easily evacuated. They claimed that the evacuation of rock cutting is highly affected by the thickness of the cuttings and the friction generated. The idea of smoothening the cutter of PDC bit led to the introduction of polished cutter. Van Oort et al. (2000) suggested that the use of polished cutters minimize bit-balling and improve the bit life. 
2.4. [bookmark: _Toc39751587]Lost Circulation 
Lost circulation is another major consequence of wellbore instability in shales and natural fractured reservoirs. Lost circulation refers to continuous loss of drilling fluids into a fracture wellbore. Lost circulation is one of the main contributors of non-productive time (NPT) is most shale operations. Analysis of previous drilling report from well A revealed that lost circulation accounted for more than 40% of the NPT in this well. Lost circulations in mostly common in loose/depleted reservoir, shale formations, fractured reservoirs, highly permeable formations etc. (Figure 7). A study performed by Ezeakacha (2018) revealed that shale formations and loose and depleted sand account for about 29% of the NPT among different lithologies. 
[image: ]
[bookmark: _Toc37087750]Figure 7- Illustration of classification of common lost circulations 
In addition to the increase in NPT, lost circulation presents some other major consequences for shale drilling operations. According to Ezeakacha et al. (2019) and Salehi et al. (2016), some major consequences of lost circulation include but not limited to excessive non-drilling time (NDT), formation damage, and stuck pipe. The severity of the loss is highly correlated with the consequences. The severity of the loss is dependent of the formation type and the lithology. Ezeakacha et al. (2017) reported that fluid loss is more pronounced in more porous rocks. According to Frates et al. 2014), as the severity of the loss increases, the financial losses also increase to eventually match the cost for additional drilling fluid, lost circulation treatment, rig time, and delays in drilling operations. There are four common types of lost circulation classified based on volumetric rate. Table 3 illustrates the different types of losses.
Table - Lost circulation classification based on volumetric rate (Frates et al. 2014)
	Type of Loss
	Severity of Loss

	Seepage
	Less than 1.6 m3/h [10 bbl/h]

	Partial
	1.6 to 16 m3/h [10 to 100 bbl/h]

	Severe
	More than 16 m3/h

	Total
	No fluid return to the surface



Due to the high cost implications of lost circulation, it is crucial to take preventive and remedial actions to control the losses. Although it is preferable to complete stop lost circulation during drilling, it is not always possible or required. Lost circulations are much easier to prevent than cure. An advanced controlled of the lost circulation, allows the drilling operation to continue while maintaining a full wellbore and preventing gas influx. There two major types of treatment:  a remedial treatment, which refers to actions taken to cure loss when it has already occurred and preventive treatment that refers to taking actions when a loss zone is anticipated. Figure 8 illustrates some potential lost circulation treatment methods.
[image: ]
[bookmark: _Toc37087751]Figure 8- Most common lost circulation treatment actions (Ezeakacha 2019, Konate et al. 2019, Frates et al. 2014, Magzoub et al. 2019)
Three of the most common treatment methods include: the use of lost circulation materials, settable materials, and a combination of the previous two. Lost circulation materials include but not limited to fibrous fiber, nanoparticles, and swellable materials. Fibrous fiber (cedar fiber) remains one of the most used lost circulation materials in fractured shale formations due their stability at high temperature.  Settable materials consist of slurry systems that set at a desired location. These materials generate a solid seal in the target zone where there is a chance of loss. Some of the most common settable materials include but not limited to cement and cross-linked polymers. Magzoub et al. (2019) evaluated the effectiveness of cross-linked polymer in sealing fractured zones. Their study showed that cross-linked polymers are very effective in sealing wide fractures and where temperature varies a lot making them suitable for shale formations. One primary requirement for settable materials is that their slurries must be easily pumpable. 
2.5. [bookmark: _Toc39751588]Clays Characterization
Understanding clay characterization plays a major role in controlling wellbore instability in most reactive shales. There is a high correlation between the clay type and the wellbore instability.it is generally reported that the nature or type of clay minerals in shale formations is a primary cause of instability. Currently, the volume expansion (swelling) of most reactive clays is considered as one of the leading causes of instability. O’Brien and Chenevert (1973) were some of the first researchers to study the relationship between wellbore instability and clay mineral composition. They characterized clay mineral in term of hardness, tendency to hydrate, swelling tendency, and dispersion tendency. Their study revealed that the most active clay minerals in causing wellbore instability include smectite, illite, and mixed clay (illite + smectite). Both kaolinite and chlorite were given a secondary importance, implying their inactivity in wellbore instability. Their study revealed five (5) classes of shales (Table 4). Class 1 shale is mostly dominated by smectite and present the highest affinity and shows high swelling and dispersion tendency. Class 2 shale is reported to be fairly dispersive with low swelling tendency due to a combination of high illite fairly high smectite. Shale dominated by mixed layer clay and chlorite (class 3) less dispersive shows lower swelling tendency. Hard shales (class 4 and 5) shows very low to little dispersion




Table -Problematic shale classification according to their characteristics and clay mineralogy (after O’Brien and Chenevert, 1973)
	class
	Characteristics
	Clay minerals

	1
	Soft, highly dispersive (gumbo). Mud making
	High smectite, some illite

	2
	Soft, fairly dispersive. Mud making
	High illite, fairly high smectite

	3
	Medium hard, moderately dispersive, sloughing
	High in mixed layer, illite, chlorite

	4
	Hard, little dispersion, sloughing
	Moderate illite, moderate chlorite

	5
	Very hard, brittle, no dispersion, caving
	High illite, moderate chlorite


2.5.1. [bookmark: _Hlk35990716][bookmark: _Toc39751589]Clay Structure
All clay minerals are in general crystalline dominated in nature. These crystals determine the main properties of the clays. Clays are characterized to have a flaky, mica-type structure, where the flakes are composed of a number of crystal platelets that are stacked face to face. Each of the platelet represents a unit layer, and the surface of the unit layer is referred to as basal surface. A clay unit layer is composed of multiple sheets. The most common sheets include the octahedral and the tetrahedral sheet. The octahedral sheet is mainly composed of either aluminum (Al) or magnesium (Mg) atoms that are octahedrally coordinated with oxygen (O) and hydroxyl (OH) at the edges. The oxygen and hydroxyl group represent the anion groups which share the edges of the sheet with coordinating cation groups such as aluminum, or magnesium as reported by (Murray, 2007). The aluminum and magnesium ions that make up the octahedral layers can be replaced by other well-known ions such as Fe3+, Fe2+, Cr2+, Zn2+, Ni2+, and many others. The replacement of Al3+ by Fe3+ and Mg2+ by Fe2+ is the most common substitution encountered. Figure 9 shows an octahedral sheet with a combination of aluminum and oxygen atoms
[image: ]
[bookmark: _Toc37087752]Figure 9-Octahedral sheet of a clay (Murray, 2007)
Another most common sheet includes the tetrahedral sheet. This sheet is mainly composed of silicon (Si) atoms that are tetrahedrally coordinated with oxygen atoms. Each silicon atom is coordinated with four (4) oxygen or hydroxyl groups. Tetrahedra are arranged in sheet in a form of hexagonal network, where oxygen atoms share the basal corners of the tetrahedra. In most tetrahedral sheet of clay mineral, the silicon ion (Si4+) can be replaced by aluminum ion (Al3+) or iron ion (Fe3+) (Murray, 2007). Figure 10 illustrates a tetrahedral sheet with combination of silicon and oxygen atoms
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[bookmark: _Toc37087753]Figure 10- Tetrahedral sheet of a clay mineral (Murray, 2007)
Different sheets such as octahedral and tetrahedral sheet of a unit layer can be connected together by the sharing of oxygen atoms. In case of the linking one octahedral and one tetrahedral sheet, one basal surface has exposed oxygen atoms, while the other basal surface has exposed hydroxyl groups. The linking of one octahedral and one tetrahedral sheet constitutes a 1:1 layer. Another common connection between sheets includes the linking of two tetrahedral sheets and one octahedral sheet by the sharing of oxygen atoms. In this case, both basal surfaces of the unit have exposed oxygen atoms. This 2:1-layer results in a structure known as the Hoffmann structure where the octahedral sheet is sandwiched by two tetrahedral sheets (Hoffmann and Lipscomb, 1962).
2.5.2. [bookmark: _Toc39751590]Clay Mineral Classification
The arrangement of clay sheets plays a major role in classifying clay minerals. The number and arrangement of the tetrahedral and octahedral sheets determine the type of layer. There are three common type of layers including the 1:1, 2:1, and 2:1:1 clay mineral.
· 1:1 clay mineral
The 1:1-layer clay mineral consists of the linking of one tetrahedral and one octahedral sheet in the structural unit. The most common two-sheets mineral type is the kaolin group. The kaolin group is represented by a general formula of Al2Si2O5(OH)4. The most common mineral of this group is known as kaolinite (Figure 11a). This mineral has a coordination of Al3+ octahedral and Si4+ tetrahedral. The two sheets are bonded together by the well-known Van der Walls bond between the oxygen of the tetrahedral sheet and the hydroxyls of the octahedral sheet. The layers of this type of mineral are held together using hydrogen bonding, which limits the expansion and restricts the reactivity of the external surface area (Barton and Karathanasis, 2002). Clay minerals from the kaolin group are highly stable with a relatively small surface area of 15 (m2/gm). The kaolinite mineral is also non-swelling and has a very low absorptive capacity. These properties make the kaolinite clay mineral less detrimental to shale drilling operations.
· 2:1 clay mineral
The sandwiching of one octahedral sheet by two tetrahedral sheets creates a three-sheet clay mineral type, usually called 2:1 clay mineral. The mica and smectite group are the most common 2:1 clay mineral. The first group, mica consists of mineral such illite. Illite (Figure 11b) intermediates between kaolinite and the smectite. It has a general formula of (K1-1,5Al4[Si7-6,5Al1-1,5O20] (OH)4). The illite mineral has layers that are tightly bonded together by Van der Waals bonds. The 2:1 illite presents low absorptive and swelling/shrinking capacity. This also has a surface area of 30 (m2/gm) and is very dispersive. The other group of the 2:1 clay mineral is the expandable group known as smectite (Figure 11c). This mineral has charges that derive from the substitution of Mg2+ and Al3+ (Barton and Karathanasis, 2002). Like most of the clay minerals, the 2:1 smectite consists of layers that are held together by the Van der Waals bonds. In addition to these bonds, the layers in this mineral are also held together by a weak cation-oxygen link. The smectite group is represented by a general formula given by (1/2 Ca, Na)0,7(Al, Mg, Fe)4[(Si, Al)8O20]. nH2O. The presence exchangeable cation such as Al3+ and Mg2+ between water molecules makes the smectite group highly expandable. This mineral also has high swelling and shrinking potential, and adsorptive capacity. This mineral unlike others, has a very high surface area of 800 (m2/gm) (Tiab et al. 2004).
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[bookmark: _Toc37087754]Figure 11- Scanning electron microscopic illustration of common clay minerals (Tovey 1971)
· 2:1:1 clay mineral
The 2:1:1 clay mineral is a combination of the basic 2:1-layer structure and an additional interlayer like sheet. The interlayer sheet is generated due to the isomorphic substitution that occurs within the 2:1-layer structure. The most common group of the 2:1:1 clay mineral is the chlorite. This mineral has a general formula given by (Mg, Al, Fe)12[Si, Al)8O20] (OH)16. This mineral has no adsorption capacity, which makes it non expansive. The chlorite has a surface area of 15 (m2/gm) (Tiab et al. 2004).
· Mixed-layer clay mineral
In addition to the basic clay mineral discussed, there exist mixed-clay minerals. These minerals are formed from a combination the basic minerals. The most common mixed-layer clay minerals include the illite-smectite and the chlorite-smectite combination. Theirs properties and characteristics are similar to that their basic minerals that they originate from.
The clay minerals are important components of most shale reservoirs. The presence of clay minerals strongly affects the physical and chemical properties of most unconventional shale operations. Table 5 summarizes some properties of most common clay minerals. 
Table - Summary of some properties of the most common clay minerals and their effect on reservoir (Tiab et al. 2004, Civan 2000).
	Minerals
	Surface area (m2/gm)
	Cation exchange capacity (meq/100 gm)
	Major reservoir concerns

	Kaolinite
	15
	1-10
	Breaks apart, migrates and
concentrates at the pore throat
causing severe plugging and loss
of permeability

	Chlorite
	15
	<10
	Extremely sensitive to acid and
oxygenated waters. Will
precipitate gelatinous Fe (OH)3
which will not pass through pore
throats.

	Illite
	30
	10-40
	Plugs pore throats with other
migrating fines. Leaching of
potassium ions will change it to
expandable clay.

	Smectite (Mont)
	800
	80-150
	Water sensitive, 100%
expandable. Causes loss of
microporosity and permeability.



2.6. [bookmark: _Toc39751591]Drilling Fluids
Drilling fluid refers to any fluid that is circulated or pumped from surface to drillstring through the drill bit and back to the surface by means of the annulus. The drilling fluid governs the success and failure rate of all drilling operations. Drilling fluid is as important for all drilling operations as the blood in a human body. It is at the heart of all drilling operations. Poor drilling fluid design and selection can a source of major issues including but not limited to: 
· Poor drilling performance and therefore a high cost of drilling operations 
· Failure to deliver quality geological and reservoir data
· Failure to optimize reservoir production, etc.
Drilling fluids have a variety of functions that can be classified into primary and secondary functions. The primary functions of drilling fluids focus on cutting removal, formation pressure, and borehole stability. The primary functions include:
· Transporting and removing cuttings from wells
· Controlling of formation pressure during drilling
· Maintaining borehole stability
In addition to these primary functions, drilling fluids provide additional functions known as secondary functions. The secondary functions are as important as the primary functions for the success of any drilling operations. The secondary functions of drilling fluids include:
· Sealing of permeable formation to minimize risk of kick and blowout
· Suspending of cutting under static conditions 
· Cooling and lubricating of drill bit and bottom-hole assembly (BHA)
· Minimizing loss of fluid to formation
· Providing hydraulic horsepower to the bit.
An effective drilling fluid accomplishes all primary functions and some secondary functions depending on the formation. Figure 12 illustrates the main functions of a drilling fluid. Many key factors affect the performance of drilling fluid. Some of the major factor include: 
· Fluid rheology
· Change in drilling fluid viscosity
· Change in drilling fluid density
· Change of mud pH
· Corrosion or fatigue of the drillstring
· Thermal stability of the drilling fluid
· Differential sticking
There are many types of drilling fluid available in the industry. The selection of the appropriate type of drilling fluid system is governed by factors such as formation type, drilling performance, relative cost, and disposal cost. The major types of drilling fluid systems are discussed below.
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[bookmark: _Toc37087755]Figure 12- Primary and secondary function of an effective drilling fluid
2.6.1. [bookmark: _Toc39751592]Water-Based Mud Systems
The water-based mud (WBM) system represents the most common fluid system used around the world. According to Ryen Caenn 2015, water-based mud account for approximately 60% of worldwide application. WBM is a fluid system where the water represents the continuous phase of the mixture. WBM consists of a combination of a base fluid (freshwater, seawater), clay (bentonite), and chemical or additives. There are variety of WBM systems. The simplest water-based mud is designed with based fluid such as freshwater or saltwater. This type of WBM is widely used in competent and non-reactive formations. It can be both dispersive (freshwater) or non-dispersive (saltwater). Some major advantages of using the simplest WBM include its low cost, low toxicity, and low disposal and waste management costs. However, this version of WBM is greatly limited by its performance, stability issues, and poor temperature stability.
Another major type of water-based mud is the high-performance water-based mud (HPWBM). The HPWBM systems were introduced to overcome the limitations of the simplest WBM. This version of WBM is designed using a unique salt such as potassium chlorite, sodium chlorite, or calcium chlorite. These salts provide shale inhibition as opposed to the simplest WBM. The pros of using HPWBM systems for drilling include the reduction in chemical interaction between drilling mud and a water-sensitive formation (reduction in hydration, swelling of clays), improved rheology, improve hole and temperature stability, and increase drilling performance. However, their application is limited by their relative cost, disposal cost, and restriction on waste management (Mario and Mike, 2017).
2.6.2. [bookmark: _Toc39751593]Oil-Based Mud Systems
Oil-based mud (OBM) system is another major type drilling fluid system with a wide range of use in the industry. OBM is drilling fluid system mainly composed of a base oil (diesel, low toxic mineral), water, additives and chemicals. The base oil represents the continuous phase of the system. OBM systems provide an improvement to the WBM systems and help overcome their limitations. This drilling fluid is highly effective in drilling of (1) highly reactive shale formations, (2) evaporite formations, (3) extended reach wells, (4) deep, high pressure, high temperature (HPHT) wells (Konate et al. 2019). OBM systems are used for reasons including improved lubricity, enhanced shale inhibition, improve rock-fluid interaction (swelling and hydration), greater cleaning ability due to low viscosity, and stability at high temperature. However, as reported by Konate et al. (2019), the effectiveness of OBM systems is greatly limited by the associated high cost, strict environmental regulations, elevated disposal cost, waste management concerns, and logging difficulties.
2.6.3. [bookmark: _Toc39751594]Synthetic-Based Mud Systems
Synthetic-based mud (SMB) represents an improved version of the OBM. It is commonly known as low toxicity oil-based mud and is designed using synthetic oil such as ester, or paraffins instead of diesel or mineral oil. SBM systems have similar properties as the OBM with a minimum toxicity. These fluid systems provide improved performance with minimal environmental impact. The primary goal of these systems is to provide similar inhibitive properties and advantages as the OBM while limiting toxicity. SBM presents similar cost concerns as the OBM but with minimum environmental restriction.
2.6.4. [bookmark: _Toc39751595]Formate Fluids
Formate brines are a set of drilling fluid systems designed using high-density brines. The high-density brines are obtained as a combination of dissolved aqueous solution of metal salt of formic acid with water. The most common formate brines include the sodium formate, potassium formate, and cesium formate. The molecular structures of these formate brines are reported below:
[image: ]                                                                                                 
According to the formate brine manual from Cabot, these drilling fluid systems consist of physical and chemical properties that suggest better compatibility and interaction with different high clay shale formations. Some of the most important properties of formate fluids are reported below:
· Formate brine systems provide a wide range of density that cover range normally required in drilling and completion operation. The range of density for formate fluids varies from 8.3 lb/gal to 19.2 lb/gal. Figure 13 shows the different range of density for formate fluids.
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[bookmark: _Toc37087756]Figure 13- different range of density covered by formate brine fluids (Howard, Formate Technical Manual)
· Formate brine systems show adequate compatibility with most water-based drilling fluids with the exception of halides and barite. A contact between formate ions and barite or halides usually generate precipitates that can be problematic and limit the effectiveness of the formate fluids.
· The formate brine are also reported to have the ideal characteristics for low solid drilling, deep drilling, and slim hole drilling.
The formate brines are highly attracted due to their numerous advantages. While their use is still limited by their excessive cost, formate brines provide major benefices to reactive shale drilling. Some of the advantages as reported by Konate et al. (2019), konate et al. (2020), Gilbert et al. (2007), Van Oort et al. (2015), and John Downs (2018) include:
· Maintenance of solids carrying capabilities at high temperature
· Improved fluid-rock interaction (swelling, hydration)
· Elimination of solid sag at high temperature
· Minimal circulating pressure losses
· Low potential of differential sticking (very thin filter cake)
· Better hole cleaning 
· Good lubricity
· Low equivalent circulating density (ECDs) in low/narrow boreholes
· Maximum power transmission to mud motors and bits
· Non-hazardous 
· Environmentally responsible and readily biodegradable
An extensive environmental assessment conducted in 2003 by the environmental Consultancy Metoc provided major supportive ground the environmental compatibility of the formate brine. Their study revealed that a large scale of accidental spills of formate brine do not cause any major environmental damage. Table 6 provides a summary of the most common drilling fluids in the industry. 
2.6.5. [bookmark: _Toc39751596]Amine-based fluid systems
The amine-based systems represent a variation of the high-performance water-based muds (HPWBM). These systems were introduced in the market in the late 1980’s (Beihoffer, 1990). These drilling fluid systems have the potential to improve shale stability. According to Patel et al. (2007), these fluids systems have improved ability to suppress clay hydration and prevent hydratable clays from swelling and expanding during drilling because of the ability of the amine molecule to easily enter the clay structure. The amine-based fluid systems display the ability to control clays with high absorption capacity such as smectite. They are highly compatible with most drilling fluids additives which can be used to improve their formulation. These fluid systems show low marine toxicity making them suitable for offshore drilling applications. One major limitation of these fluid systems is their limited performance for formation with high concentration of reactive clays. Additionally, Patel et al. (2007) reported that amine systems experience difficulties to disperse or dehydrate clay particles that are already hydrated making them less appropriate for drilling shale formations with low cation exchange capacity (CEC).
2.6.6. [bookmark: _Toc39751597]Glycol-based fluid systems
Glycol-based systems are commonly used today in the industry for shale drilling. These systems are another variation of the HPWBM. These drilling fluid systems generate precipitate and displace the water; therefore, blocking shale pores and limit fluid invasion during drilling. The phenomenon tends to stabilize the wellbore wall. A major advantage of glycol systems is their ability to reduce pore pressure transmission leading to a stable wellbore (M.S. Aston & Elliot, 1994). These systems have the tendency of coating the drilled cuttings; therefore, reducing their dispersion. The high salt-dependency of these fluid systems makes them impractical in term of fluid and cutting disposal. Additionally, the irreversible pore blocking mechanism of these fluid systems make them less desirable for some unconventional shale as they increase formation damage (M.S. Aston & Elliot, 1994).
2.6.7. [bookmark: _Toc39751598]Aluminum-based fluid systems
The aluminum-based fluid systems are based on a complex mixture of aluminum salt soluble in water. These systems are a variation of HPWBM. These systems are characterized to have higher pH. Therefore, when they encounter a solution of lower pH such as connate water, they tend to generate precipitate known as aluminum hydroxide in the form of crystalline mineral. The generated precipitate has the ability of blocking shale pores which eventually reduces the pore transmission. This mechanism leads to an increase in shale strength and prevent the wellbore from experiencing swelling or wellbore collapse (Benaissa, (1997), Omojuwa et al. (2011)). These systems are highly effective in improving the overall performance covering reactive clays due to their pore blocking ability and cation exchange capacity (CEC) potential. According to Van Oort et al. (1996), a major limitation of these systems is their high dependency on pH, which can lead to sudden precipitation due to sudden change in pH. The sudden precipitation can lead to excessive torque and drag and bit-balling. Field case studies in the Chonta shale (Soriano et al. 2015) and the brittle shale formation of Viletta shale (Ramirez et al. 2015) showed that the aluminum-based systems have adequate performance in term of shale stability. These studies showed that the aluminum hydroxide precipitate effectively reduces pore pressure transmission during drilling. Additionally, Ramirez et al. (2005) reported 75% reduction in shale hydration when aluminum-based fluid system is used to drill the Villeta shale compared to conventional water-based mud.
2.6.8. [bookmark: _Toc39751599]Silicate-based fluid systems
The silicate-based systems were first introduced in early 1940s. The initial application proved impractical due to high rheology problems encountered during drilling (Ward 1999). Since the1960s, the silicates systems were reintroduced with low concentration and in combination salt such as KCl and NaCl. The combination of silicate and salt proved to be very effective in stabilizing shale formations and controlling cutting dispersion. These systems provide shale pore plugging potential due to the generation of precipitates; therefore, minimizing pressure transmission. These systems minimize fluid invasion into shale matrix and produce shale dehydration due to formation hardening mechanism. According to Ward (1999), the high concentration of salt required for achieving good performance with these systems poses cost and environmental concerns. 
2.6.9. [bookmark: _Toc39751600]Nano-based fluid systems
[bookmark: _GoBack]The nano-based fluid system is classified as a smart fluid system obtained by using nano particle with size ranging from 1 to 100 nm as additives in water-based systems. The nano particles are customized for achieving single or multiple functionalities when mixed in the drilling fluid. The nano particles are reported to have high surface area, which increases their reactivity. Therefore, it is recommended to use minimum amount of nano particles. Subhash et. al (2010) reported that nano-based fluid systems generate thin layer of non-erodible and impermeable nano particle around the wellbore which prevent drilling concerns such as shale swelling and excessive torque and drag. These fluid systems are very effective in tackling drilling concerns such as fluid invasion, pressure transmission, and cutting dispersion (Cia 2012).
Table -Summary of major drilling fluid systems and their pros and cons (Konate et al. 2019, Gilbert et al. 2007).
	
	
Water-Based Mud
	

Oil-based mud
	Synthetic-based mud/ Formate brine

	Application worldwide
	60%
	20%
	20%

	

Type/base
	

HPWBM
	

Non-dispersed
	

dispersed
	Diesel or mineral oil
	Ester, paraffins/ cesium, potassium, sodium

	Key reasons for selection
	· Improved rheology
· Well/hole stability
· Moderate temperature
	· Inhibition issues
· Logistic challenges
	· Tophole drilling
· Low cost and simple
· Spud mud
	· High temperature
· Well/hole stability
· Torque and drag
· Better lubrication
· Increase ROP
	· High temperature
· Well stability
· Torque and drag
· Better lubrication
· Increase ROP

	Cost
	[bookmark: OLE_LINK1]Medium to high
	Low
	Low
	high
	high

	Drilling efficiency
	Medium to high
	Low to medium
	Low to medium
	high
	high

	Rate of penetration (ROP)
	Medium to high
	Low
	Low
	high
	high

	Wellbore stability
	Medium to high
	Low to medium
	Low
	high
	high

	Environmental concerns
	Low to medium
	Low
	Low
	high
	Medium to high

	Disposal cost
	Low to medium
	Low
	Low
	Very high
	Medium to high



1. [bookmark: _Toc39751601]Laboratory Experimental Methods
3.1. [bookmark: _Toc39751602]Overview
This section provides an extensive discussion of the testing procedures, materials used, experimental equipment and operating procedures. The section mainly focuses on drilling fluid design, swelling testing procedure, mineralogy characterization, and drilling simulation tests.
3.2. [bookmark: _Toc39751603]Drilling Fluid Design 
Drilling fluid systems are at the heart of the success of all drilling operations. They play major functions. The impact of drilling design and selection is more pronounced in unconventional operations such shale drilling as compared to conventional. In this research, four (4) drilling fluid systems are selected in order to understand their impact on shale drilling. The drilling fluid systems consisted of three (3) inhibitive mud systems (1 wt% and 2 wt% KCl-based muds, and cesium formate brine) and one (1) conventional water-based mud that is used as reference mud. The cesium formate brine system was obtained from service company while the remaining of fluid systems are designed in the laboratory. The drilling fluid systems were mixed according to a practical procedure. The order of the mixing was as followed: water or KCl solution, bentonite, caustic, lignite, desco, and barite. The different components were mixed using a laboratory mud mixer. The different concentrations of mud materials are based on three (3) laboratory barrels. The formulation for the conventional WBM is reported in Table 7. 

Table -Conventional water-based mud formulation
	Products
	Lb/bbl
	% by weight
	% by volume

	Water
	306
	66.084
	87.46

	Gel
	20.0
	4.32
	2.38

	Caustic Soda
	0.5
	0.108
	0.094

	Lignite
	4.0
	0.8635
	0.762

	Desco
	4.0
	0.8635
	0.714

	Barite
	128.6
	27.76
	8.58


 The formulation procedure for the two KCl based systems was similar to that of the conventional WBM. The main difference was replacing the water in the conventional WBM with the KCl solution. Same concentration of gel, caustic, lignite, and barite was used for all two KCl mud systems. After the designing phase of the drilling fluids, a mud balance is used to determine the mud weight. The conventional water-based mud (WBM) has a density of 11 lb/gal, both KCl based fluids have similar mud density of 11 lb/gal. The cesium formate brine on the other hand is kept as received from the provider.
3.3. [bookmark: _Toc39751604]Drilling Fluid Rheology
Drilling fluid rheology is an important parameter for characterizing all fluid systems. The rheological properties can provide an insight on the drilling fluid performance in term of fluid loss, filtration (Ezeakacha et al. 2018), and solid and cutting transport ability. The drilling fluid systems were designed by appropriately mixing the required components such water, bentonite, barite, lignite, and others as discussed previously. After mixing, an extensive rheological investigation was performed in accordance with the API practice (API 13 B-1 2003) using the M3600 automatic viscometer (Figure 14). The viscometer is programmed to profile the drilling fluid rheology parameters including shear stress, shear rate, and apparent viscosity every 30 seconds at a set temperature. In this study, the temperature was set to 120 oF, while the automatic viscometer has a maximum operating temperature of 220 oF. Rheological properties such as shear stress, apparent viscosity, and yield point are major indication of the carrying and hole cleaning capability of all drilling fluid during drilling operations. Drilling fluid rheology is greatly impacted by the operating temperature and the drilling fluid composition. The rheological investigation was performed for the inhibitive mud systems (1 wt% KCl, 2 wt% KCl, cesium formate) and the conventional WBM. The automatic viscometer is connected to a data acquisition system (DAQ) that get digital reading that are stored in a computer.
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[bookmark: _Toc37087757]Figure 14- Automatic M3600 viscometer
3.4. [bookmark: _Toc39751605]Mineralogy Testing
[bookmark: _Hlk37862191]Mineralogy is a major factor that governs drilling fluids performance and their interaction with shale formations. Most clay minerals display different reaction when in contact with different drilling fluids. Minerals such as smectite and illite are highly sensitive to water and some types of drilling fluid. Smectite mineral is characterized by high hydration potential, while illite is more dispersive. In this study, the fourier-transform infrared spectroscopy (FTIR) is used to quantify the mineralogy of the formation of interest. FTIR is a technique that relies on infrared spectrum. It uses a mathematical process to convert raw data into an actual spectrum that is then converted into weight distribution of different minerals. Sample obtained from well A is crushed and finely grinded into powder. The grinded sample is then dried out for 24 hours using a 100 oC oven. 0.05 g of the dried sample is added to 0.3 g of a salt known as potassium bromide (KBr) to generate a disk that is then put in the FTIR spectrometer (Figure 15) to visualize the spectrum. The obtained spectrum is then converted into distribution of the different minerals.
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[bookmark: _Toc37087758]Figure 15- FTIR spectrometer for mineralogy testing
[bookmark: _Hlk37710280][bookmark: _Hlk37700302]The spectrometer uses an infrared light source to measure the cumulative absorption. The generated disk containing the sample and the KBr is then exposed to different wavelength of infrared light and the spectrometer measures which measures which wavelength is absorbed. The raw absorption data is then converted into an absorption spectrum using the mathematical process known as Fourier Transform. The resulting spectrum is then compared to a library of spectra to find a match.
3.5. [bookmark: _Toc39751606]Laboratory Swelling Testing 
Clay dominated shale formations such as TMS are composed of clays such as smectite, illite, and kaolinite that are detrimental to shale drilling when an incompatible or a more inappropriate drilling fluid system is used. The clays present swelling and hydration potential that need to be minimized during drilling operations. The swelling of clay during drilling is a major source of concern for shale drilling operators because of the potential setbacks that can be associated with it. The swelling test was carried out to investigate the impact of the inhibitive drilling fluid systems on shale swelling. The test was performed on the set of inhibitive mud systems (1 wt% KCl, 2 wt% KCl, cesium formate), conventional WBM, and freshwater, which was used as reference fluid. Shale swelling is highly dependent on shale type, temperature, pressure, and duration of compaction. Various testing procedures are avalaible for quantifying the swelling index, however, the most commonly used in the linear swell tester. This testing relies on a dynamic swell meter to simultaneously test different fluid systems for extended period of time at various temperatures up to 180 oF. In this study, a more simpler testing procedure that relies on graduated cylinder is used due to absence of a dynamic swell meter. This method is based on the American Society of Testing Material (ASTM) standard section D 5890. This testing procedure is very common for testing bentonite and soil swelling. It is a very simple and fast testing procedure commonly used by mudloggers on the field to test for reactivity of drilled cuttings. To perform these tests, a 2g sample of dried and finely grinded shale sample is dispersed into a 100 ml graduated cylinder in 0.1g increments. The grinded sample may come from two sources: intact core sample and drilled cutting. If using drilled cuttings for sample preparation, they must be clean to remove any residual mud, then dried in a 220 oF (105 oC) oven before the grinding process. The grinded shale samples must be able to pass through the 200-mesh sieve. A minimum of 10 minutes must pass between additions to allow for full settlement of the clay to the bottom of the cylinder. These steps are followed until the entire 2g sample has been added to the cylinder. The sample must be added slowly because rapid addition results in macrovoids, which represent presence of air and/or fluid pockets in the hydrated layers. The sample is then covered and protected from disturbances for a period of 16 - 24 hours, at which time the level of the settled and swollen clay is recorded to the nearest 0.05 ml. Despite its effectiveness and low cost, this testing procedure presents some limitations that include:
· Minimizing the effect of pressure and temperature as the test is conducted at atmospheric temperature (68 oF) and pressure (14.7 psia)
· Minimum confining, which is not the case downhole as most formations are exposed to confining pressure
· Presence of macrovoids could make reading in some case very complex
Figure 16 illustrates the testing procedure using a graduated cylinder with the initial stage where the initial volume is recorded and the final stage where the final volume is obtained. The swelling index is based on the change in volume between the two stages.
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[bookmark: _Toc37087759]Figure 16- Illustration of swelling testing procedure using a graduated cylinder (a) initial state and (b) final state after a specified period of time
3.6. [bookmark: _Toc39751607]Cutting Dispersion Testing
The cutting dispersion test is a very useful test for investigating the interaction between drilling fluid systems and different shale formations. This test is mainly designed to investigate the effectiveness of different drilling fluid systems in maintaining the integrity of the cuttings and minimizing the interaction of fluids with shale formations during drilling or completion operations. Most reactive shale formations characterized by high to fairly amount of smectite and moderate content of illite are very suitable for this test. Cuttings generated using oil-based mud (OBM) are more effective for this test than those drilled with WBM as the cuttings may have already dispersed and reacted prior to the test. For this test, no cuttings were obtained from well A, therefore, cuttings were generated by breaking of core samples into smaller size up to 20 mesh. The procedure involved exposing the cuttings to a drilling fluid. The mixture is then rolled homogenously and heated for 16 hours using a heating oven. The heating oven was used due to the lack of roller oven, which is mostly used for the test. The cuttings are then retrieved, washed, weighted, and dried out in an overnight oven. After drying the cuttings, they are then re-weighted to determine the percent recovery. The effectiveness of the drilling fluid is based on the percent recovery. A more compatible drilling fluid is characterized by high percent recovery of the shale cutting.
3.7. [bookmark: _Toc39751608]Dynamic Drilling Simulation Testing
An innovative high-pressure high-temperature (HPHT) drilling simulator was used to conduct the required experiments to investigate the effectiveness of the designed drilling fluid systems (WBM, KCl, cesium formate) in drilling TMS formation. This innovative drilling simulator provides a great opportunity to simulate real-time drilling operation under actual downhole drilling conditions. The innovative HPHT simulator is a multi-purpose simulator. The equipment allows for testing of dynamic lubricity, filtration, and drilling. The dynamic lubricity testing of this innovative equipment provides an improvement over the more traditional static tester. The drilling simulator is connected to a data acquisition (DAQ) system which record the real-time drilling parameters such as torque, friction factor, lubricity, and rate of penetration (ROP) for post-experiment analysis. The drilling operation required materials such as a drilling fluid, a vertical cylindrical core sample, and some input drilling parameter. The vertical core sample used for the drilling operation in this research are prepared from core plugs obtained from the field case well located in the TMS. The core plugs are obtained from the most troublesome zone at depth ranging from 12181.3 ft to 12181.6 ft. The zone presents the highest risks of wellbore instability and slow drilling rates. The vertical cylindrical (Figure 17) core plugs prepared have required dimensions of 1.5 in diameter and 1.1 in length.
[image: A picture containing sitting, table, box, white

Description automatically generated]
[bookmark: _Toc37087760]Figure 17- Vertical cylindrical core samples prepared from well A for drilling operations
Drilling operations are conducted for the four (4) selected drilling fluids which include WBM, 1 and 2% KCl, and cesium formate. A volume of 350 mL of the drilling fluid is required for the drilling test. The required volume is measured and poured into the core holder with the core. A 1-inch polycrystalline diamond compound (PDC) drill bit is used to fully drill to core sample. The required input parameters for the drilling experiments in this research are mostly based on analysis of previous drilling reports in the well A. Table 8 shows the input drilling parameters used in this study.

Table -Required input parameters and their values 
	Input parameters
	Values

	Temperature (oF)
	120 +/- 5 

	Rotary speed (RPM)
	75

	Back pressure (psi)
	100

	Cell pressure (psi)
	200

	Drilling fluid volume (mL)
	350


The testing procedure is divided into three main stages. The initial stage consists of heating up the system to the desired temperature. During this stage the drilling depth is set to zero (0), and the same cell and back pressure is applied using the regulators creating a differential pressure of zero (0). This is to prevent the drilling fluid from boiling in case its boiling temperature is reached. The second stage represent the drilling stage. In this stage, different weights on bit (WOB) are applied and cell and back pressure are set to their required values. In this research, the WOBs selected are 0, 50, and 100 lbs due to the limitation on the simulator. The normal loading system is equipped with a moving piston which applied the different WOBs during the drilling operations. The final stage consists of stopping and cooling down the system to room temperature. The dynamic drilling simulator has a maximum operating temperature and pressure of 500 oF and 2000 psi respectively. Figure 18 shows a schematic of the drilling simulation setup and Figure 19 shows the workflow of the drilling simulation setup.
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[bookmark: _Toc37087761]Figure 18- Schematic of the dynamic drilling simulation setup
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[bookmark: _Toc37087762]Figure 19- Workflow of the dynamic drilling simulation setup
The output drilling parameters are recorded using the DAQ system. The parameters include torque, friction factor, drilling rate, lubricity coefficient, drilling depth, fluid loss
3.8. [bookmark: _Toc39751609]Dynamic Fracture Sealing Testing
Another major wellbore stability issue in well A is the excessive losses encountered in different sections. This section focuses on the testing procedure for evaluating the effectiveness of some designed lost circulation materials (LCMs) in minimizing losses during drilling. Three set of LCMs are designed using cedar fiber. Cedar fiber is used as LCMs for the formation because its previous success in the neighborhood formation. The concentrations include 5 lb/bbl, 10 lb/bbl, and 20 lb/bbl. Three set of fracture slots of vertical openings are used in this study. The openings include 1000 µm, 2000 µm, and two 500 µm vertical fracture openings and a 1000 µm horizontal fracture opening. The fracture slots used in this study are custom-made from stainless steel in two parts. The primary top part has no opening while the bottom part has a fracture opening of with outer diameter of 1.5 inches, inner diameter of 1.0 inch, and a height of 1.1 inches as reported by Ezeakacha et al. (2019). The fracture sealing tests are conducted using the HPHT drilling simulator. The tests are all conducted at temperature of 120 oF. Figure 20 shows the steel-based fracture slot used for the fracture sealing test.
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[bookmark: _Toc37087763]Figure 20- Fracture samples: from left to right is 1x1000 m vertical, 1x horizontal 1000 m, and 2x500 m vertical fracture samples.











4. [bookmark: _Toc39751610]Experimental Results and Discussions 
4.1. [bookmark: _Toc39751611]Overview 
This section discusses the important findings of this research. The section provides an insight into the mineralogy of well A, the rheological characterization of the designed drilling fluids. The compatibility between drilling fluid and formation is evaluated in term of swelling and cutting recovery rate. The effect of some designed drilling fluids on drilling performance in the formation is also evaluated. The outcomes from this section provide an insight into the shale formation-drilling fluid interaction. 
4.2. [bookmark: _Toc39751612]Mineralogy Characterization
The mineralogy in the Tuscaloosa Marine Shale (TMS) is highly dominated by clay, phyllosilicate mineral, quartz, and calcite. The formation is reported to be highly heterogeneous in term of mineralogy as function of depth. Mineralogy plays a major role in shale drilling fluid design and selection.  Clay is one the most important mineral to consider when designing and selecting the appropriate drilling fluid systems for shale operation.
The Tuscaloosa Marine Shale (TMS) is characterized by its high concentration in clays. The FITR analysis revealed a clay content as high as 51 % in well A. The most common clays type include kaolinite, illite, and chlorite. These clays are highly detrimental to drilling due to their sensitivity to water. TMS formation is highly heterogeneous, which is reflected by the variation in mineralogy across the formation and at different depth. Borrok et al. (2019) in their study of mineralogy heterogeneity in Tuscaloosa Marine Shale, reported that concentration of most mineral tends to variate from the base TMS to higher elevation. Their study revealed that the transition from the lower Tuscaloosa to the TMS is defined by a decrease in quartz content, an increase in calcite, and finally a slight increase in total clay content. This trend was also experienced with the wells analyzed as quartz, calcite, and total clay content show both decreasing and increasing concentration as elevation increases. Their study showed an average clay content of more than 40 wt% from all the wells analyzed and the most dominant clays consisted of illite, kaolinite, chlorite, and smectite. These different concentrations were confirmed by the FTIR analysis in this study. Figure 21 shows the FTIR analysis of a core samples obtained from Well A. 
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[bookmark: _Toc37087764]Figure 21-Mineralogy composition of the TMS obtained using FTIR analysis.
These clays exhibit a common characteristic of hydration swelling or dispersion when exposed to water depending on their sensitivities. Smectite exhibits colloidal expansion potential due to its high surface area, which could cause wellbore and mud control problems. Kaolinite and illite on the other end are highly dispersive and could cause hole cleaning problems and bit-balling issues. Uncontrolled disintegration of illite and kaolinite during drilling operation leads to excessive cuttings and improper hole cleaning. The compatibility issue between drilling fluid and the TMS formation limit the drilling activities in the plays
4.3. [bookmark: _Toc39751613]Drilling Fluid Characterization and Rheology
Drilling fluid is a major component of all drilling operations. The main functions of drilling fluid include providing stable wellbore, improving hydraulic, and controlling solid removal. The importance of selecting appropriate drilling fluid systems is much more crucial when dealing with clay dominated shale formations such TMS due incompatibility issues between the fluid and the formation. The rheological profiles of the tested fluids are shown in Figure 22 and Figure 23. Figure 22 shows the shear stress vs. shear rate plot of the tested drilling fluid systems at temperature of 120 oF. All the plots were fitted with a power law equation where the consistency indices and flow behavior indices were reported. The rheological profile for all tested fluid systems showed an increase in shear stress as shear rate increases. This suggested a shear thinning process for all drilling fluid tested. A decrease of more than 60 % is realized in the shear stress when the inhibitive drilling fluid systems (1 wt% & 2 wt% KCl, cesium formate) are used instead of the conventional WBM. The rheological properties can be correlated to the interaction between the fluid system and the formation. The fluid rheological properties such as shear stress can give an indication of the fluid ability to control cutting erosion and integrity.

[bookmark: _Toc37087765]Figure 22- Rheological profile of the tested drilling fluid systems 
Another important rheological property of drilling fluid that affect its performance is the apparent viscosity. The apparent viscosity characterized the viscosity at a given shear rate. Figure 23 shows the apparent viscosity profiles for the drilling fluid systems tested in this study. The plots show a decreasing correlation between the apparent viscosity and the shear rate. The decrease in the apparent viscosity can be explained by the molecule tendency of aligning with each other at high shear rate to allow easier flow (Peter et al. 2017). The conventional WBM displayed higher apparent viscosity, more than 50 % compared to the inhibitive mud systems (1 wt% & 2 wt% KCl, cesium formate). The low apparent viscosity realized with the inhibitive mud systems indicated easier flow compared to the conventional WBM. The shear thinning process (i.e. apparent viscosity decreases as the shear rate decreases) reported to be desirable in drilling fluids. According to Guven et al. 1988, The presence potassium ion (K+) and cesium ion (Cs+) forms strong bond between the smectite layers which leads to clay aggregate and therefore reduction in viscosity. This provides supporting ground to the low apparent viscosity obtained with the KCl based fluid systems and the cesium formate.
 
[bookmark: _Toc37087766]Figure 23- Apparent viscosity profile of the drilling fluid systems tested in this study

4.4. [bookmark: _Toc39751614]Wellbore Stability Analysis
Wellbore stability issues represent some of the major concerns associated with shale drilling. One of most important contributor of shale wellbore instability is the shale-fluid interaction. This section focuses on the impact of the designed drilling fluid systems on shale-fluid interaction. The results mainly focus on the impact of the drilling fluid systems on linear swelling index and cutting dispersion rate. The section also evaluates the effectiveness of LCMs in treating losses during drilling.
1. [bookmark: _Toc35563368][bookmark: _Toc35563431][bookmark: _Toc37771899][bookmark: _Toc39751615]
2. [bookmark: _Toc35563369][bookmark: _Toc35563432][bookmark: _Toc37771900][bookmark: _Toc39751616]
3. [bookmark: _Toc35563370][bookmark: _Toc35563433][bookmark: _Toc37771901][bookmark: _Toc39751617]
4. [bookmark: _Toc35563371][bookmark: _Toc35563434][bookmark: _Toc37771902][bookmark: _Toc39751618]
4.1. [bookmark: _Toc35563372][bookmark: _Toc35563435][bookmark: _Toc37771903][bookmark: _Toc39751619]
4.2. [bookmark: _Toc35563373][bookmark: _Toc35563436][bookmark: _Toc37771904][bookmark: _Toc39751620]
4.3. [bookmark: _Toc35563374][bookmark: _Toc35563437][bookmark: _Toc37771905][bookmark: _Toc39751621]
4.4. [bookmark: _Toc35563375][bookmark: _Toc35563438][bookmark: _Toc37771906][bookmark: _Toc39751622]
[bookmark: _Toc39751623]Linear Swelling Characterization 
[bookmark: _Hlk37713782]Clay dominated shale formations such as TMS are characterized by high concentration of detrimental clays including smectite, illite, and kaolinite that present both hydration and dispersion potential. Both hydrational swelling and dispersion constitute major concern for drilling operators. Shale swelling is an important parameter to evaluate when characterizing the shale-fluid interaction. The linear swelling is used to quantify the linear expansion of clay when exposed to drilling fluid systems. Shale swelling is very common in clay dominated formations such TMS and Eagle Ford. Shale swelling is very detrimental for drilling operations due all the concerns it engenders. Some related consequences of shale swelling include collapse, hole caving, and hole cleaning. The level of swelling is both influenced by the shale formation and the used drilling fluid system. The swelling index profile shows the effect of different drilling fluid systems on clay expansion during drilling operations. In this study, the swelling index was computed based on the change in volume after a certain period of time. It was obtained from the equation below.
………………………………………………………………….……… (1)
Where 
The swelling index was obtained for all four (4) drilling fluid systems tested in this study for TMS while using freshwater as reference fluid. Figure 24 displays the different swelling indices obtained for twenty-four (24) hours. The profile revealed that freshwater displayed the highest swelling index in TMS while cesium formate showed the lowest, which was more than 80% lower than conventional WBM. Freshwater showed higher swelling index due to presence of water sensitive clay (illite, kaolinite, and smectite) in the formation. Among the drilling fluid, the conventional WBM showed the highest swelling index followed by the 1 wt% KCl, the 2 wt% KCl, and then the cesium formate. These results showed the impact that inhibitive mud systems have in controlling swelling of shale during drilling. The inhibitive mud systems showed the ability to minimize shale swelling therefore providing improved shale-fluid interaction as a result ensure better drilling performance by minimizing the drilling concerns such as hole cleaning, stuck pipe, borehole collapse, and therefore reducing the non-drilling time (NDT).

[bookmark: _Toc37087767]Figure 24- Swelling index profile of the drilling fluid systems tested in this study with freshwater as reference fluid.
Shale swelling is highly impacted by the time of exposure to the drilling fluid systems. Figure 25 shows the impact of exposure time on swelling indices for the tested drilling fluid systems. The profile shows an increase in swelling index as time increases for all fluid systems. This trend was confirmed by Al-Awad and Smart (1996) as their study also revealed an increasing trend between the linear swelling index and the exposure time. The cesium formate and 2% KCl show the lowest increase in linear swelling index from 1 day to seven (7) days.


[bookmark: _Toc37087768]Figure 25- Swelling index profile of the drilling fluid systems tested in this study with freshwater as reference fluid for different exposure times
The swelling index results show that better shale-fluid interaction is obtained using the inhibitive mud systems especially the cesium formate and the 2% KCl. The low shale swelling obtained with these drilling fluids implies a decrease in capillary pressure, an increase in pore pressure, and a frictional reduction. These results are based on crushed shale sample. Therefore, swelling rate may be different if an intact shale sample is used. According to a study performed by Al-Awad and Smart (1996), intact shales have low swelling ability compared to crushed samples due to the destruction of bonds between clay platelets during the crushing process.
[bookmark: _Toc39751624]Cutting Dispersion Analysis 
Cuttings and cavings play a major role in understanding wellbore instability. Cutting volume, shape, and size are major indicators of wellbore instability in shale. Cuttings greatly influence hole cleaning and bit-balling behavior. Hole cleaning and bit-balling are major consequences of wellbore instability and greatly influence drilling performance. Cuttings dispersion test is important for investigating cutting stability and bit-balling behavior. Shale dispersibility into drilling fluid systems is greatly influenced by factors such as shale particle size (exposed surface area), rheological properties such as viscosity, shale compaction, and temperature. Cutting recovery is based on the following equation:
………………………………………………………………….……… (2)
Where 
Table 9 shows the data collected from the dispersibility test including the calculated cutting recovery based on equation 2.
Table - Cutting recovery percent for the tested drilling fluid systems
	Drilling Fluids
	Initial Weight(g)
	Recovered weight(g)
	Recovery (%)

	Freshwater
	12
	7.8
	65

	WBM
	12
	9
	75

	1% KCl 
	12
	9.8
	82

	2% KCl
	12
	10.1
	84.5

	Cesium formate
	12
	10.3
	85.7



The cutting recovery profile (Figure 26) shows that the highest recovery rate is obtained using the cesium formate and 2% KCl with a recovery of 85.7% and 84.5% respectively. On the other hand, freshwater and WBM show the lowest cutting recovery with 65% and 75% respectively. These results imply better cutting stability with the inhibitive muds as opposed to the conventional WBM. The low dispersibility realized with the inhibitive mud systems show beter cuttings integrity. The cutting recovery profile indicates that lower bit-balling is more likely to be achieved with the inhibitive mud systems as opposed to the conventional WBM. This is due to the low dispersibility and improved cutting integrity when exposed to the inhibitive drilling fluid systems. A combination of low cutting dispersibility and improved cutting integrity correlated to low bit-balling as the reduce the cuttings tendency to stick to the bit as their removal is much easier.  

[bookmark: _Toc37087769]Figure 26- Cutting recovery rate of different drilling fluid systems used in this study.
[bookmark: _Toc39751625]Wellbore Strengthening
Lost circulation during drilling is one of the major consequences of wellbore instability in shale. Previous drilling reports suggested that excessive lost circulation accounts for more than 40% of the total NPT in well A. The losses in the well are mostly due to the presence of both natural and induced fractures. The fractures have both vertical and horizontal orientation. Strengthening the wellbore by sealing existing fractures helps improve drilling efficiency and save on drilling cost. According to Ezeakacha et al. (2019), Lost circulation is mostly influenced by fracture width and orientation. Figure 27 shows the effect of fracture width on cumulative dynamic fluid loss for different cedar fiber concentrations. Cedar fiber is used in this study due to its previous success in the formation.

[bookmark: _Toc37087770]Figure 27- Cumulative dynamic fluid loss for different fracture widths as function of cedar concentration.
The results show an increase in the cumulative dynamic fluid loss as the fracture width increases. This implies that lost circulation is more pronounced for wellbore with larger fracture openings. This supported by a similar study performed by Ezeakacha et al. (2019). Additionally, the cumulative fluid loss profile indicates that the lowest losses are obtained using the concentration of 20 lb/bbl cedar Fiber.  This implies that this concentration will be effective in strengthening the wellbore and minimizing lost circulation. Higher concentration of cedar fiber (>20 lb/bbl) was not used in this study because of pumpability issues. A mud engineer from Goodrich (a major operator in the TMS) confirmed that most of the wells drilled by his company used a 20 lb/bbl concentration, which was effective in treating losses.
Additionally, lost circulation is greatly influenced by fracture orientation and number of fractures. Figure 28 shows the impact of fracture orientation and number of fractures on dynamic fluid loss. All the fracture slots have the same total fracture width of 1000 µm.


[bookmark: _Toc37087771]Figure 28- Cumulative dynamic fluid loss as function of fracture orientation for one fracture width of 1000 µm.
The results show that the fracture slot with two 500 µm openings had lower dynamic loss compared to one fracture opening of 1000 µm. Since both fracture slots have the same fracture width, they are expected to yield similar dynamic losses. However, two openings of 500 µm are much easier to sealed as opposed to a 1000 µm opening resulting in lower dynamic loss. Furthermore, the results show low dynamic losses with the horizontal fracture opening compared to vertical fracture. Similar conclusion was reached by Ezeakacha et al. (2019). The low dynamic losses with the horizontal fracture can be attributed to two main factors: the variation in volume and the wellbore orientation. Despite having similar total fracture widths, the horizontal fracture has lower height compared to vertical fracture resulting in lower overall fracture volume. A vertical wellbore is used in study, so the LCM mud flows vertically which results in faster sealing time for horizontal fractures. This study indicates that fracture positioning and orientation greatly impact dynamic fluid loss during drilling. Overall, treatment of loss circulation in this formation is highly dependent the type and concentration of LCM, the temperature, and fracture width. This is also supported by studies performed by Ezeakacha et al. (2017) and Ezeakacha et al. (2019) which suggested that factors such as LCM type, temperature, and lithology impact the rate of dynamic loss.
4.5. [bookmark: _Toc39751626]Drilling Performance 
In order to effectively evaluate the performance of drilling fluid systems, it is crucial to analyze their impact on drilling parameters such as torque, friction factor, rate of penetration (ROP), and the mechanical specific energy (MSE). 
4.5.1. [bookmark: _Toc39751627]Torque and Friction Factor During Drilling
Excessive torque and friction factor during drilling constitute a major concern for all drilling operators. Excessive torque and friction factor during drilling could be an indication of possible pipe sticking, which is one cause of wellbore instability. High torque and drag forces, and friction factor constitute major limitations in extended reach, direction wells, and deep wells as they prevent operators from reaching target or increase the total drilling time. Drilling performance can be improved by minimizing both torque and friction factor during drilling. In this work, the effect of inhibitive mud systems on torque and friction factor during shale drilling was evaluated in the TMS. Figure 29 and Figure 30 show the torque and friction factor profiles respectively. The profiles revealed an increasing relationship between both the torque and the friction factor and the weight on bit (WOB). Among the drilling fluid systems tested, the conventional WBM showed the highest torque and friction factor while the cesium formate showed the minimum. The inhibitive mud systems showed a reduction of more than 50% in both torque and friction factor at higher WOB. This indicates that all three inhibitive mud systems tested in this study provide better drilling performance as opposed to conventional WBM. The comparative analysis of the performance of all four drilling fluid systems was performed on samples from Well drilled into the TMS. The low torque and friction factor realized with the inhibitive mud systems show the positive impact they have on shale drilling performance. Among the inhibitive mud systems, the cesium formate brine provided the lowest friction factor and torque, which indicated better drilling performance compared to the KCl based systems. 

[bookmark: _Toc37087772]Figure 29- Effect of the tested drilling fluid systems on torque during drilling.
 
[bookmark: _Toc37087773]Figure 30- Effect of the tested drilling fluid systems on friction factor during drilling
4.5.2. [bookmark: _Toc39751628]Rate of Penetration (ROP) Optimization
The rate of penetration (ROP) constitutes one of the most important parameters to evaluate when analyzing drilling performance. The ROP refers to how fast we can drill. Most shale formations such as the TMS and the Eagle Ford are characterized by low drilling rate. This issue is mostly due to factors such as bit-balling, pipe hole sloughing that are caused by the incompatibility between the inappropriate fluid system and the formation. In this study, the effect of inhibitive mud systems (1 wt% & 2 wt% KCl, cesium formate), and the conventional WBM on the drilling rate was evaluated in the TMS. The rate of penetration is characterized as a dependent parameter that can be predicted using independent parameters such as weight on bit (WOB), and rotary speed. The drilling conditions were consistent and all the same for drilling tests in order to fully evaluated the effect of drilling fluid systems. Figure 31 shows the ROP profile of the drilling fluid systems tested on TMS core samples. 

[bookmark: _Toc37087774]Figure 31- ROP profile of the tested drilling fluid systems 
The results show an increasing correlation between the ROP and the WOB for all drilling fluid systems. Based on the ROP profile, conventional WBM showed the lowest ROP at various weight on bit (WOB) among the drilling fluid systems tested. This result was an indication of the incompatibility issues associated with WBM. Among the inhibitive mud systems tested, the cesium formate showed the highest rates followed by the 2 wt% KCl, and finally the 1 wt% KCl. This analysis indicates that cesium formate could constitute the most appropriate drilling fluid systems for reactive shale formations due to its elevated rate of penetration. However, due to the high cost of cesium formate and the closeness in drilling performance between the cesium formate and the 2% KCl fluid system, the use of KCl fluid systems will be more suitable as it will be cost effective and simultaneously solve the issue of low drilling rate in reactive shales These results were also supported by the swelling indices obtained in both formations for the tested drilling fluid systems. These ROP results can change as the temperature changes across the formation. Zhang et al. (2014) suggested that temperature differential at the rock surface reduces the rock’s resistance to drill. This suggests an increase in ROP as the temperature differential increases. 
4.5.3. [bookmark: _Toc39751629]Mechanical Energy (MSE) Optimization 
Another major parameter for measuring drilling efficiency is the mechanical specific energy (MSE). The MSE is defined as the amount of energy required for removing a unit of volume rock. The MSE is highly dependent on factors such as torque, weight on bit (WOB), rate of penetration (ROP), and rotary speed (RPM). Pessier et al. (1992) reported that drilling efficiency can be improved by optimizing the controllable factors that will eventually lead to minimum MSE. In this study, the MSE was computed using the controllable factors including torque, rate of penetration, rotary speed, and WOB obtained during drilling operations. The calculation of the MSE was done using the equation below with a mechanical efficiency of 0.125. The mechanical efficiency is both bit and formation specific. It varies greatly from bit to bit and from formation to formation. Amadi reported that the mechanical efficiency for directional and horizontal drilling is assumed to be 12.5%. 
                                                                                                  The effect of the four (4) drilling fluid systems (conventional WBM, and 3 inhibitive mud systems) was evaluated for TMS core samples. Figure 32 shows the MSE profile at various WOB for the tested drilling fluid systems in TMS.

[bookmark: _Toc37087775]Figure 32- The mechanical specific energy profile for the tested drilling fluid systems.
The profile revealed that the highest MSE was realized with the conventional WBM, followed by the 1 wt% KCl, then the 2 wt% KCl, and finally the cesium formate. The MSE realized with conventional WBM was 80% higher than that of the inhibitive mud systems (1 wt%, 2 wt% KCl, cesium formate). This implies that the inhibitive mud systems will be highly efficient for drilling clay-concentrated shale formations than the WBM.  This is supported by study conducted by Xuyue et al. (2018) which revealed that the drilling efficiency is indirectly proportional to the MSE. This implies that as the MSE decreases, the drilling efficiency increases. Among the inhibitive mud systems, the cesium formate provided the highest performance as it required less energy to drill a volume of rock.














5. [bookmark: _Toc39751630]Summary and Conclusions
This research addresses the wellbore stability issue in shale drilling by evaluating the compatibility between shale and drilling fluid systems. It provides an insight into shale-drilling fluid interaction in term of hydration (swelling) and cutting dispersion. It also evaluates the impact of inhibitive fluid systems on shale drilling performance. A combination of three inhibitive mud systems (cesium formate, 1 wt%, 2wt % KCl based fluids) and a convention WBM are used in this study. The following conclusions were drawn based on the results and findings of this work:
· Well A of TMS is clay dominated with a clay content of 51%. The primary clays include illite, chlorite, kaolinite, and smectite. These reactive clays need to be considered when selecting compatible drilling fluid systems for the formation
· Rock-fluid interaction is greatly impacted by the rock properties such as mineralogy and fluid composition and formulation.
· Cesium formate and KCl based fluid systems showed the lowest linear swelling index showing compatibility with the formation.
· Cesium formate and KCl based fluid systems lowest increase in linear swelling as time increases. These fluid systems can be used for extending period of time with minimum compatibility issues.
· The inhibitive mud systems show minimum dispersibility with a cutting recovery of more than 80%.
· Cesium formate and KCl based fluid systems are effective in maintaining a stable wellbore due to their low hydration (swelling) and dispersion.
· Cesium formate and KCl based fluid systems maintain the cutting integrity during drilling. Therefore, facilitating their removal and minimize bit-balling during drilling.
· Lost circulation is greatly impacted by the fracture width, positioning, and orientation. Horizontal fracture has lower dynamic losses compared to vertical fracture for all concentrations of cedar fiber.
· A concentration of 20 lb/bbl of cedar fiber is effective in treating lost circulation in Well A drilled into TMS.
· The inhibitive mud systems show the lowest torque and friction factor during drilling indicating better drilling performance.
· The highest rate of penetration during drilling was realized with cesium formate, followed by the 2% KCl mud, while the lowest was associated with the conventional WBM. No major difference in ROP was realized between the cesium formate and the KCl systems. The KCl mud systems can be an alternative to cesium formate to save cost.
· A minimum mechanical specific energy was realized with the cesium formate and the 2% KCl mud system, while the conventional WBM showed the maximum MSE which was 80% higher than that of the inhibitive mud systems (1% and 2% KCl, and cesium formate).




6. [bookmark: _Toc39751631]Recommendations and Future Work 
Despite the in-depth work done in this study, improvements can still be made. Following are the recommendations to further investigate the impact of inhibitive mud systems on shale stability and drilling performance.
· The ASTM standard section D 5890 for swelling testing is still valid and effective for characterizing swelling index. However, the innovative linear swell meter should be used to account for confining pressure and temperature.
· This work focuses only on formate brine and KCl based fluids as inhibitive fluids. However, the effectiveness of other inhibitive systems such as silicate and glycol based inhibitive mud systems should be evaluated.
· Enhanced nano-drilling fluid systems should be investigated for shale applications
· Future work could involve conducting additional shale- fluid compatibility tests such as cation suction test (CST), cation exchange capacity (CEC), and shale water activity determination to firmly confirmed the compatibility between the fluids systems used and TMS formation.
· A cost-effective analysis should be conducted before selection of appropriate drilling fluid systems for shale operations.
·  Work in future can focus on testing the fluid systems at higher temperature in the range of 300 oF to 400 oF to evaluate application for deep wells and geothermal wells.
· The work can also be extended to the neighborhood shale formations such as Eagle ford shale. 



7. [bookmark: _Toc39751632]Nomenclature and Acronyms
AB:                    Cross-sectional area
DAQ:                Data Acquisition System
Ef:                     Mechanical efficiency
HPHT:               High-Pressure High-Temperature
Lb/bbl:               Pounds per Barrel
MSE:                  Mechanical specific energy
NDT:                  Non-Drilling Time
NPT:                   Non-Productive Time
OBM:                 Oil-Based Mud
ROP:                  Rate of penetration
RPM:                 Rotary speed
T:                       Torque
TMS:                 Tuscaloosa Marine Shale
WBM:               Water-Based Mud
WOB:                Weight on bit 
LCM:                 Lost circulation materials 
PDC:                 Polycrystalline diamond compact 
EIA:                  Energy information administration
HPWBM:         High-performance water-based mud
WOC:               Wait on cement
Al:                    Aluminum 
O:                     Oxygen
OH:                 Hydroxyl
Mg:                 Magnesium 
Fe:                  Iron
Si:                  Silicate
BHA:            Bottom hole assembly
ECD:            Equivalent circulating density
FTIR:          Fourier-transform infrared spectroscopy
ASTM:       American society of testing material 
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[bookmark: _Toc39751634]Appendix A: Additional Procedures 
[bookmark: _Toc39751635] Core samples preparation 
The innovative drilling simulator uses cylindrical core samples. The core samples have dimensions of 1.1 inch in height and 1.5 inch in diameter. The core samples are prepared using a coring machine (Figure A1). 
[image: ]
Figure A1: Coring machine
A coring bit with an inner diameter of 1.5 in is used for coring the smaples. The coring bit is securely attached to the coring machine. The machine is equipped with a water line to to lubricate the coring bit and facilitate the coring process. The secured coring bit is slowly lowered to make to fully drilled the core block. After coring, the samples are cut to the required height and the surfaces are fully polished for a flat surface.
[bookmark: _Toc39751636]Linear swell meter
In this research, the swelling index is quantified using the ASTM standard D 5890 which relies on the used of graduated cylinder. Despite the effectiveness of this test, it still presents some major limitations regarding temperature, and confining pressure. The linear swell meter (Figure A2) is one of the most effective swelling testing equipment that overcome the limitations of our testing procedure.
[image: ]
Figure A2: Linear swell meter attached to a data acquisition system
This equipment has an operating temperature of 120 oF (49 oC) and allow testing at different confining pressure. The swell tester measures the swelling on both reconstituted and intact shale core samples.
[bookmark: _Toc39751637]Appendix B: Additional Results
[bookmark: _Toc39751638]Cation suction time (CST)
Cation suction time (CST) is another important method for evaluating the compatibility between drilling fluid systems and shale formation. This method mainly measures the time required for a mud filtrate to travel a distance through a porous media. It simulates the manner in which free water from drilling fluid systems penetrates into the formation under the capillary suction pressure. This test characterizes the inhibition abilities of different drilling fluid systems. Figure B1 shows the cation suction time of some fluid systems tested by Goodrich Petroleum Inc. 
[image: ]
Figure B1: Cation suction time of different drilling fluid systems well A. (Goodrich Petroleum, 2017)
The study revealed that KCl based fluids show some of the lowest cation suction times. All KCl based fluid systems displayed a CST ratio less than 2, indicating better inhibition abilities. This support the results presented in this work which suggests a better compatibility between KCl based fluid systems and the TMS.
[bookmark: _Toc39751639]Temperature effect on torque
Temperature greatly impact the rheological properties of all drilling fluid systems. The TMS formation is characterized to have high temperature. The impact of temperature on drilling parameters such as torque during drilling is evaluated. Figure B2 shows the effect that an increase in temperature has on torque for cesium formate (a) and 2% KCl (b).
[image: ]
Figure B2: Effect of temperature on torque during drilling using cesium formate (a) and 2% KCl (b).
The results show that as temperature increases from 120 oF to 350 oF, the torque during drilling decreases. The trend is similar for both drilling fluid systems. The decrease in the torque as the temperature increases can be correlated to the effect of temperature of rheological properties. As temperature increases, the viscosity of most drilling fluid systems tends to decrease. This results in generation of thinner filter cake, therefore lower torque during drilling.
[bookmark: _Toc39751640]Drilling fluid compatibility in Eagle Ford shale formation
The Eagle ford shale formation is one of the neighborhood shale formation to the TMS. Due to the success of the inhibitive mud systems in TMS, they were tested in Eagle ford shale. Unlike the TMS where clay account for 51% of the mineralogy, Eagle ford shale only has 20% of clay. This implies that drilling fluid compatibility issues in less pronounced in Eagle ford unlike TMS. Figure B3 shows the swelling index in both TMS and Eagle ford shale.

Figure B3: Swelling index in TMS and Eagle ford shale formations for different drilling fluid systems
The profile shows lower swelling rate in the Eagle ford as opposed to the TMS for all tested drilling fluid systems. This indicates that the use of inhibitive mud systems should more critical in TMS as compared to Eagle ford. In both formations, the study revealed the impact of the inhibitive mud systems in minimizing swelling during drilling. Thus, providing better drilling performance by minimizing the drilling concerns such as hole cleaning, stuck pipe, borehole collapse etc. and reducing the non-drilling time (NDT).
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MD (ft)




Wellbore Instability 	WOC	Other	18.440000000000001	3.45	10.34	

1% KCl	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	6.4	3.8200000000000003	3	1.82	0.36000000000000004	0.36000000000000004	2% KCl	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	4.18	2.5	1.8	1.1000000000000001	0.27999999999999997	0.1	Conventional WBM	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	17.3	10.700000000000001	8.06	5.2200000000000006	1	0.96	Cesium Formate	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	3.9200000000000004	2	1.3	0.60000000000000009	0.1	0	4% KCl	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	2.1	1.1000000000000001	0.70000000000000007	0.5	0.1	8.0000000000000016E-2	OBM	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	37.74	24.02	18.400000000000002	12.06	3.54	3	Shear rate (1/s)


Shear Stress ( Pa)




1% KCl	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	6.266	7.4756	8.8054000000000006	10.687099999999999	35.246400000000001	70.492800000000003	2% KCl	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	4.0925000000000002	4.8924000000000003	5.2832999999999997	6.4592999999999998	27.413900000000002	19.581299999999999	Conventional WBM	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	16.937899999999999	20.939499999999999	23.657299999999999	30.652100000000001	93.990399999999994	195.8133	Cesium Formate	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	3.8378999999999999	3.9138999999999999	3.8157000000000001	3.5232000000000001	9.7906999999999993	0	4% KCl 	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	2.056	2.1526999999999998	2.0546000000000002	2.9359999999999999	7.8324999999999996	19.581299999999999	OBM	1021.3809	510.99689999999998	340.6986	170.29820000000001	10.213800000000001	5.1069000000000004	36.950000000000003	47.0062	54.006700000000002	70.816900000000004	346.58960000000002	587.44000000000005	Shear rate (1/s)


Apparent Viscosity (cp)




24 hrs Swelling

24 hrs	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	29.629629629629623	18.518518518518519	14.814814814814811	11.111111111111104	3.7037037037036904	Drilling Fluid Systems


Swelling Index (%)



24 hrs	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	29.629629629629623	18.518518518518519	14.814814814814811	11.111111111111104	3.7037037037036904	48 hrs	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	50	35.000000000000007	19.999999999999996	19.047619047619044	8.0000000000000071	72 hrs	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	55.000000000000007	39.999999999999993	30.000000000000004	23.809523809523807	11.999999999999993	7 days	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	64.999999999999986	55.000000000000007	44.999999999999993	33.333333333333321	15.999999999999998	Drilling Fluid Systems


Swelling Index (%)




Freshwater	WBM	1% KCl 	2% KCl	Cesium formate	65	75	82	84.5	85.7	Drilling fluid systems


Cutting Recovery (%)



Two 500 µm V.F	5	10	20	4.17	1.89	0.54	1000  µm V.F	5	10	20	4.8899999999999997	2.35	1.1499999999999999	2000  µm V.F	5	10	20	6.35	3.45	1.85	Cedar Fiber LCM concentration (lb/bbl)


Cumulative Dynamic Fluid Loss (Cm3)




Two 500 µm V.F	5	10	20	4.17	1.89	0.54	1000  µm V.F	5	10	20	4.8899999999999997	2.35	1.1499999999999999	1000 µm H.F	5	10	20	3.14	1.456	0.35	Cedar Fiber LCM Concentration (lb/bbl)


Cumulative Dynamic Fluid Loss(cm3)




WBM	0	50	100	0	3.2370000000000001	12.234999999999999	1 % KCl	0	50	100	0	2.56	10.25	2% KCl	0	50	100	0	1.369	10.012499999999999	Cesium Formate	0	50	100	0	1.0449999999999999	9.6690000000000005	WOB (lbs)


Torque (in-lbs) 




WBM	0	50	100	0	9.2999999999999999E-2	0.216	1 % KCl	0	50	100	0	8.6999999999999994E-2	0.17100000000000001	2% KCl	0	50	100	0	7.0000000000000007E-2	0.16400000000000001	Cesium Formate	0	50	100	0	6.7000000000000004E-2	0.156	WOB (lbs)


Friction factor




WBM	0	50	100	0	0.3	1.1399999999999999	1% KCl	0	50	100	0	1.2	1.74	2% KCl	0	50	100	0	1.26	2.2799999999999998	Cesium Formate	0	50	100	0	1.8	3	WOB (lbs)


ROP (in/min)




WBM	0	50	100	0	21574	26463.323466773902	1% KCl	0	50	100	0	4268	11784	2% KCl	0	50	100	0	2175	8787	Cesium Formate	0	50	100	0	1164	6451	WOB (lbs)


MSE (psi)




Eagleford	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	18.518518518518519	11.111111111111104	7.4074074074073977	5.5555555555555518	1.8518518518518452	TMS	Freshwater	Water-based mud	1% KCl 	2% KCl	Cesium Formate	29.629629629629623	18.518518518518519	14.814814814814811	11.111111111111104	3.7037037037036904	
Swelling Index (%)
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