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ABSTRACT

The harsh temperature in which some reservoirs are geologically located has presented a major
drilling fluids challenge to the geothermal industry. Therefore, the design of drilling fluid that will
be effective and cost-friendly in high-temperature high-pressure (HPHT) environments has
become an age-long threat to the economic development of geothermal resources. A geothermal
drilling fluid should possess high thermal stability while performing the basic functions of drilling
fluid all through the drilling process. Exerting sufficient hydrostatic pressure, suspension, and
effective removal of cuttings, shale stabilization, minimum filtrate loss, and thin filter cake
thickness. Ilmenite was adopted as a weighting material due to its advantages over barite. This
study evaluates the effectiveness of fly ash buffered with an industrial standard copolymer to
eliminate ilmenite sag, filtrate loss, and rheological instability encountered with ilmenite-densified
water-based drilling fluids at HPHT environments when accessing geothermal wells. Four
laboratory barrels of water-based drilling fluids were formulated for this study. Fly ash of 130 pm
particle size was added to mud samples at 0, 1, 2, and 3 1b./bbl ratios. The influence of fly ash on
drilling fluids properties was thoroughly evaluated by measuring static and dynamic sagging at
vertical and inclined (30°, 459, 60°, 70°, 80°, and 90°) conditions over a range of temperatures
(250°F, 300°F, 350°F, and 400°F). A high sag factor (SF) occurs between 45°-759, with 610 as the
peak regardless of the temperature alteration. Additionally, it was observed that the inclusion of
fly ash improves the sagging phenomena, the rheological and filtration behavior of the water-based

mud samples to satisfy the industrial API standard value.
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CHAPTER

INTRODUCTION

Geothermal reservoirs are regarded as a magnificent green energy source because of the increased
demand for electricity and the developing environmental problems related to the oil sector. As a
result, there have been a lot more geothermal drilling and exploring initiatives during the past few
decades to gain access to geothermal reservoirs (Kiran and Salehi, 2020). Geothermal resources
can be harnessed by drilling wells into the geothermal reservoir to produce the earth’s heat to the
surface (Finger and Blankenship, 2010). Oil well drilling is almost the same as drilling for a
geothermal well but with the involvement of high temperatures (Bavadiya et al., 2019; Teodoriu.,
2019). To the best of my knowledge, no known standards are applicable for drilling geothermal
resources yet, but HPHT oil and gas reservoirs exhibit close characteristics with geothermal
reservoirs. For this reason, the inventions made in drilling fluid technology for drilling oil and gas
reservoirs could be applicable to drilling geothermal reservoirs (Teodoriu et al., 2018). Hence,
technical challenges encountered in geothermal well drilling and completions may be tackled with
the application of the knowledge of oil and gas well drilling and completions. Oftentimes,
geothermal reservoir temperature may exceed oil and gas reservoir temperature. However, both
reservoir fluids show huge dissimilarities and the geological location of geothermal resources is

usually harsh.



200°C

150°C

100°C

Figure 1. The Geothermal Resources of the United States. (Source: U.S. Department of Energy)

Geothermal resources may be subdivided into three divisions according to the temperature of their
geological environment: the lower-temperature reservoir (below 150°C), the medium-temperature
reservoir (within 150°C and 200°C), and the high-temperature reservoir (above 200°C)
(Kruszewski and Wittig, 2018). Deductively, the temperature of some geothermal reservoirs may
go beyond the critical temperature of the water, posing significant jeopardy to the drilling and
completion of geothermal wells. Therefore, the materials for the design of geothermal drilling
fluids must be carefully selected to withstand HPHT conditions. Figure 1 highlights the distribution

of geothermal resources in the United States.



1.0 Difficulties in drilling fluid technology for geothermal well drilling

Consequent to the HPHT conditions of the location of geothermal resources, specially selected
drilling fluid additives are encouraged for application in geothermal drilling fluid design. The
additives must be able to resist the harsh downhole environment in which geothermal reservoirs
geologically occurred. Failure of the drilling fluid to meet this requirement could lead to
difficulties as a result of thermal degradation. This process is technically complicated due to the
severe circumstances, which combine elevated temperatures with hard, very abrasive rock in an
environment of corrosive fluids. Greywacke, quartzite, granite, and granodiorite are examples of

volcanic rocks that are frequently found as formation rocks in geothermal reservoirs.

Additionally, the high cost of drilling fluid for drilling geothermal wells is a concern. A study of
both 21 geothermal wells and 21 oil and gas wells was investigated. As observed in Figure 2, the
study compares depth with operational time for the same operation scenario, and the results
suggested that there was a huge difference in the number of days taken to complete a geothermal
well compared to an oil well. This is an indication of the challenges encountered in terms of cost;
labor cost, drilling fluid services, and daily rig rate in geothermal drilling (Vivas et al., 2020). The
drilling activities cost for a geothermal well is usually around 40-60% of the project’s total cost

irrespective of the complications encountered while drilling a geothermal well (Bavadiya et al.,

2019).
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Figure 2. Comparison between both geothermal and oil well drilling (Vivas et al., 2020).

1.1 The importance of drilling fluid’s rheological properties in geothermal well drilling

The success of a drilling operation is significantly determined by the rheological properties of the
mud (Chemwotei, 2011). Drilling fluids perform ten (10) basic functions during a drilling
operation as; transporting freshly cut cuttings to the surface, providing sufficient hydrostatic
pressure for the mud column, lubricating and cooling the drill stem, enhancing wellbore stability
etc, (Fadairo et al., 2017; Oni et al., 2023). A thorough investigation of additives’ properties is
necessary to select an optimum combination of additives that will be suitable to perform the
functions stated above, especially in environments of elevated temperature (Mohamed et al.,
2021). The flow characteristics of drilling mud have a notable impact on many drilling parameters
such as; drilling mud stability, the thickness of the filter cake, drill bit penetration speed, hole
hydraulics, and wellbore cleaning (Elkatatny, 2019). Lost circulation has been identified by
previous researchers as a rheological property dependent (Kulkarni et al., 2013). The impact of

lost circulation in cavernous zones may be overcome by increasing the mud’s shear rate. This



outcome is also applicable to geothermal reservoirs because they are characterized by naturally

fractured formations (Magzoub et al., 2021).

1.2 Factors that affect drilling mud flow properties in geothermal drilling.

Periodic information about the effect of the downhole environment on drilling mud is necessary
throughout the drilling activities. The changes in the properties of drilling mud are highly
discouraged for cost-friendly and successful geothermal well drilling. Despite being popularly
drilled with bentonite water-based mud a noticeably higher yield stress was reported at high
temperature. High temperature-induced flocculation and swelling of the clay as well as sodium

ions' replacement may be responsible for high-yield stress increment (Ahmad et al., 2018).

High temperatures also destroy polymeric compounds used in drilling fluid, which lowers the
viscosity of the mud and reduces its efficiency, ultimately making drilling operations more difficult
(HPHT recent papers). Additionally, elevated pressure also alters the volume of the continuous

phase due to compression, raising the viscosity of oil-based drilling muds (Amani and Al-Jubouri,

2012).

The changes in the chemical makeup of drilling fluid brought on by the invasion of the wellbore
by formation fluids and cuttings (Bageri et al., 2020). The rheological characteristics of drilling
mud increase with the amount of clay present in the current formation being drilled (Bageri et al.,

2020).



1.3 Rheological properties challenges in geothermal well drilling

The stability of drilling fluid for geothermal well application may be subdivided into chemical and
physical, both are significant to achieve a successful drilling operation. The chemical stability of
drilling mud may be referred to as the inhibitive resistance of the mud’s chemical makeup to
contamination, while physical stability is the ability to withstand the harsh HPHT, and high ROP

inflicted on the mud by the downhole environment (Bageri et al., 2019).

The HPHT conditions present in the geologic location of the geothermal reservoir enhance the
thermal degradation of polymeric components of drilling fluid. Therefore, maintaining the
appropriate drilling fluid characteristics becomes very difficult at elevated temperatures (Avci and
Mert, 2019). The common type of drilling fluids employed for drilling geothermal reservoirs is
water-based mud (WBM) with bentonite as a viscosity-increasing additive, while other categories

of additives such as fluid loss, pH, and rheology enhancers are also added for specific purposes.

Gelation, an important rheological property is mostly affected by the impact of elevated
temperature ofthe geothermal reservoir. This was experienced and reported for geothermal drilling
in the United States (Liles et al 1976; Tuttle and Listi 2003). The gel strength of drilling mud is
the ability of the mud to develop a gel structure during the quiescent period and suspend drilled
cuttings from falling to the bottom of the hole when circulation is ceased. Additionally, the

aggradation of bentonite clay is another challenge of bentonite WBD at elevated temperatures.

Solid sag could also result from the drilling fluid’s instability. The settling of weighting material
like barite, ilmenite, and hematite due to their high specific gravity, from the mud column to the
bottom of the hole is called sagging. This creates instability and varies the density in the fluid

column. Solid material sagging may inflict operational threats such as variations in mud weight,
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mud loss, and difficulties in well control (Bern et al., 2010; Zamora et al., 2004). The occurrence
of kick is inevitable when the hydrostatic pressure is insufficient to prevent the flow of formation

fluid into the wellbore. The bed formed by the settled solid material might pose drilling and

completion challenges. The physical visualization of this is presented by Figure 3.

Clarified mud——

g —Region of floatation

—Settled ilmenite bed

(sag)
Plunged particles

(ilmenite)— — 1 —Variable angle of deviation

Figure 3. Schematic of an incline sag phenomenon (Oni et al., 2023).

As seen in Figure 4, the efficient transportation of drill cuttings from the wellbore to the surface is
one of the basic functions of drilling fluid. For efficient hole cleaning to take place, there must be
timely and adequate transportation of drill cuttings to the surface. Otherwise, it may lead to the
deposition of cutting beds common in inclined wells when the inclination is between 45°-75% (Oni
et al,, 2023), its deposition may be supported by angle of deviation, wellbore architecture,
rheological characteristics, and mud’s rate of flow. Busahmin et al (2017) identified other factors

contributing to proper hole cleaning as the rate of penetration, cuttings texture, depth, and wellbore

11



geometry. Drilling mud's yield point demonstrates its capacity to suspend solid particles and drill
cuttings (Fadairo et al., 2018). Hole cleaning is thought to be most difficult because of the high
temperatures found in geothermal wells (Busahmin et al (2017) because it significantly alters the
rheological characteristics of drilling fluid, and changes how the wellbores are being cleaned. In
contrast, geothermal wells are drilled and completed with a greater hole size than HPHT oil and
gas wells in order to increase fluid output and collect more energy. Therefore, the annular fluid
velocity which is a primary determinant of cuttings transport is influenced by hole size in

geothermal drilling (Naganawa and Okabe, 2014).

Suspended/flowing
cuttings

Drill pipe

ﬂ Moving bed ﬁ

Stationary bed

N

Cuttings =
bed

d)

Figure 4. Deposition of drilled cuttings bed (Mahmoud et al., 2021).

1.4 A typical field challenge of sag phenomenon; Gulf of Mexico

The jeopardy of the sagging phenomenon was encountered while drilling a highly deviated well

in the Gulf of Mexico at a deviated angle of 68. This threat occurred on three consecutive occasions

12



within this depth; 3183 —4063 m MD; the first instance was after tripping out of the hole at 3,953.3
m to appraise the blowout preventer (BOP). Secondly, when the liner was being run. Thirdly,
immediately after installing the production tubing. This sag-prone internal was drilled by utilizing
a water-based mud of 12 ppg density, the drill bits penetration rate was within 9.1 — 12.2 m/hr. The
rheological characteristics of the fluid are as follows; low shear yield point (LSYP) = 4- 6 1b./100
ft, Plastic viscosity (PV)=18-21 Cp, yield point (YP)= 15— 17 Ib/100ft. The sagging was believed
to be initiated by inadequate rheological characteristics, and low pipe rotation. To overcome the
sagging challenge, the mud was treated with the addition of biopolymer and bentonite on each
occasion (Mohamed et al., 2022). Therefore, a key factor in reducing the stability concerns with
drilling fluid is choosing the optimum drilling mud formulation and maximizing its rheological
qualities. The application of knowledge acquired in solving HPHT oil and gas wells can also be

applied to geothermal well drilling due to close characteristics.

A geothermal well with a total depth of 3002 m (9850 ft) and an inclination of 70° dug in Japan
was investigated by Naganawa and Okabe (2014). The hydraulics and hole-cleaning capability of
this extended reach well was evaluated. A combination of simulation and experimental approaches
were deployed for this study. A flow loop test was conducted on the collected drilled cuttings, and
the deviation started from vertical (0°) through horizontal (75°) while observing a 15° increment
in the angle of inclination. To have realistic optimization results, field-obtained data like equivalent
circulation density (ECD), the type of mud, and mud flow rate were optimized for effective hole
cleaning. The outcome of the study suggested it is paramount that wellbore hydraulics be included

in the design phase of a geothermal drilling fluid for an effective drilling process.
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CHAPTER 11
LITERATURE REVIEW
2.0 Geothermal Wells in the United States

In 1976, 13 deep surveillance holes and 52 wells were sunk in the states of Utah, Oregon, Nevada,
Idaho, and California to search for and develop geothermal resources. Eight are now halted, five
were abandoned, and 39 (or 75% of the total) are now thought to have successfully discovered at
least possibly commercial volumes of steam or hot water. Next to this, four significant production
improvements were accomplished at The Geysers, along with the discovery of two additional fields
in the Imperial Valley and Nevada (Smith et al., 1976). The first geothermal well in The Imperial

Valley of California was created using clay mud.

2.1 Geothermal well drilling fluid systems.

Water has been employed as the continuous phase, and bentonitic clay as the dispersed phase in
the design of water-based mud in the early stages of geothermal well drilling. To preserve and
enhance the filtration and rheological characteristics of the drilling fluid, certain polymer additives
are added (Zilch et al., 1991). Due to the cost and environmental friendliness of water-based mud
over oil-based mud, it is the choice of most mud engineers. However, oil-based mud is more
efficient in geothermal drilling because of its higher thermal stability. Additionally, the use of
geothermal spring brine as a base fluid to create drilling mud for geothermal wells was tested. The
earliest geothermal well located in The Imperial Valley in California was drilled with clay mud in
1976. The changes in rheological properties were recorded at 121°C, which discouraged the
subsequent use of clay mud for geothermal well drilling (Zilch et al., 1991). As a result of this,

14



bentonite clay was replaced with sepiolite clay owing to its higher thermal resistance, to certain
polymers were added to buffer it and enhance its filtration behavior (Tuttle, 2005). Copolymers
were discovered and added to geothermal drilling mud design to increase its theology and thermal
stability. Currently, geothermal drilling fluid is now being designed with thermal resistance
synthetic or natural polymeric additives. Bentonite is augmented with polymeric additives in other
to reduce the cost. The use of nanoparticles in geothermal drilling fluid formulation was also
investigated (Boyou et al., 2019). Above all, the thermal degradation of drilling fluids additives at

HPHT and the cost of formulation have been a challenge militating against the drilling of more

geothermal wells.

Drilling fluid performs several functions during drilling including maintaining borehole stability,
carrying drilled cuttings to the surface, lubricating the drilling string, and preventing formation
fluids from flowing into the wellbore (Adesina et al., 2012). The filtrate loss and the growth of
filter cake around the wellbore during drilling operation affect the flow efficiency and raise the
overall drilling expenses. It is impossible to overstate how crucial particle size distribution (PSD)
of ultrafine calcium carbonate is to the filtrate loss process. It is therefore necessary to note that
there is a direct relationship between PSD and filtrate loss. As such, the smaller the PSD, the
smaller the volume of filtrate loss and vice-versa (Ezeakacha et al., 2017). The quality of the filter
cake is physically and chemically influenced by the drilling fluid additives which include weighing
and filtration agents. Barite is popularly utilized as a weighing substance in drilling mud
formulation due to the number of benefits offered which include affordability, accessibility, and
high specific gravity. However, a significant drilling operation usually demands a large amount of
barite usage, hence causing mud cake thickness which can subsequently damage the formation and

later impair the flow of reservoir fluids after the drilling operation (Fadairo et al., 2018; Li et al.,
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2019). Besides, barite also exhibits a sagging problem which is the inability to suspend cuttings
for a long period when drilling operation is not in circulation, thus further increasing formation
damage and making it challenging to remove the filter cake from the walls of drilled wells
(Elkatatny, 2019) even in the presence of acid. The right design of drilling fluid that engenders a
thin, impervious filter cake is highly desirable to increase the efficiency of the drilling operations.
Therefore, special attention is needed to effectively select an alternate weighting substance as a

substitute for barite.

Due to the urgent need of the drilling industry to mitigate sagging, several materials such as
copolymer, urea-based, organophilic clay, perlite, Nano silica, polyethylene glycol, diminution of
densifying materials (barite, ilmenite, hematite, vermiculite), a combination of diminutized
weight-materials have all been utilized in the drilling mud and investigated as anti-sagging agents
to mitigate the occurrence (Al-Abdullatif et al., 2014; Al-bagoury, 2014). Al-bagoury (2014)
explored the use of diminutized ilmenite as a weighing agent in both water-based and oil-
based mud. Oni et al. (2023) suggested that even though sag occurs in both inclined and vertical
wells, its effect is more threatening in inclined wells due to the variable angles of inclinations that

may support a higher rate of settling out of fluid columns. They concluded that the severity of

sagging is highest at 45° — 759 inclinations.

[Imenite is an iron ore mineral (FeTiO3), a titanium-iron oxide, with a steel-gray or weak magnetic
solid, black in color, and trigonal crystal system. It has a specific gravity of 4.5-5.1 g/cm® which
claimed advantages over barite due to its greater specific gravity, and its higher solubility in acid
(Mohamed et al., 2019; Basfar et al., 2019). Therefore, compared to barite, less ilmenite intake is

required to achieve the appropriate drill mud density, decreasing the solid ratio in mud.
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Several filtration additives have been investigated to improve drilling fluid characteristics over the
years. Environmental agencies have imposed tight regulations for drilling fluid additives because
some of these compounds may have unfavorable effects on the environment (Al-Hameedi et al.,
2019). Due to this, there is a trend in the oil and gas industry to use ecologically friendly drilling
fluid additives to lessen their negative effects on the environment while also enhancing drilling
fluid performance. A variety of cost-effective and eco-friendly natural materials which include
clays, polymers, copolymers, and nanomaterials have been utilized to enhance the drilling fluid's
qualities particularly low filtrate loss (Medhi et al., 2021). One of these is perlite (Bageri et al.,
2020), which was combined with ilmenite, and suggested to be used as a filtration agent. It was
proven that perlite greatly enhanced the filter cake's characteristics, with improvements in
permeability and porosity of 23% and 31%, respectively. Perlite was discovered to have improved
the rheological properties of the barite drilling fluid and eliminated the sagging problem
(Mohamed et al., 2020). However, petlite is not readily available in North Dakota, unlike fly ash

which is found to be abundant because is a by-product of lignite coal-fired plants.

In addition, fly ash is cost-friendly and cheaper than other inorganic ultrafine calcium
carbonates that perform similar roles of plugging agents in water-based drilling fluid. For instance,
ultrafine (0.02-0.36 um) calcium carbonate cost like 305 to 610 €/ton, wollastonite 38 and 74 pm
may cost 210 and 154 €/ton respectively, and precipitated calcium carbonate powder (not ultrafine)
which may be cheapest goes for 120 €/ton (Teir et al., 2005). Conversely, the fly ash which is
readily available, was obtained from the Antelope Valley power station, Mercier County, City of
Beulah, North Dakota, United States. Fly ash is made up of tiny, powdery particles that are
frequently spherical, hollow, or solid, and mostly glassy (amorphous) in composition. The angular

particles make up the carbonaceous component in fly ash. Some of the physicochemical properties
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of fly ash include specific gravity, which is between 1.6 and 2.6, a porosity of 30 to 65 %, pH
ranging from 6 to 8, low free swell index, a surface area of about 5 m?/g, non-plasticity, lime
reactivity of 1 to 8 MPa, bulk density of 900 to 1300 kg/m?, and extreme particle size of 0.001 to
0.1 mm (Gollakota et al., 2019). Fly ash's color can range from tan to gray to black, depending on
how much of its carbon is unburned. The adsorption, particle size distribution, surface area,
hydrophilicity, and porosity are important for water treatment (Mushtaq et al., 2019). The chemical
and physical properties of fly ash make it useful material for a variety of applications like
wastewater treatment, removal of organic solvents and inorganic pollutants, and removal of metals,
boron, radioactive elements, and phosphates, in the construction industry, and in the production of

geopolymers (Alterary and Maraei, 2021).

Fly ash can lessen the permeability of saturated, hardened cement pastes, as Marsh et al.
demonstrated in 1985. The pozzolanic reaction of a class C fly ash to concrete caused a significant
reduction in permeability (Afroz et al., 2023; Guarav et al., 2023). According to these studies, fly
ash as a binder is ideal for replacing a portion of cement in concrete (up to 25%) without negatively
impacting the strength. To fully comprehend the potential and constraints of fly ash, more study

into its utilization in various drilling fluid formulations is still needed.
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CHAPTER III

Drilling fiuid formulation

Test for sagging after
adding fly ash

METHODS
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Interpretafion of results

Figure 5. Experimental flowchart
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3.0 Materials

The fly ash and ilmenite used in the study were respectively obtained at Antelope Valley power
station, Beulah, North Dakota, and Bishop Mine, Campbell County, Virginia, United States. Figure
6 further describes these locations. Industrial copolymer, Bentonite, and Calcium Carbonate were
sourced from Newpark Resources an oil and gas drilling fluids company in the United States while

other chemicals were procured from the chemical market in the states.

Source of Ash

Be‘?i_)J,lah'

Capyright

Beulah, ND

North Dakota

(@)
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_
Source of IImenite

Bishop'ln

Campbell County, Virginia

By b
- : !

Virginia

(b)

Figure 6. Locations where fly ash and ilmenite samples were collected respectively: (a) Fly ash
obtained from Antelope Valley power station, Mercier County, City of Beulah, North Dakota, and

(b) Bishop Mine, Campbell County, Virginia, United States.
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Figure 8. Stack of sieves with fly ash sample placed in a sieve shaker.
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Figures 7 and 8 show the pictorial illustration of the sieves and sieve shaker machine utilized in
the determination of PSD. For fly ash and ilmenite, the PSD data showed aggradation (D50) of
130 and 62 pum, respectively. Utilizing a scanning electron microscope (SEM), optical examination
of particle surfaces revealed that the spherical shape of fly ash particles varies in size and shape
gradation, in contrast with the irregular, sub-rounded, or rounded shape of ilmenite that has smaller
particles, as shown in Figure 10 (Bageri et al., 2022). The SEM micrograph of ilmenite and fly ash

were depicted in Figures 10 and 11 respectively.

D50 of the sieve analysis results were carried out on both ilmenite and fly ash to assess the
influence of relative particles on the volume of filtrate in the formation during the drilling
operation. Figure 9 shows that the particle size distribution for both ilmenite and fly ash is 62 pm
and 130 um respectively as demonstrated in the particle sieve analysis of D50. The scanning
electron microscopy (SEM) of pure ilmenite and pure fly ash particles has been previously reported
by some authors (Bageri et al., 2022) and (Singh et al., 2023) respectively as displayed in Figure
10 and Figure 11. Fly ash particles have a spherical shape, which increases their ability to seal the
gaps between the particles in the mud cake, while ilmenite particles could be irregular, angular, or
rounded in shape, according to SEM pictures (Bageri et al., 2022). The shape of pure ilmenite
particles was suggested to vary from angular to rounded (Jabit et al., 2018). X-ray diffraction
analysis was conducted in this study to determine the chemical composition in weight percent of
Beulah lignite fly ash as reported in Table 1. The chemical composition of pure ilmenite and pure
fly ash was determined by energy dispersive X-ray analysis (EDS), as shown in Figure 10 and
Table 1. Figure 12 further expresses the representation of chemical composition in weight percent

of Beulah lignite fly ash as revealed by X-ray diffraction analysis. The main elements of pure
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ilmenite were depicted in Fig. 3 in the following proportions: titanium (T1), oxygen (O), and iron
(Fe), with 35.7 wt%, 33.7 wt%, and 27.6 wt%, respectively. Calcium (Ca), silicon (Si), and
magnesium make up the final 3% (Mg). As regards fly ash, the dominant compound is silicon
oxide (Si02) with 24.5398 wt%, Calcium oxide (CaO) with 17.744 wt%, sodium oxide (Na20)
with 15.8441 wt%, iron (III) oxide (Fe203) with 11.2066 wt%, aluminum oxide (Al203) with
10.9579 wt%, sulfur trioxide (SO3) with 10.677 wt%, magnesium oxide (MgO) with 5.1362 wt %,
and potassium oxide (K2O)with 1.9415 wt% as also seen in Table 1. The minor compounds present
include strontium oxide (SrO), phosphorus pentoxide (P20s5), barium oxide (BaO), titanium

dioxide (TiO2), and zirconium dioxide (ZrO2) which represents 1.9529 wt%.
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Figure 9. The Particle size distribution (D50) for ilmenite and fly ash.
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Figure 10. SEM (high-resolution) imaging was performed on the ilmenite densifying additive

(Bageri et al., 2022).
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Figure 11. SEM micrograph of fly ash (Singh et al., 2023).

Table 1

Analysis Beulah Lignite fly ash.

Component | Result
(mass%)
SiO2 24.5398
CaO 17.744
Na20 15.8441
Fe20s 11.2066
Al203 10.9579
SO3 10.677
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MgO 5.1362
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Figure 12. X-ray diffraction analysis of Beulah Lignite fly ash.

3.1 Drilling fluid sample preparation

350 cm? of WBM were prepared using a Hamilton Beach multimixer at ambient temperature.
Table 2 provides a description of the mud formulation along with the applied concentrations and
functions. The base fluid was deionized water with the addition of supplementary materials
sometimes called additives. The additives are among the ones that are most frequently utilized in
oil and gas drilling applications, they were chosen since they were readily available and relatively
inexpensive. Different amounts of the proposed fly ash were added to the Base Mud (0, 1, 2, and
3 Ib./bbl) as a sag-resisting material. As a weighing agent, ilmenite (FeTiO3) particles were

introduced at a consistent quantity (350 Ib./bbl).
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Table 2.

Composition of a drilling fluid barrel

Function Unit | Base | Base Base Base
Mud | Mud + 1| Mud + 2 | Mud + 3
Ib/bbl of | Ib/bbl of | Ib/bbl of
fly ash | fly ash fly ash
Water Continuous phase | Bbl 0.7 |07 0.7 0.7
Potassium Alkalinity control | Lb 05 |05 0.5 0.5
Hydroxide
Fly ash Sag control agent Lb 0 1 2 3
Calcium Bridging material Lb 5 5 5 5
carbonate
Defoamer Anti-foam agent Lb 0.08 | 0.08 0.08 0.08
Industrial Copolymer Lb 1 1 1 1
Copolymer
PAC-R Polymer Lb 1 1 1 1
Xanthan Viscosity control Lb 05 |05 0.5 0.5
gum
[Imenite Weighting agent Lb 350 | 350 350 350
Corn starch | Fluid loss control Lb 6 6 6 6
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Soda ash Maintains calcium | Lb 05 |05 0.5 0.5
level

Bentonite Viscosity control Lb 4 4 4 4

Potassium Shale stabilizer Lb 20 20 20 20

chloride

The industrial copolymer was added to the mud samples to raise thermal stability and improve
theology. Newpark Resources provided the novel copolymer, and it is made up of partially
hydrolyzed polyacrylamide (PHPA) as a functional additive with a 3% solution, and an acidity

level of 9.10. The novel copolymer easily disperses in water without forming fisheyes. This

copolymer's primary uses are as a flow improver, as well as clay and shale inhibitor.

Fly ash particles have a spherical shape, which increases their ability to seal the mud cake's voids

between its pieces, while ilmenite particles could be irregular, angular, or rounded in shape,

according to SEM pictures (Bageri et al., 2022).
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Figure 13. A multimixer machine with cups.

3.2 Drilling fluid properties measurement
Sag test

To evaluate the fly ash's effectiveness as an anti-sagging agent, statically and dynamically
positioned sagging studies were executed. The stable test was conducted on Base Mud (0 1b./bbl
of fly ash) and Base Mud plus 3 Ib./bbl of fly ash over a range of temperatures (250°F, 300°F,
350°F, and 400°F) at different angles of inclination (30°, 45°, 60°,70°, 80° and 90°) while observing
API standard procedure. The HPHT Ofite Filter Press was redesigned with the addition of an
inclination meter for this purpose as displayed in Figure 14a. A volume of 140 ¢cm? of drilling mud
was emptied into the cell cup with the exclusion of the metal stand (Figure 14b). After that, it was
inserted into the redesigned filter press (Figure 14a). To prevent fluid from vaporizing, a 500-psi

pressure of nitrogen gas was applied. After the sample had been aged for 24 hours at various
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temperatures and inclinations, a volume of 10 cm? of the sample was sucked from the top of the
cell through the cannula into a calibrated syringe. The mass was obtained and divided by volume

to have a density at the top. Similarly, the same process was repeated but sucked from the

lowermost part of the cell, and the following equations were applied to the obtained results:

__ Mass of sample obtained at the bottom

= 1
Prottom Volume of sample obtained at the bottom (1)
__ Mass of sample drawn from the top (2)
Prop Volume of sample drawn from the top
Sag Facor (SF) = —fbottom (3)

Pbottom TPtop

Prottom = Density of mud at the bottom of the cup
Prop = Density of mud at the top of the cup

The sag factor (SF) illustrates the susceptibility of the weight-material to either free or hindered
settling. A high SF number indicates a stronger tendency to sag. The safe zone for sag factor is
between 0.5 and 0.53, which is the permissible range (Alabdullatif et al., 2014). Additionally, the
well geometry significantly influences the sagging factor. To simulate deviated wells, the

redesigned HPHT was used, and the same test was run at various inclinations (i.e., 300, 459, 60°,

700, 80°, and 90°).

Additionally, the VSST, as depicted in Figure 14c, was used to conduct the dynamic sagging test.

For this analysis, a speed of 100 revolutions per minute and a temperature of 120°F was applied to
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140 cm? of homogeneous sample in the thermo-cup for a duration of 30 mins. A volume of 10cm?
of the sample was sucked through the cannula into a calibrated syringe from the groove of the sag

shoe inside the thermo-cup before and after spinning and recorded as weight before and after

accordingly. The dynamic sagging propensity was calculated as follows using the test data:
VSST=0.833 x (Wafter - Wbefore) (4)
Waatter = Weight of mud in the syringe after 30 minutes of stirring

Whefore = Weight of mud in the syringe before stirring

The VSST measured in pounce per gallon (ppg) is an indication of'the stability of the drilling mud,
values below 1ppg represent stable (homogeneous mixture) mud devoid of sagging while values
above 1.6 ppg are unstable (inhomogeneous mixture) mud, which may be the onset of sagging
(Aldea et al., 2001; Mohammed et al., 2020). The region in between stable (1 and 1.6 ppg) may be

referred to as the transition region or boundary between the stable and unstable sample.
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(a) (b)

Figure 14. Equipment for performing statically positioned sag tests: (a) oblique (30°, 459,609, 700,

80°, and 90°) and (b) vertical.

Rheometer

Thermo-Cup
Sag Shoe




Figure 14¢. VSST test major apparatus (syringe not included).

Mud density

The mud density was measured with the use of a four-scale mud balance. The apparatus was
calibrated with distilled water to ensure accuracy. Subsequently, the density of the mud samples

was determined and recorded in 1b./gal (ppg).

Figure 15. A Mud balance.

Rheology

Using an OFITE viscometer (8-speed viscometer), the flow characteristics such as 10 mins and
secs gel, plastic and apparent viscosity, and yield point were examined for the mud with various
fly ash ratios of 0, 1, 2, and 3 Ib./bbl were included in the Base Mud. Figure 16 shows the

equipment used for this purpose. These tests were investigated at an elevated temperature (450°F).
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The viscometer was turned to 300 and 600 revolutions per minute, and the values were recorded
accordingly. The influence of the fly ash addition on the flow parameters, such as apparent

viscosity, plastic viscosity, yield point, and gel strengths (10-s and 10-min), were investigated, and

calculated using the formulae below:

Apparent Viscosity (AV) = §600/2

Plastic Viscosity (PV) = 0600 — @300

Yield Point (YP) = $300 — PV

Figure 16. 8-Speed viscometer for measuring rheological properties.

Filtration behavior

35



Static filtration tests were conducted at 450°F (232°C) and 300 psi. The experiments were
conducted on each of the mud samples listed in Table 2. The tests were performed on Base Mud
plus 1, 2, and 3 1b./bbl of fly ash in the same manner, to further investigate the effect of fly ash on
filtration characteristics. The filtration volume was determined during the fluid loss test as a

function of time until the test's conclusion (30 min). Figure 17 shows the HPHT filter press

equipment used to achieve this.

Figure 17. HPHT filter press with a measuring cylinder for collecting filtrate loss.
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CHAPTER 1V
RESULTS AND ANALYSIS
4.0 Sagging efficiency

In order to appraise how well the ilmenite drilling fluid performs both statically and dynamically
when using fly ash, two samples were investigated for this purpose (Base Mud plus 0 Ib./bbl of fly
ash, and Base Mud plus 3 Ib./bbl of fly ash), over several ranges of temperatures and angles of
inclination. As depicted by Figure 18 and Table 3, Base Mud plus 0 Ib./bbl of fly ash at 0°
inclinations, and 250°F has the lowest sag factor of 0.504, followed by 300°F, 350°F, and 400°F
with SF of 0.515, 0.521, and 0.527 accordingly. As observed from this figure, all the sagging tests
investigated from 0° to 30° inclinations (250°F, 300°F, 350°F, and 400°F) were within the API-
recommended sag factor region of 0.53 for static conditions though 250°F was the most stable.
This may be due to the effectiveness of the atomic bonds of industrial copolymer at 250°F, it is
worth noting that other polymers which are also Base Mud plus 0 Ib./bbl of fly ash additives such
as PAC-R, Corn starch, and xanthan gum typically degrade at or close to 250°F. An increment of
58% (0.516 to 0.519) of sag factor occurred within 250°F and 300°F over a temperature rise of
50°F. At 350°F, and 400°F were 96% and 38% sag factor increments respectively. The highest sag
factor increments of 96% were observed to have taken place within 300°F to 350°F, over a rise of
50°F. Furthermore, it can also be deduced that Base Mud plus 0 Ib./bbl of fly ash experienced the
highest sag at angle 61°, in which the most noticeable sag occurs at 400°F (0.545), next to it are
350°F, 300°F, and 250°F at 0.542, 0.539, and 0.536 respectively. Generally, from the trend, the sag
factor can be said to be increasing linearly at various temperatures (250°F, 300°F, 350°F, and 400°F)
from 30° to 61°. After which, it begins to decrease linearly, and stops the steady decrease at 80°.

The sag factor is equal at 80° and 90° for most temperatures except for 400°F which is 0.534 at 80°
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and 0.533 at 90°. Looking at the response of the Base Mud plus 0 b./bbl of fly ash additives to
sagging, inclination, and thermal stability, from the trend, it may be said to have different resistance
to sag, and deviation, at different temperatures. This may be the effect of heat on the copolymer,
thereby making it to be less stable and inefficient to prevent the settling of mud components at the
respective temperatures. At various temperatures of 250°F, 300°F, 350°F, and 400°F, sagging

occurs at 40°, 449, 490 and 55° respectively, and beyond.

In comparison, as showcased by Figure 19, the outcome of the SF of the Base Mud plus 0 1b./bbl
of fly ash performed under statically controlled conditions of 0° (straight-up) and (45°) oblique
positions, resulted in 0.504 and 0.521 at 250°F. The influence of a steady increase in temperature
from 250°F to 400°F increased the SF from 0.504 to 0.527 for the straight-up hole while that of
459 hole was raised from 0.521 to 0.532. At 459, the effect of temperature on Mud 0 was prominent
from 350°F to 400°F. This may be the resultant influence of an increase in the angle of deviation
(0° to 45%) and temperature on the thermal stability of Mud 0 (0 Ib./bbl of fly ash). In addition, a
raise in the angle of deviation causes an increment in the surface area of the hole which encourages
free settling of weight-material. Thus, sagging was initiated, and as may be observed there was a

fast-sagging propensity at inclined than at vertical.

In summary, it can be inferred from Figure 19, that the higher the temperature the lesser the
strength of the industrial copolymer’s atomic bond to keep the ilmenite particle size of 62 um in
suspension, and the lesser the thermal stability of the Base Mud plus 0 1b./bbl of fly ash. Practically,
it is predictable for a drilling crew to utilize this formulation to avoid drilling at these angles of
inclinations; 40°, 44°, 49° and 55° at 250°F, 300°F, 350°F, and 400°F respectively because of

sagging tendencies.
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Figure 18. Static sag test for Base Mud plus 0 Ib./bbl of fly ash at different angles of inclination

and temperature.

Table 3.

Data of static sag test for Base Mud plus 0 Ib./bbl of fly ash at different angles of inclination and

temperature.
250°F 300°F 350°F 400°F
0% | 0.504 0.515 0.521 0.527
300 | 0.516 0.519 0.524 0.526
450 | 0.521 0.526 0.530 0.532
60° | 0.535 0.539 0.541 0.545
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70° | 0.533 0.536 0.538 0.539
80° | 0.530 0.532 0.533 0.534
90° | 0.530 0.532 0.532 0.533
0.540 Unsafe Region 0.530 0.532
0.530 0526 ) 0.527
Safe 0.521 0.521
« 0.520 Region 0.515
2
£ 0510 0.504
o
“' 0.500
0.490
0.480
250 300 350 400

Figure 19. Static sag test for Base Mud (0 1b./bbl of fly ash) measured at 0° and 45° under different

temperatures.

As can be seen from Figure 20 and Table 4, Base Mud plus 3 Ib./bbl of fly ash experienced the
highest sag factor at 60° for all temperatures. However, 400°F has the highest sag factor of 0.528,
other temperatures such as 350°F, 300°F, and 250°F have sag factors of 0.527, 0.525, and 0.520

respectively. At250°F, Base Mud plus 3 1b./bbl of fly ash has a linear increase in sag factor from

Base Mud at different Temperatures (°F)

H Vertical (0 deg) MW 45deg
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0.508 (0°) through 0.520 (60°), this was succeeded by a linear reduction through 0.515 (90°). The
3 Ib./bbl of fly ash added to this sample was efficient to prevent the sample from sagging (safe
region) irrespective of the temperature and hole inclination investigated. The hole inclination at
60° under 300°F yielded the highest percentage increase in sag factor over a 50°F increment in
temperature (250°F to 300°F). This may be due to the influence of heat on some polymeric
additives in the mud sample. A polymer’s onset of degradation may start around 300°F, and when
this happens the mud loses its gel structures to some extent. Consequently, the suspension of
weight material (ilmenite) is reduced, and ilmenite settles out of the static fluid column. Despite
the effect of temperature and steady increase in hole deviation which supports sagging, fly ash of
3 Ib./bbl was efficient to keep Mud Base plus 3 1b./bbl of fly ash sample stable, and within the API

recommended standard value (safe region).

Comparatively, Figure 21 shows the static sag test for Base Mud plus 3 1b./bbl of fly ash as
measured at 00 (vertical), 459, and 60° under different temperatures of 250°F, 300°F, 350°F, and
400°F. From the literature, the hole with a 45° deviance has the highest sag factor (Ahmed et al.,
2022; Basfar et al., 2022; Mohamed et al., 2020) while for this study 60° deviance presented the
highest SF. Additionally, temperature and SF exhibited a directly proportional relationship. This
result further supports the notable significance ofhole deviation and temperature on solid sagging.
As investigated, under the same temperature, but different inclinations the effect of hole deviation

was further proven.

Practically, this mud formulation may be safe to utilize, if adopted to drill deviated well whose

angle and reservoir temperatures fall within the scope of this investigation.
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Figure 20. Static sag test for Base Mud plus 3 1b./bbl of fly ash at different angles of inclinations

and temperatures.

Table 4.

Data of static sag test for Base Mud plus 3 1b./bbl of fly ash at different angles of inclination and

temperatures.

250°F 300°F 350°F 400°F
00 0.508 0.512 0.516 0.519
300 | 0.515 0.518 0.521 0.523
450 | 0.517 0.521 0.524 0.525
60° | 0.520 0.525 0.526 0.528
700 | 0.518 0.521 0.523 0.525
80° | 0.516 0.519 0.520 0.523
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Figure 21. Static sag test for Base Mud plus 3 1b./bbl of fly ash measured at 0° (vertical), 45°, and

400

60° under different temperatures.

The dynamic conditions for the drilling samples Base Mud plus 0 and 3 Ib./bbl of fly ash are shown
in Figure 22. The Base Mud plus 0 1b./bbl of fly ash exhibited a high sagging propensity with an
SF of 1.65, 1.7, 1.73, and 1.79 ppg at 250°F, 300°F, 350°F, and 400°F respectively. During the

investigation, the highest percentage increase in sag factor was observed at 1.79 ppg (3.47%) over
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a 50°F increment in temperature (350°F to 400°F), next to this was 1.70 ppg (3.03%), and the least
was 1.73 ppg (1.76%). The unequal response of Base Mud plus 0 Ib./bbl of fly ash mud sample to
equal interval of temperature rise (50°F) may be due to the prominence of heat on the polymers
and industrial copolymer. Xanthan gum and Corn starch are both polymer additives, while
Industrial copolymer is a copolymer additive. These polymers degrade at different temperatures,
and when this happens the mud loses its gelatinization and becomes watery. The sagging may be

due to the inability of these polymers to withstand heat at 250°F and beyond.

Conversely, Base Mud plus 3 Ib./bbl of fly ash demonstrated very stable tendencies which varied
from 0.51, 0.52, 0.53, and 0.68 ppg at 250°F, 300°F, 350°F, and 400°F respectively. A percentage
increase of 1.96%, 1.92%, and 28% was observed at 0.52, 0.53, and 0.68 ppg accordingly. Despite
the biggest percentage increase in sag factor (28%) that occurred at 400°F, all the results of the
investigated sag factor, at different temperatures still fell below the API recommended value of 1
ppg. However, it was obvious that an increase in temperature reduces the sagging stability. The
28% increase in sag factor at 400°F may be due to the fact that most polymer additive utilized may

have attained their onset of thermal degradation before 400°F.

Comparatively, in the material formulation of Base Mud plus (0 and 3) lb./bbl of fly ash, the
difference is the presence of 3 lb./bbl of fly ash. The influence of 3 Ib./bbl of fly ash on the Base
Mud sample may be said to be responsible for increasing the sagging stability of this sample. Fly
ash is hydrophilic (about 2% dissolves in water) and polar in nature, this polarity enables it to form
ionic groups. Its good suspending properties may be due to the polarity as well as additional

characteristics like surface area, specific gravity, and pH (Mushtaq et al., 2019; Singh et al., 2022).
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Figure 22. Dynamic sag test for Base Mud plus 0 and 3 Ib./bbl of fly ash.
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Figure 23. Static sag results comparison between fly ash (this study) and perlite (Basfar et al.,

2022).

Figures 23 and 24 compare the performance of 3 Ilb./bbl of fly ash with perlite, at static and
dynamic sag conditions respectively. The results of the efficiency of fly ash with perlite at vertical
and inclined conditions were elaborated in Figure 23. An efficiency of 2% and 4% increase in
static sag reduction were exhibited by fly ash over perlite at the vertical (0°) and inclined (45°)
positions respectively. Figure 24 showcases a 43% increase in the percentage reduction efficiency
of fly ash over perlite at dynamic conditions. Even though fly ash and perlite have similar
properties like crystal shape (amorphous), and pH value (about 5 — 8 in 10% solution), perlite is
slightly denser soluble in water than fly ash. The little difference in efficiency may be from the

other physicochemical properties. Considering the economic aspect of anti-sagging additives, the
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average cost of perlite in North Dakota, United States is about $63/ton (USGS, 2021) while fly ash
is relatively at no cost since it is an industrial waste. Deductively, fly ash may be referred to as a

better anti-sagging additive than perlite.
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Figure 24. Dynamic sag results comparison between fly ash (this study) and perlite (Basfar et al.,

2022).

For the purpose of visualization, as depicted in Figure 25, the inclined sag phenomenon may be
demonstrated in the laboratory with the aid of a transparent glass measuring cylinder placed on an
inclinometer. The cylinder may be a quarter filled up with a freshly agitated mud sample and
topped off with water up to three-quarters. Agitate vigorously to form a homogenous sample and
set it on an inclinometer at the desired angle of deviation to allow for settling. After settling, a trail
of water is observed on the upper side of the tube flows upward, and the ilmenite particles roll
downwards depending on the angle of deviation. At this stage, the influence of particle density

comes into play, particles are segregated based on density differences. As such, fluids with low
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density are pushed ascensional, while the high density is pushed down on the lower side of the
borehole. Sag occurs when ilmenite particles (weight material) settle and constitute a layer of an
ultra-high density viscous fluid on the low side of the borehole referred to as the settled ilmenite
bed in Figure 25. However, the plunged particles are a bed of slumped ilmenite particles that rolled
downward from the hanging side of the hole. The clarified mud is the settled fluid or layer of low-

density fluids at the top of the hole.

Practically, sagging can be seen occurring at vertical and inclined positions, as well as in static and
dynamic conditions. Static conditions may occur when the bed develops due to a no-motion
situation, especially when the mud-circulating pumps are off. Slumps grow faster in this condition.
Conversely, dynamic conditions occur when the flow rate is low or steady which may enhance
deposition and subsequent bed formation. The weighting agent will fall out of a stationary fluid
column if it is not adequately suspended. The regularity of hindered settlement in vertical wells is
significantly slower than that of free settling of a single particle. The formation of the gel structure
enhances suspension, and settling is reduced. However, the settling rate may be significantly

increased when the column is inclined.

Table 5, is populated with results obtained for Base Mud plus 3 1b./bbl of fly ash, comparing static
conditions (vertical position, 0°) with inclined position (60°). It may be inferred that free settling
which occurs in the inclined position is greater than hindered settling which takes place in the
vertical position. This is true for all the temperatures investigated, which may be due to the gradual
increment in the surface space of the fluid in the hole. Therefore, ilmenite particles become
sparsely populated. The effect of gravity on ilmenite particles is easily pronounced when particles
are sparsely populated due to inadequate support to prevent settling. Eventually, the increase in

surface space from the vertical position (0°) to the inclination (60°) may initiate free settling.
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IImenite particles due to higher specific gravities have more tendencies to settle out unhindered
and form sag beds on the hanging side of the wellbore. Sometimes, slumped down to the bottom-
most part of the hole, shown as plunged particles in Figure 25. This may be responsible for sagging
at inclined positions greater than sagging at vertical positions (Skalle et al., 1999). High
temperature which degrades polymer may be a contributory factor to this. In addition, due to the
large surface space possessed by inclined holes, weight materials have higher tendencies to settle
out unhindered and form sag beds on the hanging side of the wellbore. Sometimes, slumped down

to the bottom-most part of the hole, shown as plunged particles in Figure 25.

Table 5.

Relationship between the angles of inclination and settling.

Static condition Static condition Free Hindered

(Vertical position, | (Inclined position, | Settling Settling

09 600) (Inclined) | (Vertical)
250°F 0.508 0.520 X -
300°F 0.512 0.525 X -
3500F 0.516 0.526 X -
400°F 0.519 0.527 X -
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Figure 25. Schematic of an incline sag phenomenon

4.1 Rheology

The results of the flow characteristics such as 10 mins and secs gel, plastic and apparent viscosity,
and yield point examined at 450°F, as presented validate the hole cleaning capacity, wellbore
hydraulics, and stability of the drilling mud.

As seen in Figure 26, at 450°F, the Base Mud with 1, 2, and 3 1b./bbl of fly ash exhibited a good
performance of 34 cP which is very close to the API recommended value of 35 cP for a high-
performance mud. Base Mud plus 0 1b./bbl of fly ash sample gave a poor PV performance, this

may cause instability due to the absence of fly ash.
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Figure 26. Effect of different ratios of fly ash on PV at 450°F

From Figure 27, it can be deduced that the addition of a higher ratio of fly ash gave a better YP
performance. The results of the YP at 450°F were between the API values for a high-performance

mud. This is an indication of improved YP for Base Mud with 1, 2, and 3 1b./bbl of fly ash.
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Figure 27. Effect of different ratios of fly ash on YP at 450°F

As observed in Figures 28 and 29, the addition of a larger quantity of fly ash may be effective in
raising the gel strength of the samples, and subsequently improving the suspension capacity of the
mud samples at 450°F. This may be a good anti-sag tendency performance, as enhanced gel
structures help in preventing particle settling. On the contrary, the Base Mud plus 0 1b./bb of fly
ash exhibited a lower gel strength which confirms that these samples are unstable and could sag at

both static and dynamic conditions in high temperatures.
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Figure 28. Effect of different ratios of fly ash on 10 secs gel at 450°F
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Figure 29. Effect of different ratios of fly ash on 10 mins gel at 450°F

4.2 Filtration Loss

Figure 30 showcases the effect of fly ash as the filtrate loss-reducing additive on the filtrate volume
at varying times of the invasion. It has been demonstrated that as the weight amount of fly ash
increases the filtrate volume decreases, hence reducing the permeability of the mud cake. Using
the formulation in Base Mud plus 0 Ib./bbl of fly ash as a benchmark, there was a notable reduction
of 43%, 66%, and 73% in filtrate volume due to the influence of 1, 2, and 3 1b./bbl of fly ash

respectively mixed in the three mud mixtures.

The filter cake thickness was directly measured with a caliper, and the results are shown in Figure
31. It is evident that 17.6 ml, 10.8 ml, 6.6 ml, and 4.2 ml of filtrate volume resulted in a thickness
of 14.31 mm, 5.5 mm, 5.14 mm, and 5.25 mm respectively as demonstrated in Figures 30, and 31.
An addition of 1 Ib./bbl of fly ash into the Base Mud mixture lowered the cake’s thickness from
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14.31 mm to 5.5 mm (61%), while the addition of 2 1b./bbl further reduced the thickness by 64%.
However, an additional increase in the concentration of fly ash to 3 1b./bbl (Base Mud plus 3 1b./bbl
of fly ash) gave a 63% reduction. This depicts that fly ash can serve as a fast and efficient sealing

agent during the filtrate loss process in the drilling operation.
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Figure 30. Filtrate loss of Base Mud plus different ratios fly ash.
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Figure 31. Filtrate cake thickness of Base Mud plus different ratios fly ash.
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CHAPTER YV

CONCLUSION

Fly ash's effectiveness at improving the solid-sagging, rheological, and filtration properties of a
geothermal drilling fluid made of ilmenite-densified water-based mud was assessed in this study.

The next submissions were inferred:

1. Atelevated temperatures ranging from 250°F to 400°F, the effectiveness of fly ash particles
has been established to serve as a good sag recipe for ilmenite-densified water-based
drilling fluid by reduction at both statically and dynamically sagging positions.

2. Base Mud lacking fly ash particles (0 1b./bbl of fly ash) presented a higher susceptibility to
sag which is beyond the API tolerable standard of SF and VSST. The inclusion of fly ash
to the based mud with a ratio of 3 Ib./bbl is effective in stabilizing the mud in a highly
deviated well at the temperature considered in this study and respectively reduces SF and
VSST values of 1 ppg and 0.53 which are the APIacceptable value for static and dynamic
sagging tendency.

3. It was unveiled that the angle of hole deviation and temperature play an important role
when measuring sagging tendency. The sag factor increases as the angle of inclination
increases from 30° to 60° and it then decreases as the angle of inclination further increases
to 90°. It has been demonstrated that the highest sag factor occurs at nearly 60° for all the
temperatures investigated, where the highest sagging tendency is experienced at 400°F.
Invariably, the higher the temperature, the higher the corresponding increase in sagging,

and the highest static sag at an inclined position is expected at around 60°. In addition, due
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to the larger surface area of inclined holes to vertical holes, deviated holes are prone to
faster free settling of weight material.

. Anefficiency of 2% and 4% increase in static sag reduction were exhibited by fly ash over
perlite at the vertical (0°) and inclined (45°) positions respectively as demonstrated in
Figure 13. An increase of 43% sag reduction was also observed at dynamic conditions
using fly ash over perlite as compared in Figure 14. Even though fly ash and perlite shared
similar properties like crystal shape (amorphous), and pH value (about 5 — 8 in 10%
solution).

The addition of fly ash to the mud formulation improved the flow properties; plastic
viscosity, yield point, and gel strengths were improved at 450°F. Thus, enhancing the
drilling mud functions.

. Fly ash powder at a concentration of 1 Ib./bbl in an Ilmenite densified water-base drilling
fluid is adequate to reduce the filter cake's thickness from 17.6 ml to 10.8 ml, which is
within the allowable API value. This amount was sufficient to reduce the filtration volume
by 38% and the mud cake thickness by 61%. The volume and rate of filtration are only
marginally lowered by adding more fly ash, while the thickness of the mud cake was further
reduced by 64% (Mud 2).

. An improvement of 64% decrease in cake thickness observed for fly ash was a result of
higher efficiency. This supports the critical function fly ash plays in lowering filter cake

thickness.
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