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ABSTRACT

Solids found in drilling fluids, particularly weighting materials, can cause
significant formation damage due to plugging of pores. This study investigates formation
damage caused by using an oil-based drilling fluid system weighted with micronized
ilmentite. It also evaluates the solubility efficiency of different acid systems to determine
a feasible method for filter cake removal to enhance production from drilled wells.

Oil-based drilling fluid systems were prepared, and rheological properties of the
fluids were measured. High Pressure/High Temperature (HP/HT) filtration experiments
were conducted to investigate filtration behavior and filter cake formation. A coreflood
system was used to simulate field-comparable dynamic fluid circulation, measuring
permeability damage after fluid filtration for 30 minutes. Varying permeability sandstone
cores were used for filtration studies. CT scan analysis was used to investigate the
formation damage and quantify the depth of solids invasion.

An HP/HT reactor was used to measure the solubility efficiency of micronized
ilmenite in different acid systems. ICP-OES, XRF, and XRD techniques were used to
describe the solubility reactions.

Ilmenite-based and barite-based drilling fluids with a specific gravity of 2.0 were
compared during performance evaluation. The PV and YP were measured to be 55 cp and
16 1b/100 ft> for ilmenite, and 64 cp and 11 1b/100 ft*> for barite, respectively. Static
filtration experiments for an ilmenite-based OBM showed a leak-off volume of 1.2 cm?.

Formation damage evaluation for a barite-based drilling fluid showed an 11% reduction
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in a low permeability core, increasing to 40% permeability reduction in a medium
permeability core. Ilmenite-based fluids showed no reduction of permeability in both.
Overall, micronized ilmenite-based fluids showed better performance compared to
micronized barite-based fluids, with less formation damage.

Of the acid systems tested, regular mud acid had the highest filter cake solubility
of 80% at 200°F and a 10:1 acid to solids ratio, while a mixture of glycolic and citric acids
dissolved 30% of the ilmenite-based filter cake.

Increased fluid performance compared to micronized barite-weighted fluids
suggests particle size is not the only factor causing enhancement and damage reduction.
Furthermore, determining the efficacy of solubility of ilmenite-weighted OBM filter cake

in organic acids translates to establishing safer, more cost-effective field practices.
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CHAPTER I

INTRODUCTION

Drilling Fluids

Drilling fluids (DF), also referred to as drilling muds, are a mixture of chemicals
and additives that serve as the circulating fluid used during the drilling process for oil and
gas-related activities. Fluids flow in a closed system from the mud pits on the surface,
downhole through the drillstring, the bottomhole assembly (BHA), drill bit nozzles, and
back up the annulus of the drilled well to the surface. Drilling fluids are necessary for
successful drilling operations as they serve a number of functions that are vital to the
drilling of a well.

Drilling Fluid Functions

Arguably, the most important function of a drilling fluid is its ability to control
formation pressures. This is achieved by maintaining a specific fluid density translating to
a hydrostatic pressure previously determined to be safe, that falls within the drilling
window, typically lying between formation pore pressure and formation rock fracture
pressure. The most common drilling method, known as overbalanced drilling, is to
maintain a drilling fluid density, both static and dynamic, that lies within a safe margin
(around 300 psi) above the formation pore pressure. Depending on how narrow a drilling
window is, this method may risk fracturing the formation or cause fluid to flow from the
well to the near-wellbore region, possibly inducing losses. In many cases, this risk

outweighs its contrary counterpart, which would drill using a density at or below the pore



pressure, risking reservoir fluids entering the well and migrating up to the surface, a
phenomenon known as a kick, which is potentially disastrous.

Another important function of a drilling fluid system is its ability to carry drilled
cuttings away from the bit and either transport them to the surface while drilling or suspend
them during brief static periods to the avoid accumulation of solids at the bottom of the
well. Such deposits could lead to slowing down drilling operations, known as a decrease
in the rate of penetration (ROP), or result in the bit getting stuck and requiring suspending
drilling altogether, thus increasing non-productive time (NPT) and/or downtime on the rig
site. The rheological properties of a fluid, including measured parameters such as true and
effective viscosities, as well as gel strengths, allow researchers to quantify the carrying
capacity of the fluid system in static and dynamic conditions.

Circulation of a drilling fluid also helps cool and lubricate the bit and BHA, while
also promoting chemical and mechanical wellbore stability. Factors such as fluid
composition and density, downhole temperature, formation lithology, and drilling
conditions must be selected to work cohesively. Otherwise, formations may collapse due
to a number of reasons. For example, the chemical compatibility of a fluid with the
formation is of utmost importance. Clays prone to swelling may be hydrated by drilling
fluid, causing instability or the possibility of stick-slip while drilling due to tight hole
complications.

Drilling Fluid Formulation
In order to avoid drilling complications and achieve the above functions, muds are

made up of different components or chemical additives. A combination of any or all
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additives can make a system. The base fluid, defining the type of system used, may be
freshwater, brine, diesel, mineral oil, or synthetic oil. A weighting material is typically an
inert solid added to provide additional density to the fluid. A viscosifier, typically a
polymer or organophilic clay, adds viscosity to the fluid, enhancing its rheological
properties. A fluid loss additive or filtration control agent is used to minimize the amount
of fluid that may seep into formation pores during circulation. In addition to that, a
bridging agent, such as calcium carbonate, may be used to further consolidate the fluid
and prevent filtrate invasion into the reservoir.

A lubricant may be necessary to reduce torque and drag during drilling, especially
in deviated wells. A pH control agent is necessary to activate certain additives, such as
emulsifiers, which are needed in oil-based systems, to keep water emulsified and maintain
the fluid system’s structure. A surface-wetting agent is also commonly used to oil-wet
solids in an oil-based formulation, dispersing in the system to maintain stability.
Depending on specific drilling needs, other additives include corrosion inhibitors,
rheology enhancers, and suspending agents.

Each well, or section of a well, drilled will require a subset of these components
specifically customized to meet drilling needs. The fluid formulation to be used depends
on many factors, some of which include well depth, well trajectory, formations to be
drilled, bottomhole temperature and pressure, availability of rig equipment, cost,
environmental regulations, drilling schedule, and offset well history (Bleier 1990;

Alkhalaf 2019).



Based on drilling requirements, two general classifications of drilling fluids exist,
water-based mud (WBM) and oil-based mud (OBM). The terms non-aqueous drilling fluid
(NADF) or invert emulsion drilling fluid (IEM/IEDF) may also be used in place of the
latter. These classifications categorize the main component that makes up the continuous
or external phase of the fluid; whereas water, or brine, constitutes the external phase of a
WBM, while oil or a synthetic fluid serves as the external phase of an OBM. Sub-
classifications exist for each of the categories based on variations of other components of
the drilling fluid. This work focuses on the composition and applications of oil-based
drilling fluids.

Oil-Based Drilling Fluids

OBM is often preferred in drilling because it exhibits certain superior
performance-related capabilities, including lubricity, thermal stability, clay/shale
inhibition, resistance to chemical contamination, solids tolerance, increased ROP, and
corrosion reduction (Alkhalaf et al. 2019). OBM may also be recycled, conditioned, and
used multiple times, which can be more economical. However, invert emulsions can also
be problematic for several reasons. Diesel and other oil base fluids are not considered
environmentally friendly, especially when drilling offshore (Khodja et al. 2010).
Environmental regulations are based on the possibility of fluid leakage, loss of circulation
incidents, and discharge of fluids and contaminated drilled solids. Mineral oils and
synthetic fluids are replacing the conventional base oils as a result (Bennett 1984). OBM
is also non-conductive, prohibiting logging equipment from being operational.

Furthermore, OBM does contain water/brine emulsified as droplets that make up the
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internal, discontinuous phase. An adequate supply of emulsifiers and proper mechanical
shearing are both necessary to ensure maximum fluid performance and avoid further
drilling issues.
Formation Damage
The reduction of permeability in a reservoir or formation surrounding a drilled

wellbore, the near-wellbore region, is known as formation damage. Several mechanisms
have been identified that promote formation damage caused by drilling fluids. Primary
mechanisms can be categorized as either mechanical, chemical, biological, or thermal
(Bennion 1999). The mechanisms (Bishop 1997) include:

e incompatibilities between different fluids

e incompatibilities between fluids and the rock/formation

e solids invasion

e phase trapping/blocking

e chemical adsorption or wettability alteration

e fines migration

e Dbiological activity

With respect to drilling fluid circulation, multiple mechanisms may be at work.

Depending on the wettability of the formation being drilled, its lithology, and the
composition of reservoir fluids existing in the near-wellbore region, a drilling fluid coming
in contact with the formation will, due to overbalanced drilling, flow into the formation

pores. Also, chemical incompatibilities with fluids may cause emulsion blockages or



solids precipitation. Additionally, improper or inadequate inhibition in drilling fluids may
cause swelling of clays in the formation, also resulting in pore blockage.

Solid particles existing in a drilling fluid formulation may be small enough to flow
into pores, thereby plugging them (Fisk and Jamison 1989). Likewise, flow from a fluid
will cause fine solids already in the formation rock to migrate, also plugging pores.
Moreover, emulsifiers within the fluid may adhere to formation surfaces, altering the
wettability of and plugging the pore throats. Lastly, bacterial agents existing within
drilling fluid additives may generate slimes within the pore spaces, further plugging pores
and reducing permeability. According to Reed (1989), the most significant drilling fluid-
related formation damage mechanism is the filtrate-rock interaction, which causes fines
migration to plug pores. Another significant factor impacting the extent of damage to the
formation is the magnitude of the overbalance pressure (Ismail and Murugesu 2005). The
larger the differential pressure, the further solids and filtrate will attempt to flow.

Filter Cake

Because a drilling fluid is made up of both liquids and solids, it will tend to flow
into the permeable formation and continue to do so until different sizes of the solid
particles have plugged the face of the well and a minimal amount of the liquid phase,
known as filtrate, is able to flow through the solids (Patton and Phelan 1985). The initial
filtrate is known as spurt loss. At this point, which takes place shortly after initial
circulation, a thin film of DF solids will form along the wellbore surface; this layer is
known as the filter cake. More precisely, the visible film forming on the exterior of the

formation wall, or rather, the well surface, is known as the external filter cake. Before this



layer forms, filtrate and solid particles flow into the near-wellbore region, completely
plugging the pores and form another layer, known as the internal filter cake (Liu and Civan
1995).

Depending on circulation conditions, or lack thereof due to the interruption of
pumping, one of two filtration mechanisms may be at play, affecting the process of filter
cake formation (Scheid et al. 2010). When static conditions occur, solid particle size is the
main determinant of thickness and filtrate flow. When dynamic conditions take place, the
equilibrium between erosion rate of solids due to drag forces during flow and deposition
rate of solids determines thickness (Liu and Civan 1996). Figure I-1 illustrates the process

of filter cake formation.
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Figure I-1 A schematic of filter cake formation during dynamic conditions. Reprinted
from (Calgada et al. 2011).



Filter cake quality depends on thickness, heterogeneity, and formation speed. The
incidence of differential sticking, the entrapment of a section of the drillstring in the filter
cake, will increase with filter cake thickness, adding to NPT (Amanullah and Tan 2000).
As such, a filter cake must not only be relatively impermeable; it should also be uniformly
thin and have the ability to form rapidly (Salehi et al. 2015).

A delay in filter cake formation or lack of bridging capabilities will allow for
increased filtrate invasion into the rock formation, which, in turn, increases the intensity
of formation damage caused by the drilling fluids. One important factor affecting filter
cake quality is the particle size distribution of solids making up the filter cake (Al-Yami
et al. 2010; Fleming et al. 2020). According to Herzig et al. (1970), mobilization and
retention forces between particles differ based on their size. In larger particles more than
30 pum in size, friction and hydrodynamic drag forces are dominant. However, for smaller
particles closer to 1 pm in size, surface forces, such as electrical and van der Waals forces
take over. Furthermore, particle size physically determines whether a particle will flow
into a pore space and whether particles bridging together will allow fluid to pass through
them. Typically, when varying particle sizes exist in a drilling fluid system, larger particles
“form the skeleton of the filter cake” first (Elkatatny et al. 2012a). After that, smaller
particles settle in the porous spaces between the larger particles.

Moreover, an additional consideration that must be made when formulating a
drilling fluid is the selection of proper additives that will form a high-quality filter cake
and prevent further formation damage. Fluid loss additives have a significant effect;

however, careful selection of all solid particles in a formulation is of great importance as



well. Seeing as weighting materials are the largest contributor of solid particles to a
formulation, especially with high-density fluids, which are increasingly becoming
required in HP/HT applications for deeper, more complex wells, the scope of this research
will include the evaluation of formation damage specifically caused by weighting material
selection.
Weighting Materials

Numerous weighting materials have been used in drilling fluid formulations.
Water-soluble salts, including chlorides, bromides, and formates are commonly used to
maintain fluid density when required hydrostatic pressures are relatively low. Other
weighting materials used in industry are typically inert solids, such as barite, hematite,
manganese tetroxide, and ilmenite. Weighting material selection for a particular drilling
fluid formulation is based on several factors (Al-Bagoury and Steele 2012). A weighting
agent must be able to deliver the required density for safe drilling, provide an adequate
rheological profile to carry and suspend cuttings, be hard enough not to break down, but
not too hard that abrasion is problematic for equipment wear, and flow back or be readily
soluble to avoid propagating formation damage.

Barite

Barium sulfate (BaSOs), or barite, is the most commonly used weighting agent in
both oil and water-based drilling fluids (Tehrani et al. 2014). API barite is a tan powder
and has an average density of 4.2 SG. Its inert quality has made it versatile and applicable

in different systems.



Although it is essentially the “go-to” weighting material, many issues exist with
the use and performance of barite in drilling. Barite is known to have increased sag
tendencies, more so in OBM than WBM. This sag can be dangerous while drilling, as
sagging may change the density profile of the column of fluid, triggering underbalanced
drilling conditions in parts of the well (Aldea et al. 2001). In some instances, drilling fluid
densities were measured to have deviated up to 7 ppg from the original formulation
(Hanson 1990). As a result, sag may also lead to well control situations, loss of circulation,
and stuck pipe instances (Massam et al. 2004).

Barite is also not acid-soluble and is thus difficult to flow back, meaning that pores
plugged with barite solids will likely not flow out of the reservoir once a well starts
producing. Removal methods are limited due to weak solubility. Dissolution rates
improved in certain chelating agents; however, the use of chelates can be cost inhibitive
(Putnis et al. 1995; Lakatos et al. 2002; Nasr-El-Din et al. 2004; Bageri et al. 2017).

Moreover, barite has been identified as having higher than recommended
concentrations of heavy metals, including manganese, copper, zinc, cadmium, and lead,
making barite-coated cuttings and used drilling fluids difficult to dispose of (Fjogstad et
al. 2000). The presence of barite in a well has also been known to interfere with gamma-
ray logs, causing a misrepresentation in measured reservoir properties (Fattah and Lashin
2016).

Furthermore, extensive use has led to a shortage in global supply of barite, causing

a surge in price (Blomberg and Melberg 1984; Tehrani et al. 2014). In fact, API standards
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have been lowered to allow API barite with a density of 4.1 SG to be used in drilling
applications to address the decrease in supply (Al-Bagoury and Steele 2012).

Recently, extensive exploration within the oil and gas industry has identified
potential prospects that are deeper, are located amid harsher conditions, and that require
more advanced methods and trajectories for extraction. In terms of drilling, this creates a
need for fluid systems that are denser and have higher temperature and solids-loading
tolerances. As such, research has shifted towards identifying and enhancing alternatives
to API barite. Focusing on the particle size distributions of barite and other weighting
materials was identified as a potential route towards enhanced performance (Taugbel et
al. 2005; Al-Bagoury 2014). Milling of barite into an ultrafine material using special
treatment technologies proved effective, with stable properties and a lower dilution rates
due to an increase in solids removal efficiency. Mohamed et al. (2017) also reported
improved removal efficiency using diethylenetriaminepentaacetic acid (DTPA), a
chelating agent.

Manganese Tetroxide

Manganese tetroxide (Mn3O4) was identified as an alternative micronized solid
weighting material that has been used in field applications more recently. With hard,
spherical particles, and a density of 4.8 SG, it is able to provide a more preferable
rheological profile. Manganese tetroxide is also acid-soluble, making it easier to remove
compared to barite (Al Moajil et al. 2008). This research was extended to develop drilling

fluid formulations weighted with a mixture of manganese tetroxide and barite, which
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showed good rheology and filtration, reduced sag, and somewhat increased filter cake
solubility (Wagle et al. 2017).
llmenite

Ilmenite (FeTiO3) is another weighting agent also used in both WBM and OBM
(Haaland et al. 1976). It is a black powder with a density, higher than that of barite, of
about 4.6 SG, which is beneficial because using higher density weighting materials
decreases solids loading of a fluid formulation. Reduced solids content translates to
enhanced rheological properties and an increase in ROP, lowering the overall cost of
drilling (Saasen et al. 2001; Blattel and Rupert 1982). A decrease in the solids
concentration of a fluid has also been proven to reduce formation damage (Ismail et al.
1994). Furthermore, ilmenite was found to have significantly decreased concentrations of
heavy metals compared to barite (Rae et al. 2001).

Additionally, ilmenite is widely used in other industries such as paints and coating,
cosmetics, and fabrics, as it is a good source of titanium dioxide, or rutile (Elkatatny et al.
2013b). Accordingly, and due the to acid solubility of ilmenite, the solubilization or
extraction of rutile is an industrial process that is routinely done.

After field trials, some disadvantages to using ilmenite became apparent. Ilmenite
particles have increased hardness, which means they are less likely to be ground to finer
particles during circulation. This reduces the need for dilution, which is advantageous;
however, the increased hardness causes particles to be especially abrasive, damaging
downhole and surface equipment and tools as fluid is circulated through them.

Recommendations were made to decrease the particle size of ilmenite solids in order to
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reduce the abrasion. Furthermore, as an iron oxide, ilmenite has magnetic properties that
may potentially affect the performance of downhole tools (Tehrani et al. 2014).
Micronized Ilmenite

Following problematic field tests, recommendations, and extensive testing, several
versions of micronized ilmenite were developed (Fjogstad et al. 2002). The current,
treated, and adjusted version of the weighting material, which is the subject of this study,
has an average particle size of 5 um and a sphericity of 0.85 (Xiao et al. 2015). Particle
hardness was greatly maintained, while abrasive tendencies were resolved the by removal
of coarse particles. Finally, the magnetite content was decreased as well (Al-Bagoury and
Steele 2012).

Laboratory testing detailed by Elkatatny (2012) and Al-Bagoury (2014) shows a
decrease in sag tendency in fluids weighted by micronized ilmenite. The formulations for
WBM and OBM systems weighted with micronized ilmenite have been optimized and
tested as well (Elkatatny et al. 2013a; Xiao et al. 2013). Conventional filtration through
limestone cores has been deemed acceptable at HP/HT conditions, ilmenite dispersion was
stable, and rheological properties were determined to be adequate.

The economic factors surrounding the choice of weighting materials used are
crucial when exploring them as options for drilling fluid systems. According to Al-
Bagoury (2014), micronized ilmenite serves as an intermediary between conventional
barite and “high-end specialty” weighting materials in terms of price point. However, cost

per volume of material is not the only aspect that should be studied.
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Additional considerations that need to be taken into account include many factors,
some of which are summarized in Table I-1. For example, the volume of material needed
differs for each weighting material due to density differences. Additionally, the hardness
of solid particles, which decreases the need for dilution, also decreases the constant need
to replenish other additives lost due to degradation and filtering. Increased solids loading
leads to an increase in plastic viscosity of a system, which, in turn, decreases the
concentration of viscosifiers required to maintain rheological stability. Accordingly, the
enhancement of rheological properties aid in decreasing equivalent circulating density
(ECD), which allows for increased ROP while drilling. Furthermore, reduced sag
tendencies and improved filtration help decrease the incidence of drilling interruptions,

thereby decreasing NPT, number of drilling days, and overall rig cost.

Density D50
Weighting Material Moh’s Hardness Acid Soluble?
SG um
API Barite 4.2 15-20 2.5-3.5 X
Micronized Barite 4.2 1-10 2.5-3.5 X
Ilmenite 4.6 30-45 5-6 v
Micronized llmenite 4.6 5 5-6 v
Manganese Tetroxide 4.8 1 5.5 v

Table I-1 Summary of weighting material properties.

Filter Cake Removal
The process of dissolving a filter cake is crucial to damage remediation and the

productivity of wells. Chemical treatments include different types of organic and inorganic
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acids, as well as several chelating agents. The composition of a filter cake is the main
determinant when selecting a treatment method, and, as the main contributor to filter cake
solid particles is the weighting material, understanding the solubility of the weighting
agent being used is key. Chemical reactions and temperature limitations must also be
understood in order to identify proper damage remediation techniques. It is also beneficial
to determine the optimal acid-to-filter-cake-solids ratio at which dissolution is more
effective.
Ilmenite Solubility

The solubility of ilmenite has been studied for the extent of its use in other
industries. Hydrochloric acid is widely used to solubilize ilmenite and obtain rutile. The
mechanism behind this chemical reaction was detailed by van Dyk et al. (2002). Several
factors were hypothesized to have an impact on dissolution, including particle size, acid
concentration, temperature, stirring speed, acid-to-ilmenite ratio, and the inclusion of
additives. The basic chemical reaction between ilmenite and HCl is:

FeTiOs + 2HCIl — Fe?" + TiO** + 2CI- + 20H"

The mechanism suggested by Van Dyk et al. (2002) considers this chemical
reaction as the controlling factor in the initial stages of contact between ilmenite and HCI,
in which both iron and titanium go into solution. Next, however, the concentration of
titanium in solution may cause Ti(IV) to polymerize. This process occurs when
concentrations of titanium and hydrogen in solution are greater than 10-3 M and 0.5 M,

respectively (Nabivanets and Kudritskaya 1967). Beyond this point, diffusion of the
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polymer becomes the rate-limiting step in the reaction, indicating that the initial acid-to-
ilmenite ratio must be high enough to avoid polymerization.

Olanipekun (1999) found that particle size influences the rate at which this reaction
takes place. Al-Bagoury and Steele (2012) confirmed that micronized ilmenite, with an
average particle size of 5 um, had a higher dissolution rate compared to ilmenite with
larger particle sizes. As for acid concentration, HCI is typically used at a maximum
concentration of 15 wt% in the oil and gas industry due to tubing/pipe corrosion concerns
and limitations to the effectiveness of corrosion inhibitors at increased concentrations.

Sinha (1984) performed acid leaching of ilmenite testing at temperatures ranging
from 80 to 108°C (176 to 226.4°F) and found that increasing temperature increased the
rate of dissolution. At an initial acid-to-ilmenite ratio of 1:1, only iron was dissolved.

Elkatatny et al. (2013b) reported partial solubility of iron and titanium in
micronized ilmenite in 10 and 15 wt% HCIl after 10 hours at 180°F and complete removal
of micronized ilmenite-weighted WBM filter cake formed on Indiana limestone after
soaking in 5 wt% HCI for 16 hours at 250°F. Al-Bagoury (2014) also reported partial
solubility of iron and titanium in micronized ilmenite in 15 wt% HCI after 10 hours at
180°F and complete removal of OBM filter cake formed on Berea sandstone after soaking
in a mutual solvent, then 5 wt% HCI for 4 hours at 300°F. In addition, Xiao et al. (2015)
examined the solubility of damage created by a micronized ilmenite-weighted OBM
internal filter cake using a coreflood system. In this case, 5 wt% HCI was not sufficient to

remove all damage. Instead, 10-15 wt% was deemed more reasonable.
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Sulfuric acid is also used extensively to produce titanium dioxide from ilmenite
(Fouda et al. 2010). Maximum solubility, determined by Han et al. (1987), resulted from
14 M sulfuric acid, with the reaction taking place within a temperature range of 88-115°C.
The chemical reactions governing ilmenite dissolution in sulfuric are as follows
(Jonglertjunya and Rubcumintara 2012):

H2S04 + HO — 2H30" + SO4*
FeTiOs + 4H30" — TiOy" + Fe?" + 6H,0

Other solvents that have been used in the ilmenite dissolution process include
ethanol, m-cresol, sodium phosphate, sodium hydroxide, ammonium hydroxide,
phosphoric acid, and oxalic acid.

Research Objectives

This study focuses on the experimental evaluation of micronized ilmenite, with an
average particle size (Dso) of 5 um, as a weighting agent in oil-based drilling fluid systems.
The main objectives of this research are:

1. To quantify and understand the extent and depth of formation damage
resulting from the use of oil-based drilling fluid systems weighted with
micronized ilmenite in sandstone reservoirs at HP/HT conditions. A
comparison will be conducted with fluid systems weighted with
micronized barite to avoid conclusions based solely on the effect of particle
size.

2. To determine and evaluate alternative methods of formation damage

removal and remediation by measuring the solubility of micronized
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ilmenite and filter cakes created by micronized ilmenite-weighted oil-

based drilling fluids in different acid systems.
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CHAPTER II

EXPERIMENTAL METHODS AND MATERIALS"

In this chapter, experimental materials used in this study, including weighting
materials, cores, drilling fluid systems, and acids, are introduced. The experimental
approach taken in all steps of this research, including evaluating the effect of micronized
ilmenite on OBM performance, understanding its potential in creating formation damage,
and examining remediation efficiency after damage, have also been described. Equipment
necessary for this approach has be discussed as well.

Materials
Micronized Ilmenite

The micronized ilmenite, also known as Microdense®, was provided by Elkem
Silicon Products. This weighting material has a specific gravity of 4.6, is black in color,
and is in powder form. X-ray diffraction (XRD) analysis of micronized ilmenite, shown
in Figure II-1, indicated that its mineralogy is composed of approximately 88.12%
ilmenite (FeTi03), 9.42% hematite (Fe203), and trace amounts of anorthite (CaAl>Si20y),
a feldspar mineral. X-ray fluorescence (XRF) analysis specified that the elemental
composition of micronized ilmenite includes iron, titanium, aluminum, magnesium, and

silicon oxides, as is shown in Table II-1. This suggests that the feldspar material identified

* Part of this chapter is reprinted with permission from “Evaluation of Formation Damage of Oil-Based
Drilling Fluids Weighted with Micronized Ilmenite or Micronized Barite” by Ibrahim, A. F., Al-Mujalhem,
M. Q., Nasr-El-Din, H. A., and Al-Bagoury, M., 2020, SPE Drilling & Completion, Copyright 2020 by
Society of Petroleum Engineers.
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by XRD may be magnesium-based, rather than calcium-based, as the two elements have

similar chemical properties. Additionally, the particle size distribution of micronized

ilmenite (Table II-2), shows a Dsg particle size of approximately Spm.

Micronized limenite.raw

COD 1011033 Fe O3 Ti limenite

COD 1011240 Fe2 O3 Hematite

COD 1000034 Al2 Ca 08 Si2 Anorthite

10 20 30 40 50 60

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure II-1 XRD analysis of micronized ilmenite powder.

Oxides Fe;O; TiO> AlOs; MgO SiO:

Concentration (wt%) | 51 431 24 054 297
Table II-1 XRF analysis of micronized ilmenite.

Particle Size Dy Dso Doy

(um) 2.0 5.5 12.2
Table II-2 PSD of micronized ilmenite.
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Drilling Fluid Systems

Three different oil-based drilling fluids were prepared with barite (2.7 and 5 pm)
and ilmenite (5 pm) as weighting materials. Table II-3 shows the composition of each
system with a density of 2.0 SG and the mixing time for each component using a drilling
fluid multimixer, shown in Figure II-2, at a speed of 11,500 rev/min. Two additional
OBM fluid samples were prepared using a similar formulation and weighted up to a
density of 1.5 SG using micronized ilmenite and barite (5 pm). Aminated lignite of 10 ppb
was used as a fluid loss control additive for the latter samples. Water used to formulate
the CaCl; brine, as well as that needed for all other experimental procedures, and sample
preparation in this study, was deionized water acquired at room temperature from a water

purification system with a measured resistivity of 18.2 MQecm.

Figure II-2 OFITE drilling fluids mixer.
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MIXING 5 pm 2.7 pm
5 pm BARITE
MATERIAL TIME ILMENITE BARITE
min g g g
Mineral Qil - 406.3 386.9 386.9
HT Primary
5 30.0 28.6 32.6
Emulsifier
Secondary
5 20.0 19.1 19.1
Emulsifier
Organophilic
10 10.5 10.0 7.0
Clay
Lime 5 24.3 23.2 23.2
Fluid Loss
Additive 5 7.7 7.3 7.3
(Polymer)
Fluid Loss
Additive 5 40.9 39.0 39.0
(Lignite)
CaCl; Brine
(21 g CaCly, 5 157.9 150.4 150.4
79 g Water)
Wetting Agent 5 4.2 4.0 4.6
Barite 15 0.0 1400.0 1400.0
Ilmenite 15 1401.9 0.0 0.0
Simulated
Drill Solids
(Hymod 5 42.0 40.0 40.0
Prima Clay)

Table II-3 Composition of the oil-based drilling fluid systems with ilmenite and barite as

weighting materials. Reprinted with permission from (Ibrahim et al. 2020).
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Cores

Bandera, Berea, and Boise sandstone cores were used in this study to simulate
reservoir formations with varying permeabilities: low, medium, and high. The average
measured permeabilities of the cores are 7, 80, and 600 md, respectively. Core blocks were
cut into cylindrical plugs with dimensions of 1.5-in. diameter and 6-in. length, and of 2.5-
in. diameter and 1-in. length, for use in the mud loop and filter press, respectively.

Crude Oil

A dead crude oil from Texas was used to measure initial and final core

permeability to assess formation damage caused by each drilling fluid. Table II-4 shows

the viscosity and the density of the crude oil.

Temperature | Viscosity Density
°’C cP g/em’
25 3.03 0.82
30 2.44 0.81
40 2.04 0.81
50 1.71 0.80
60 1.88 0.79
70 1.61 0.78

Table I1-4 Viscosity and density of crude oil as a function of temperature. Reprinted
with permission from (Ibrahim et al. 2020).

Acid Systems
Each of the following aqueous acid systems used in solubility testing was prepared to

maintain an acid to solids ratio of 10:1:
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Table II-5 specifies the amount of each acid added to DI water to create the acid
systems listed above. An exception is the use of ammonium bifluoride salt to generate HF
through hydrolyzation reactions with HCI, formic, and lactic acids. For the purpose of

consistency, 20 g of solids were used in all tests, necessitating the preparation of acids

15 wt% Hydrochloric Acid (HCI)

15 wt% HCI and 8 wt% Hydroxyethylethylenediaminetriacetic Acid (HEDTA)
Regular Mud Acid [12 wt% HCI and 3 wt% Hydrofluoric Acid (HF)]
Organic Mud Acid (9 wt% Formic and 1 wt% HF)

Organic Mud Acid (9 wt% Lactic and 1 wt% HF)

7.5 wt% Oxalic Acid and 1 wt% HCl

7 wt% Glycolic Acid and 1 wt% HCI

13 wt% Lactic Acid and 1 wt% HCl

11.6 wt% Citric Acid and 1 wt% HCI

20 wt% Oxalic Acid and 10 wt% HCI

20 wt% Oxalic Acid and 10 wt% Glycolic Acid

11.6 wt% Citric Acid and 10 wt% Glycolic Acid

with a mass of 200 g.
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ACID Mass Added (g)
SYSTEM | ACID 1 ACID 2 WATER
A 82.19 - 117.81
B 82.19 16.33 101.48
C 80.73 8.56 110.71
D 18.95 2.85 178.2
E 21.18 2.85 175.97
F 15.15 5.48 179.37
G 20 5.48 174.52
H 30.59 5.48 163.93
I 23.32 5.48 171.2
J 40.4 54.8 104.8
K 40.4 28.57 131.03
L 23.32 28.57 148.11

Table II-5 Summary of acid formulations for acid testing.

Experimental Methods
Drilling Fluid Performance

Fluid Aging

Simulating exposure of a drilling fluid to downhole HP/HT conditions during
circulation, rather than using a freshly mixed drilling fluid sample, provides a more
accurate representation of the expected performance of a drilling fluid system in the field.
This was accomplished by aging, or hot rolling, all fluid samples before testing. A volume
of approximately 300 cm?® of each drilling fluid was poured into a Teflon liner, secured
with a piston lid, and placed inside a 500 cm? stainless steel aging cell (Figure I1-3). The
cell was secured with an inner cap, O-ring, and outer cap that were held in place by set
screws. Nitrogen was used to pressurize the cell to 50 psi through a valve stem. The aging

cell was then placed on its side in a 4-roller oven (Figure I1-4) at a temperature of 250°F,
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rolling at a speed of 25 rev/min, to simulate dynamic circulating conditions and avoid any
settling or separation of the fluid. Each fluid was rolled under these conditions for 16

hours.

Figure I1-4 OFITE 4-roller oven.

Rheological Measurements
A Grace M3600 automatic viscometer (Figure II-5) was used to measure
rheological parameters of the drilling fluid systems. This type of viscometer uses a typical

arrangement of two concentric cylinders; one rotates while the movement of the fluid
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between them generates torque on the other, known as a bob. Displacement of the bob
translates to a viscosity dial reading. True viscosity values were measured at 150°F at set
rotational speeds of 600, 300, 200, 100, 6, and 3 rev/min, corresponding to shear rates of
1021, 511, 340. 170, 10,2, and 5.1 sec’!, respectively. Gel strengths (10 second and 10

minute) were also measured in accordance with API recommended practices.

Figure II-5 Grace M3600 Automatic Viscometer.

Formation Damage Evaluation
This section describes the steps taken to understand the potential that micronized
ilmenite-weighted oil-based drilling fluid systems have with respect to internal and
external filter cake formation, solids and filtrate invasion, and ease of filter cake flowback.

Procedures for HP/HT fluid filtration and computed tomography techniques used as part

of this study are detailed.

27



Fluid Filtration

Multiple methods were used to evaluate the filtration capabilities of a micronized
ilmenite-weighted OBM. Measuring fluid filtrate invasion through a core or simulated
reservoir rock and observing formed filter cake thickness and texture are performed using
a conventional filter press. A modified coreflood simulated a more accurate representation
of drilling fluid flow in a well, while quantifying damage through permeability
measurements. Both techniques require similar core and fluid preparation.
Core Preparation

Sandstone cores were cut to the size required by each apparatus. The cores were
dried at 150°F overnight, and the dry weight was recorded. In conventional testing, cores
were saturated with a 10 wt% potassium chloride (KCl) brine to inhibit swelling of clays
contained within the sandstone. Wet weight was recorded, and cores were wrapped with
Teflon tape to prevent fluid flow around the core. For mud loop testing, dry cores were
scanned using computed tomography (CT) imaging. The cores were then saturated with
dead crude oil under a vacuum for 4 hours. The saturated weight was then recorded, and
the cores were CT scanned in the saturated state.
Conventional Filtration

HP/HT filtration experiments were conducted using an OFITE Static/Dynamic
Filter Press (Figure II-6) at 250°F and 500 psi overbalance. The filter press was modified
to investigate filtration and drilling fluid filter cake formation capabilities on Berea
sandstone cores (2.5-in. diameter and 1-in. thickness), rather than on filter paper.

Following API experimental testing standards, a conventional dynamic filter press
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procedure was used to perform the filtration, which includes a 500-cm? stainless steel cell
with caps, valve stems, O-rings, a heating element, a propeller, and a nitrogen gas line.
The fluid samples were poured into the cell. The cell caps were secured with locking
screws and valve stems on both ends. After that, the cell was placed in its designated
heating jacket. A differential pressure of 500 psi and a temperature of 250°F were applied
to the cell. The mixing speed was set to 150 rev/min. The lower valve of the cell was
opened, and the drilling fluid filtrate passing through the core was collected in a graduated
cylinder. Collected filtrate volume was recorded as a function of time for 30 minutes.
Following the test, the filter cake-topped core was removed from the cell for observation

and analysis.

Figure I1-6 OFITE HP/HT Filter Press.

To test the solubility of the micronized ilmenite-weighted filter cake (described

below), following the conventional filtration test, cores were soaked in a hydrocarbon
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solvent, xylene, for two hours to remove any organic materials, allowing a larger surface
area of the filter cake to be exposed to the acid system. After that, cores were dried for 4
hours, and the filter cake was scraped off and weighed to confirm the correct amount of
filter cake required to maintain the desired acid to solids ratio.

Mud Loop Testing

Apparatus

A conventional dynamic filter press places the drilling fluid vertically above the
core. Although a propeller provides the fluid with shear, having the same small volume of
drilling fluid in a confined space is not an accurate simulation of downhole drilling fluid
circulation, especially as gravity is the main driving force for fluid flow and particle
settling. As such, the coreflood setup used in this study (Figure II-7) was adjusted, with
some likeness to the flow loop introduced by Ibrahim et al. (2018), to perform dynamic
filtration testing that more closely resembles actual circulation. The schematic labels in
the figure point out the (1) oven, (2) core holder, (3) core, (4) spacer, (5) syringe pump,
(6-8) fluid accumulators, (9) pressure transducer, (10) hydraulic hand pump, (11, 12)
backpressure regulators, (13) data acquisition and recording system, and (14) compressed
gas supply.

In the coreflood setup, a two-liter accumulator was used to store the crude oil and
was connected to the inlet of the core holder for initial and final permeability
measurements. Two other accumulators were connected to the outlet to create a drilling
fluid circulation loop. Pressure regulators maintained the correct pressure, while a syringe

pump was used to inject the fluids, and a hydraulic hand pump was used to control the
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overburden pressure. A pressure transducer was used to measure the pressure differential
between the core inlet and outlet during the permeability measurements, and the data was
recorded using LabVIEW software. Figure II-8 shows the use of a hollow, 1-inch long
spacer at the core outlet interface, which allowed the necessary space for filter cake

formation and drilling fluid circulation.

=

LabVIEW _

Figure II-7 Mud loop schematic. Reprinted with permission from (Ibrahim et al. 2020).

| Spacer | | Filter Cake |

Fluid
Circulation

Figure II-8 Drilling fluid circulation inside the core holder. Reprinted with permission
from (Ibrahim et al. 2020).
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Filtration Procedure

After preparation of fluids, cores, and accumulators, the core was inserted into the
core holder, and the spacer was inserted from the outlet direction. The backpressure
regulator, labeled (12) in Figure I1-7, was set to 100 psi to avoid the unintentional reverse
flow of fluids. Crude oil was then injected at a constant flow rate from the inlet direction
for permeability measurements. The pressure drop across the core was recorded
continuously until stabilization. This process was repeated multiple times at different flow
rates. Pressure drop values were used with Darcy’s Law to calculate the permeability of
the core. After that, the oven temperature was set to 250°F, and crude oil was injected
continuously for 3 hours. Permeability measurements were repeated at high-temperature
conditions.

Subsequently, the inlet lines were closed, fluid flow was reversed, and the drilling
fluid was circulated in the drilling fluid loop at a flow rate of 1 cm?/min. The pressure in
the loop increased up to a set point of 500 psi applied to the second backpressure regulator
[labeled (11) in Figure II-7]. The 500-psi set point was selected to allow for a gap between
injection pressure and overburden, creating an overbalance pressure of 400 psi in the
spacer region of the core holder.

Once the pressure set point was reached, the lines on the side opposite to the
drilling fluid circulation (inlet) were opened and connected to the backpressure regulator
(11). Similar to a conventional filter press test, drilling fluid circulation continued for 30
minutes from that point, and the filtrate was collected and measured. Upon test

completion, the system was returned to direct flow for final permeability measurements
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with crude oil using a procedure similar to the one described above. After experiment
completion, the core was removed and CT scanned to evaluate particle invasion after
drilling fluid circulation and flowback.

Computed Tomography (CT)

A Toshiba Aquilion RXL CT Scanner was used to scan cores before and after mud
loop testing in conjunction with ImagelJ, an image processing computer program for
scientific images. CT scans were analyzed and the pixels from images of horizontal slices
across the length of a core were translated into an average value, the average CT number,
measured in Hounsfield Units (HU). This value describes radiodensity of each slice of the
core, allowing for a qualitative analysis of a change of distribution of matter within the
pore spaces of the core. A significant change in CT number of a particular slice after mud
loop testing, typically an increase, indicates the presence of a denser material, drilling fluid
filter cake components, occupying the pores at that location, rather than the lighter crude
oil that saturated the core during the previous scan. This testing approach provides a
quantitative sense of the depth of invasion of the solids into the core, or the size of the
internal filter cake.

Solubility Testing

Solubility tests were conducted on both Sum ilmenite powder and the filter cake

resulting from an OBM weighted with micronized ilmenite to evaluate the cleaning

efficiency of different solvents.
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Parr Reactor

Solubility tests were conducted at HP/HT conditions using a Parr Bench Top
Reactor, shown in Figure II-9. For each test, the acid system was prepared and poured
into the vessel. A known mass of solids being tested, either micronized ilmenite powder
or filter cake solids, were added to the vessel. The vessel was closed and secured with a
gasket and screws. After that, the system was pressurized using compressed nitrogen gas.
The outlet line was opened to purge the vessel of any excess oxygen. After one minute,
the outlet line was closed, and the system was stabilized at a pressure of 800 psi, lower
than the desired test pressure of 1000 psi, to allow for pressure increases in the system as
aresult of heating. The heating jacket was connected to the vessel and set to heat the vessel
to a temperature of 200°F. A magnetic stirrer drive was used to stir the solution at 500
rev/min for the duration of the test. A sampling line was opened momentarily at specified
time intervals to collect several 1 cm® samples of the solution for ion concentration

analysis.
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Figure II-9 Parr Bench Top Reactor.

After each test had concluded, the heating jacket was disconnected, and the reactor
was depressurized and disassembled once it had cooled down. The solution was then
filtered using 5 pm filter paper. Filtered solids were dried overnight, collected, weighed
to determine solubility efficiency of the solvent, and stored for mineralogical composition
analysis.

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

ICP-OES is a technique used to detect the presence and concentration of specific
elements or ions. An Optima 700 DV system, shown in Figure II-10, utilizes a pump to
transport desired testing samples to a high-temperature plasma, which is created using a
connected argon gas source. The collision of the sample with plasma will cause it to split
into the charged ions it is composed of. Charged ions emit electromagnetic radiation at
known wavelengths that are characteristic to specific elements. Wavelengths are detected,

identified, and recorded on the accompanying computer software.
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Figure II-10 Optima 7000 DV ICP-OES.

During solubility testing using the Parr reactor, 1 cm?® effluent samples were
collected at varying time intervals. These samples were diluted using DI water, a pipette,
and a volumetric flask to fall within an acceptable concentration range limitation defined
by the equipment. Diluted samples were then analyzed by the ICP-OES for ions of interest,
mainly iron and titanium.

X-Ray Diffraction (XRD)

XRD is another technique to identify sample composition. This technique directs
x-rays towards the powder sample being tested. The sample is rotated until peak intensity
in diffracted rays occurs. An x-ray collector counts the signal from the diffracted rays at
different angles to account for all possible directions. It then translates the resulting peaks

into d-spacing values, which are unique to a specific mineral.
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Figure II-11 Bruker D8 ADVANCE Eco XRD System.

After each of the solubility tests, solids remaining out of solution after reaction
with the acid system were filtered, dried, and collected, then subjected to non-destructive
mineralogical analysis using the Bruker D§ ADVANCE Eco XRD System (Figure II-11).
The solid samples must be in powder form, and only a small amount (a few grams) is
spread flat into its designated space in a sample holder, to be placed in the XRD machine
for testing.

X-Ray Fluorescence (XRF)

While XRD measures minerology, XRF identifies the elemental composition of a
solid sample. X-rays are directed towards and absorbed by the solids sample, causing it to
become excited. Energy is released in the form of radiation, with wavelengths that are
characteristic of the different elements present in the sample.

Similar to XRD, a few grams of filtered solids from the solubility tests were
analyzed in powder form using the Bruker S2 Ranger XRF Spectrometer (Figure 11-12).

This non-destructive technique revealed that the elemental composition of micronized
37



ilmenite included iron, titanium, magnesium, and silicon oxides. After establishing the
baseline concentrations, the same oxides were investigated in filtered ilmenite samples
after acid system exposure. Changes in oxide concentrations provided qualitative

characterization data for each solubility reaction.

Figure II-12 Bruker S2 Ranger XRF Spectrometer.

38



CHAPTER III
EVALUATION OF MICRONIZED ILMENITE AS A WEIGHTING AGENT IN OIL-

BASED DRILLING FLUIDS"

Background

In the field of drilling, overbalanced drilling is the process by which pressure in
the wellbore exceeds that of surrounding formation fluids by a safe margin. This process
is more commonly used and allows for faster drilling while maintaining a lower risk of
blowout. This is because the difference between drilling fluid pressure and formation
pressure during overbalanced drilling causes invasion of drilling fluid filtrate from the
annulus into the formation (Hoberock and Bratcher 1998). Underbalanced drilling, on the
other hand, is more expensive and does not eliminate all types of damage in all reservoirs
(Bennion and Thomas 1994).

Formation damage is defined here as the reduction in permeability in the near-
wellbore region due to a number of reasons, one of which is drilling activities. Loss of
fluids and small particles while drilling may result in chemical incompatibility with the
formation and plugging of the pores, and is considered one of the most common causes of
formation damage, leading to decreased productivity in a well (Amaefule et al. 1988).

Minimizing formation damage using appropriate drilling fluid additives that can generate

* Part of this chapter is reprinted with permission from “Evaluation of Formation Damage of Oil-Based
Drilling Fluids Weighted with Micronized Ilmenite or Micronized Barite” by Ibrahim, A. F., Al-Mujalhem,
M. Q., Nasr-El-Din, H. A., and Al-Bagoury, M., 2020, SPE Drilling & Completion, Copyright 2020 by
Society of Petroleum Engineers.
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a filter cake that is thin with decreased permeability is one of the key elements necessary
for the success of drilling operations (Mahmoud and Nasr-El-Din 2018).

A weighting agent is a high-density and fine, particulate solid material used to
increase the density of drilling fluids. It is also the main contributing component of solid
particles in a filter cake. American Petroleum Institute (API) barite is the most commonly
used weighting material (Bruton et al. 2006). However, it has some disadvantages, such
as sagging, removal difficulty, and associated formation damage (Nasr-El-Din et al. 2004).
Furthermore, there has been a noticeable supply shortage of high-quality barite and a
significant increase in the price of barite over the past decade, causing the need to consider
alternative materials (Tehrani et al. 2014). Alkhalaf et al. (2019) studied the effect of
replacing barite with potassium formate or manganese tetroxide.

The use of micronized weighting agents, such as manganese tetroxide, micronized
ilmenite, or micronized barite, improves the overall fluid performance, reducing the plastic
viscosity (PV) and minimizing the tendency to sag. Micronized ilmenite (FeTiO3) was
introduced as a weighting material to avoid the shortcomings of barite (Al-Bagoury and
Steele 2012). The higher density of ilmenite [4.6 specific gravity (SG)] compared to barite
(4.2 SG) allows for decreasing overall solids content of the fluid. The use of micronized
ilmenite caused improvement in ROP, along with the enhancement of rheological
properties. Under similar conditions, the micronized ilmenite showed low sag tendency,
low PV, and increased acid solubility compared to API barite. Particle hardness also
indicates that degradation in size will not occur during drilling, reducing the need for fluid

maintenance and allowing for larger volumes to be recycled (Ivan et al. 2018).
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Furthermore, micronized ilmenite has finer particles and decreased magnetite content,
causing abrasiveness and magnetic issues known with conventional ilmenite to be
eliminated (Al-Bagoury 2014). These desirable features can be applied in challenging
drilling operations such as horizontal drilling, deepwater drilling, and slimhole
applications.

Elkatatny et al. (2012b) reported the evaluation of an ilmenite-based drilling fluid
and its filter cake in HP/HT conditions. A minimal amount of CaCOs particles could
decrease the filtrate volume because of its benefits in particle packing. Moreover, Ivan et
al. (2018) reported using micronized ilmenite in oil-based fluids used to drill extended-
reach drilling (ERD) wells in offshore Abu Dhabi. Lower PV values, compared with those
of traditional fluids, resulted in a lower ECD, which allowed successful drilling of longer
horizontal sections.

Formation Damage Evaluation Methods

A conventional filter press is a popular evaluation method for formation damage
caused by drilling fluids. Conventional filtration allows for multiple consecutive tests to
be conducted on a single core: permeability measurements, filter cake formation, fluid loss
assessment, filter cake solubility, and return permeability calculations. Dynamic testing
combats the gravitational settling and sag tendencies of drilling fluids, causing results to
be closer to those occurring in the field. However, limitations include the inability to
mimic reverse fluid flow of produced fluids, along with the lack of fresh fluid supply
introduction to simulate circulation. These limitations potentially underestimate the actual

damage caused by drilling fluid systems in the field.
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The use of a coreflood system to more closely simulate field conditions and tackle
the above limitations has been addressed in this research. Both filtration methods were
used, with a focus on mud loop testing, which took reverse fluid flowback into account,
focusing on damage remaining in the simulated reservoir formation after production or
flowback has occurred. Results from the conducted coreflood/mud loop experiments,
along with conventional filtration and analysis using CT images, are presented in this
chapter.

Results and Discussion
Rheological Parameters

The viscosity data for the drilling fluids with a density of 2.0 and 1.5 SG are shown
in Table III-1 and Table I1I-2, respectively. Measured viscosity and gel strength values
for the different fluid formulations at shear rates ranging from 5.1 to 1021 s!' (3-600
rev/min) are shown. Overall rheological parameters at all shear rates are fairly similar for
both barite-based fluids. Decreased values at all shear rates for the ilmenite-based fluid
indicate an overall improvement in performance, allowing for a reduction in pump

pressure and enhancement of ROP while drilling.
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S pm Ilmenite- 5 pm Barite- 2.7 pm Barite-
PARAMETER Based Fluid Based Fluid Based Fluid
600 rpm 126 155 155
300 rpm 71 89 90
200 rpm . 52 65 65
c
100 rpm 32 39 40
6 rpm 7 9 10
3 rpm 6 7 9
Gels - 10 min 7 8 11
Ib/100 ft?
Gels-10s 9 12 12
Plastic Viscosity cP 55 66 65
Yield Point Ib/100 ft? 16 23 25

Table I1I-1 Rheological properties of oil-based drilling fluid systems with a density of
2.0 SG at 125°F. Reprinted with permission from (Ibrahim et al. 2020).

S pm S pm
PARAMETER Ilmenite-Based Fluid Barite-Based Fluid
600 rpm 56 61
300 rpm 32 36
200 rpm 24 27
cP

100 rpm 15 17

6 rpm 5 6
3rpm 4 6
Gels - 10 min 6 6

Ib/100 ft?

Gels-10s 10 8
Plastic Viscosity cP 24 25
Yield Point Ib/100 ft? 8 11

Table I1I-2 Rheological properties of oil-based drilling fluid systems with a density of
1.5 SG at 125°F. Reprinted with permission from (Ibrahim et al. 2020).
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Filter Press
A standard dynamic filter press experiment was conducted using a Berea sandstone
core with the micronized ilmenite-based drilling fluid. The experiment was conducted at
an overbalance pressure of 500 psi, 250°F, and rotation speed of 150 rev/min. Figure ITI-1
shows filtrate accumulation for the duration of the 30-minute test, with a spurt loss of
approximately 0.06 cm? and an indicated filter cake formation time of approximately 8
minutes. The total filtrate volume was 1.8 cm?, and the filter cake formed with a thickness

of 3/327 in,

Volume (cm?)

0 1 1 1 1 1
0 5 10 15 20 25 30

Time (min)

Figure III-1 Filtrate volume collected during a 30-minute dynamic filtration test and the
created filter cake. Reprinted with permission from (Ibrahim et al. 2020).
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As for the low SG fluids, static filtration experiments at 500 psi and 150°F resulted
in a total filtrate volume of 7 cm? for the ilmenite-based drilling fluid and 4 ¢cm? for the

barite-based drilling fluid. Both fluids formed filter cakes with a thickness of 2/32™ in.

Mudloop

The aim of this work was to evaluate formation damage caused by oil-based
drilling fluids that use ilmenite as the weighting material in different formations with
different permeabilities. Ten coreflood experiments were conducted to test several OBM
fluid systems against different permeabilities and to compare performance to barite-
weighted drilling fluids. A summary of all coreflood experiments is shown in Table IT1-3.
The first three experiments were designed to evaluate formation damage from the three
fluid systems in low-permeability sandstone cores. Formation damage in medium-
permeability sandstone was then evaluated by conducting Experiments 4-6. Low-specific
gravity fluids were then used to investigate the damage in high- and medium-permeability

sandstone cores in Experiments 7-10.
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DRILLING
EXP. FLUID CORE | PERMEABILITY
FLUID DENSITY
1 2.7 um Barite
Bandera Low
2 5 wm Barite
Sandstone Permeability
3 5 pm Ilmenite
2.0 SG
4 2.7 um Barite
Berea Medium
5 5 um Barite
Sandstone Permeability
6 5 pm Ilmenite
7 5 wm Barite Berea Medium
8 5 pum Ilmenite Sandstone Permeability
1.5 SG
9 5 um Barite Boise High
10 5 pum Ilmenite Sandstone Permeability

Table I1I-3 Experimental design for formation damage assessment of several oil-based
drilling fluid systems and formation permeabilities. Reprinted with permission from
(Ibrahim et al. 2020).

Formation Damage in Low-Permeability Sandstone

As described above, coreflood experiments were conducted to determine the initial
and final permeabilities of the cores while examining filtration properties, filter cake
formation, and overall damage created by the formed filter cake through solids invasion.
This subsection focuses on the first three experiments, which evaluate the performance
and damage caused by the three OBM systems with regard to a low-permeability Bandera
sandstone core, with an average measured absolute permeability of 7.2 md and an average
porosity of 15.4%. The results obtained for coreflood Experiments 1-3 are summarized in

Table I11-4.
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ABSOLUTE FILTRATE RETURN
EXP. PERMEABILITY POROSITY VOLUME PERMEABILITY
md vol% cm? %
1 7.66 15 4.4 83.7
2 8.4 13.3 2 90.7
3 5.64 18 2.4 96.5
4 33.6 19 5.6 71
5 69.1 19.5 3 60
6 60 19.6 2.6 98.3

Table I1I-4 Formation damage analysis for Experiments 1-6 with a drilling fluid density

indicator of damage, with a higher volume indicating greater damage. The measured
volumes were 4.4, 2, and 2.4 cm?, respectively, for the three experiments. A visual
representation of the filtrate volume as a function of time appears in Figure III-2,

representing the test progression for Experiment 2; Figure I1I-3 represents the same for

of 2.0 SG. Reprinted with permission from (Ibrahim et al. 2020).

Experiment 3.
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Figure III-2 Dynamic filtration results of Experiment 2 (5 um barite-based drilling
fluid/Bandera sandstone) at a 400 psi overbalance. Reprinted with permission from
(Ibrahim et al. 2020).
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Figure III-3 Dynamic filtration results of Experiment 3 (5 um ilmenite-based drilling

fluid/Bandera sandstone) at a 400 psi overbalance. Reprinted with permission from
(Ibrahim et al. 2020).
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Another indicator to observe in conjunction with these experiments is a
comparison of CT images on the cores before and after drilling fluid circulation during
coreflood experiments. A CT number generated for each thin cross-section along the core
before and after exposure to a drilling fluid suggests the depth of invasion of solids into
the core. Figure III-4 visually depicts the damage formed through exposure during
Experiment 2, and a large difference between corresponding values before and after

treatment indicates formation damage by solid invasion in the first inch of the core.
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Figure III-4 CT scan analysis for Experiment 2 before and after filter cake formation.
Reprinted with permission from (Ibrahim et al. 2020).
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Solids plugging the pores in the core will result in varying pressure drops when
measuring initial and final permeability, further quantifying the damage caused by
exposure to the OBM systems being evaluated. Formation damage was calculated as

follows:

k._
Damage, % = —

where k is the absolute core permeability (md), and Ap is the stabilized pressure drop
across the core (psi). The subscripts i and f stand for the initial and final permeability,
respectively. With this, the barite-weighted fluid systems used in the first two experiments
exhibited a reduction in permeability of 16.3 and 9.3%, respectively. The core used in
Experiment 3, however, did not show a variance in pressure drop, suggesting that the
micronized ilmenite-weighted fluid did not cause a reduction in permeability, with a return
permeability of 96.5%.
Formation Damage in Medium-Permeability Sandstone

This subsection focuses on Experiments 4-6, which evaluate the performance and
damage caused by the three OBM systems with regard to a medium-permeability Berea
sandstone core, with an average measured absolute permeability of 54.2 md and an
average porosity of 19.4%. The results obtained for coreflood Experiments 4-6 are also
summarized in Table I11-4.

The measured fluid filtrate volumes for the three HP/HT dynamic filtration tests

were 5.6, 3, and 2.6 cm® in 30 minutes, respectively, which also indicates less damage
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caused by the ilmenite-weighted fluid. Visual representation for the three experiments is
shown in Figure III-5, Figure III-6, and Figure I1I-7, along with images of the filter
cake formed on the surface of the cores. Furthermore, CT-scan analysis for the core used
in Experiment 5, shown in Figure III-8, suggests more extensive damage in the medium

permeability core, reaching a depth of two inches.
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Figure III-5 Dynamic filtration results of Experiment 4 at a 400-psi overbalance.
Images show the core surface after initial filter cake formation (left) and after flowback
and final permeability measurements (right). Reprinted with permission from (Ibrahim et
al. 2020).
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Figure III-6 Dynamic filtration results of Experiment 5 at a 400-psi overbalance and an
image of the filter cake formed on the core surface. Reprinted with permission from
(Ibrahim et al. 2020).
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Figure III-7 Dynamic filtration results of Experiment 6 at a 400-psi overbalance and an
image of the filter cake formed on the core surface. Reprinted with permission from
(Ibrahim et al. 2020).
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Figure III-8 CT-scan analysis for Experiment 5 before and after filter cake formation.
Reprinted with permission from (Ibrahim et al. 2020).

Permeability measurements during coreflood tests resulted in larger reductions in
permeability for cores used with barite-weighted fluids, 29 and 40%, respectively.
However, similar to the low-permeability core, the ilmenite-weighted drilling fluid system
caused no permeability reduction, as was measured during Experiment 6. The results of
the experiments in this section are generally in agreement with each other, with filtrate
volumes complementing damage quantified and viewed through imaging. Medium-
permeability cores exhibited more damage in general, but ilmenite-weighted fluids were

nondamaging in both cases.
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Formation Damage in Medium-Permeability Sandstone with Low SG Fluid

In order to induce formation damage from an ilmenite-based drilling fluid
specifically, a 1.5 SG drilling fluid was prepared with a relaxed fluid loss of 7 cm?, and
medium- to high-permeability cores were used. This set of experiments focused on
comparing only ilmenite and barite-weighted fluids with the same average particle size (5
um). Experiments 7 and 8 used Berea sandstone cores with an average measured absolute
permeability of 51 md and an average porosity of 18.3%. The results obtained from this

section of the study are summarized in Table III-5.

ABSOLUTE RETURN
EXP. POROSITY
PERMEABILITY PERMEABILITY

md vol% %
7 60 19.6 60
8 42 17 89
9 400 25 60
10 490 25.6 70

Table I1I-5 Formation damage analysis for Experiments 7-10 with a drilling fluid
density of 1.5 SG. Reprinted with permission from (Ibrahim et al. 2020).

The barite-based fluid showed damage to permeability similar to that of a fluid
with 2.0 SG density; even the static fluid loss was only 4 cm?. The filter cake formed on
the face of the core is shown in Figure III-9. The deliberately high fluid loss for the 1.5
SG ilmenite-based fluid caused some damage to the core permeability in this case, with a

permeability reduction of 11% and solid invasion to a depth of nearly two inches from the
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core outlet, as is shown in Figure III-10. It is also important to note that dynamic filtration
of these fluids resulted in a fluid volume greater than 15 cm? in both cases. These results
again show the importance of controlling the fluid loss to minimize resulting formation

damage.

Figure III-9 A Berea sandstone core surface (left) after initial filter cake formation
(Experiment 7) and (right) after flowback and final permeability measurements.
Reprinted with permission from (Ibrahim et al. 2020).
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Figure III-10 CT-scan analysis for Experiment 8 before and after filter cake formation.
Reprinted with permission from (Ibrahim et al. 2020).

Formation Damage in High-Permeability Sandstone with Low SG Fluid
Experiments 9 and 10 used Boise sandstone cores with an average measured
absolute permeability of 445 md and an average porosity of 25.3%. The results obtained
from this section of the study are also summarized in Table I1I-5.
The barite-based fluid continued to create formation damage, with a 40% reduction
in permeability. CT imaging indicates solids invasion of up to one inch, as shown in
Figure III-11. The ilmenite-based fluid used in Experiment 10 created more significant

damage to permeability in this case, with a reduction of 30%.
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Figure III-11 CT-scan analysis for Experiment 9 before and after filter cake formation.
Reprinted with permission from (Ibrahim et al. 2020).

Barite-based drilling fluids caused formation damage to the different sandstone
formations. The percentage of permeability reduction was a function of the barite size and
the pore throat size. The average pore throat (in pm) of the core can be calculated as the
square root of the permeability (in md). Figure I1I-12 shows a direct correlation between

the formation damage and logarithmic scale of the pore throat diameter/barite size ratio.
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Figure III-12 Percentage of permeability reduction as a function of pore throat
diameter/barite size ratio for barite-based drilling fluids. Reprinted with permission from
(Ibrahim et al. 2020).

As shown in Table III-6, the particle size distributions of 5 pm ilmenite and 5 pm
barite are almost identical. Aside from particle size and morphology of both materials, an
explanation for the high damage caused by barite compared to ilmenite stems from the
fact that the surface chemistries of barite and ilmenite are different. Ilmenite is a mixed
metal oxide mineral (FeTiO3) with a hydroxyl group on the surface, while barite has low
solubility in water with high surface activity, particularly the colloidal and micronized
materials. The particle invasion of barite and the difficulty to flow back indicates the

bridging of barite particles inside the core.
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WEIGHTING 5 pm 5 pm 2.7 pm
AGENT Ilmenite Barite Barite
D1o (um) 2.0 2.0 1.3
Dso (um) 5.5 5.4 2.7
Doo (um) 12.2 11.3 5.6

Density (SG) 4.6 4.4 4.3
BET (m?%/g) 1.6 1.2 2.5

Table I1I-6 Particle size distribution of the weighting materials. Reprinted with
permission from (Ibrahim et al. 2020).
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CHAPTER IV
REMOVAL OF MICRONIZED ILMENITE-WEIGHTED OIL-BASED FILTER

CAKE"

Background

The drilling process is the most harmful to the reservoir, mainly due to drilling
fluid filtrate invasion into the near-wellbore region. Drilling fluid systems are carefully
formulated, and additives are chosen at optimal concentrations to create a high quality,
impermeable filter cake that will minimize formation damage. Unfortunately, however,
due to chemical incompatibilities and the need to include dense solid particles to maintain
hydrostatic pressures while drilling, some physical damage to the reservoir is unavoidable.
As such, it is vital to understand possible mechanisms for damage removal for a particular
fluid system. Accordingly, this portion of the study aims to investigate the solubility of
iron and titanium ions in micronized ilmenite.

Typical filter cake removal methods include mechanical techniques, such as
scraping or jetting, and chemical dissolution using a number of solvents. A specific
method is chosen based on the cause of damage, availability of chemicals and equipment,
and economic feasibility. Solvents may include cheap, strong acids, or more costly organic

acids, chelating agents, and premium chemical treatments. Common acids used to remove

* Part of this chapter is reprinted with permission from “Evaluation of Formation Damage of Oil-Based
Drilling Fluids Weighted with Micronized Ilmenite or Micronized Barite” by Ibrahim, A. F., Al-Mujalhem,
M. Q., Nasr-El-Din, H. A., and Al-Bagoury, M., 2020, SPE Drilling & Completion, Copyright 2020 by
Society of Petroleum Engineers.
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drilling fluid filter cake include HCI and regular mud acid, a mixture of HCI and HF, used
in sandstone reservoirs, where a lack of calcite renders HCI unreactive (Smith and
Hendrickson 1965).

Different combinations and mixtures of solvents may help limit, retard, or
solubilize certain ions, allowing for improved reaction rates and removal efficiencies. For
example, Su (2016) found that combining HCI with a chelating agent, HEDTA, is a good
method to prevent the precipitation of iron into solution, but at a concentration of 7.5 wt%
HCI and 7.5 wt% HEDTA, this system was not able to completely remove a micronized
ilmenite-weighted WBM filter cake.

Organic Acids

Organic acids may be preferred for remediation treatments to avoid using high
concentrations of strong, corrosive acids. However, organic acids are known to have
weaker reactions and maximum concentration limitations due to the low solubility of
produced calcium salts in the reservoir (Mohamed et al. 2015). Organic acids commonly
used in the oil and gas industry include acetic, citric, formic, and lactic acids. Moreover,
combining a small concentration of HCI with an organic acid provides a safer, more cost-
effective method to investigate formation damage removal (Dill and Keeney 1978; Al
Moajil and Nasr-EI-Din 2014).

Contrary to this, however, alternative organic acids have been used to replace HCI
in regular mud acid due to its high corrosivity and high spending rate (Al-Harbi et al.
2013). Formic and lactic acids have been used in conjunction with HF to form organic

mud acids, functioning to retard HF and act as a chelating agent.
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Although the solubility of an ilmenite-weighted drilling fluid filter cake in organic
acids has not been extensively reported in the literature, the solubility of ilmenite has been
researched in other industries. Omidi et al. (2018) specified oxalic acid as a good chelating
agent with a strong acidic effect. The chemical reactions taking place between oxalic acid
and ilmenite are described as follows (Omidi et al. 2018):

H>C204 <> H + HC,04, Ko = 5.378%1072
HC204 <> H" + C204%, Koz = 5.42%10°
Optimized results of ilmenite dissolution in an HCl/oxalic acid system were presented by
the authors. They found that optimal dissolution occurs at 4 hours using a 2:1 oxalic acid
to HCl ratio, 30 wt% total acid concentration, and 10:1 acid to ilmenite ratio at 320°F.

Moreover, Jonglertjunya and Rubcumintara (2012) investigated several different
organic acids, including oxalic and citric acids. The chemical reaction governing iron and
titanium dissolution in citric acid was identified as:

CsHsO7 + HoO — H30" + C¢H707
FeTiOs + 4H30" —»TiO*" + Fe*" + 6H,0
Optimal conditions for ilmenite dissolution by citric acid were identified as an acid
concentration of 1M and a stirring speed of 750 rpm for 20 hours.

The use of organic acids to address formation damage caused by drilling fluids
both in the field and the lab is well-documented in the literature. Al Moajil (2010) reported
testing lactic, glycolic, formic, malonic, and acetic acids with manganese tetroxide.
Elkatatny et al. (2013c) used an HCl/glycolic acid system to successfully remove

manganese tetroxide-weighted filter cake.
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Results and Discussion
Micronized Ilmenite

Ilmenite is an acid-soluble weighting agent, which is a preferable property for filter
cake removal in reservoir fluids. The solubility of ilmenite in HCI depends on the reaction
conditions, such as the HCI1 / ilmenite ratio, temperature, acid concentration, and reaction
time. The solubility of ilmenite in 15% HCI for 16 hours is >40%. The incomplete
solubility is related to the reverse reaction of titanium oxychloride (TiOCl).

In this part of the study, different solubility tests were conducted for micronized
ilmenite powder (Dso= 5 um) with different acid systems. The solubility experiments were
conducted using an HP/HT reactor at 1,000 psi and 200°F. The acid-to-ilmenite ratio was
10:1, and the solution was mixed at 500 rpm. XRF and XRD analyses were conducted on
the ilmenite powder before and after the solubility tests. ICP-OES testing was conducted
on the effluent samples to measure the dissolved ion concentrations.

15 wt% HCI + 8 wt% HEDTA Acid System

Maintaining the acid-to-solids ratio of 10:1, 200 g of the acid system were added
to 20 g of ilmenite. The residual solids remaining after a 10-hour solubility test weighed
14 g, resulting in a solubility efficiency of approximately 30%. Table IV-1 shows the
XRF analysis for the residual ilmenite after solubility testing, compared to the original
sample. Figure I'V-1 shows the increase in the concentration of different ions dissolved in

the liquid phase, measured by ICP-OES, as the reaction time progressed.
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ORIGINAL SAMPLE AFTER SOLUBILITY
Solubility
Concentration Weight | Concentration Weight
OXIDES Efficiency
wt% g wt% g
%
Fe,03 51.00 10.20 43.90 6.15 39.75
TiO: 43.10 8.62 52.56 7.36 14.64
ALO3 2.40 0.48 1.14 0.16 66.75
MgO 0.54 0.11 0.36 0.05 53.33
SiO; 2.97 0.59 1.43 0.20 66.30

Table IV-1 XRF analysis of oxides in original ilmenite, compared with residual ilmenite
after a 10 hour solubility test with 15 wt% HCl + 8 wt% HEDTA. Reprinted with
permission from (Ibrahim et al. 2020).

Of the ions of interest, this acid system showed the ability to solubilize iron with

more ease, compared to titanium. Iron oxides were solubilized at a 40% efficiency, while

titanium oxides showed an efficiency of 15%. The reaction with titanium also reached an

equilibrium faster, stabilizing after 2 hours, while the reaction with iron continued to about

4 hours.
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Figure IV-1 ICP analysis for effluent samples collected from ilmenite solubility testing
with 15 wt% HCl1 + 8 wt% HEDTA.

Regular Mud Acid (12 wt% HCI + 3 wt% HF) System

The solubility test was repeated using a regular mud acid system. After reacting
for 4 hours at 200 °F, the ilmenite sample weighed 4.13 g. The measured efficiency of
dissolved ilmenite was 79.35%. Table I'V-2 shows the XRF analysis for the residual solids

after the solubility test, where the mud acid dissolved 84% of the iron oxide and 77% of

the titanium oxide.
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AFTER SOLUBILITY
Solubility
Concentration Weight
OXIDES Efficiency
wt% g
%
Fe:03 45.92 1.90 81.41
TiO: 52.97 2.19 74.62
ALO3 0.00 0.00 100.00
MgO 0.41 0.02 84.32
SiO; 0.70 0.03 95.13

Table IV-2 XRF analysis of oxides in the residual ilmenite after a 4-hour solubility test
with regular mud acid. Reprinted with permission from (Ibrahim et al. 2020).

The solubility test with mud acid was repeated for a longer time period. Increasing
the reaction time to 6 hours resulted only in a slight increase in the solubility of the ilmenite
to 83.3%.

Organic Mud Acid Systems

Formic and lactic mud acid systems were also used to dissolve ilmenite. 200 g of
a 9 wt% formic and 1 wt% HF acid system were added to 20 g of ilmenite for 6 hrs at
200°F. The total weight loss was equal to 2.06 g, and the solubility efficiency was
calculated to be 10.3%. Similarly, 200 g of 9 wt% lactic and 1 wt% HF acids were added
to 20 g ilmenite. The total weight loss in this case was 5.9 g, resulting in a solubility
efficiency of 29.5%.

The presence of the fluoride ion (F!) provided by the mud acid improves the
solubility of titanium and enhances the overall ilmenite solubility. As shown in Table

IV-3, solubility increased from 40.1% to > 80% by the use of 3 wt% HF with 12 wt% HCI
68



compared to 15 wt% HCI alone. Technically, for field applications, 15 wt% HCI should

be enough to break down the filter cake and provide easy flowback for the small-sized

micronized ilmenite particles.

INITIAL RESIDUAL | SOLUBILITY
ACID SYSTEM
SAMPLE SOLIDS EFFICIENCY
g g %0
15 wt% HCl 20 11.9 40.1
15 wt% HCl1 + 8 wt% HEDTA 20 14 30
12 wt% HC1 + 3 wt% HF
20 4.13 79.35
REGULAR MUD ACID
9 wt% Formic Acid + 1 wt% HF
20 17.94 10.3
ORGANIC MUD ACID
9 wt% Lactic Acid + 1 wt% HF
20 14.1 29.5
ORGANIC MUD ACID

Table IV-3 A summary of solubility efficiency for conventional acid systems tested.
Reprinted with permission from (Ibrahim et al. 2020).

Exploring Organic Acids

However, as mentioned above, the use of HCl in the field presents risk in terms of
transportation and handling, corrosion of the tubulars, and precipitation of solids in the
reservoir that may introduce more damage. As such, oxalic, glycolic, lactic, and citric
acids were selected to evaluate solubility performance with micronized ilmenite. 1 wt%

HClI was added to each system to aid the reactions and decrease the pH of the acid systems.
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Due to uncertainty in reaction times between micronized ilmenite and organic
acids, the following set of solubility tests were run for 24 hours each, while ICP-EOS was
used to examine the concentration of titanium and iron ions dissolved in the acid systems
and provide a better understanding of the reaction timeframes. All other parameters,
including a temperature of 200°F, a pressure of 1000 psi, and a stirring speed of 500 rpm,
were held constant.

7.5 wt% Oxalic + 1 wt% Hydrochloric Acid System

After the 24-hour solubility test, filtered residual solids weighed 24.83 g. An
increase in solid mass post-reaction indicates precipitation of an unknown compound.
XRD results comparing the solid sample before and after solubility testing, shown in
Figure 1V-2, identifies some original peaks that disappear with acid exposure, while
others emerge. Disappearing peaks are consistent with hematite, which exists at a
concentration of 9.4% in the original micronized ilmenite sample. New peaks (Figure
IV-3) were identified as ferrous oxalate, an inorganic compound with low water solubility.
Nevertheless, the concentration of ilmenite identified in the original sample decreased by
18%. ICP-OES analysis, shown in Figure IV-4, reiterated this narrative, as the reaction
showed a large concentration of iron in solution during the first couple of hours, which

continued to decrease until the reaction equilibrated at around 17 hours.
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Figure IV-2 XRD analysis of a micronized ilmenite sample before and after exposure to
a 7.5 wt% oxalic and 1 wt% HCI acid system for 24 hours.
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Figure I'V-3 XRD analysis of a micronized ilmenite sample after exposure to a 7.5 wt%
oxalic and 1 wt% HCI acid system for 24 hours.
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Figure 1V-4 ICP analysis for effluent samples collected from ilmenite solubility testing
with 7.5 wt% Oxalic + 1 wt% HCl acids.

7 wt% Glycolic + 1 wt% Hydrochloric Acid System

With the use of glycolic acid, the residual solids had a mass of 18.9 g, resulting in
a solubility efficiency of 5.2%. XRD did not detect any minerals not previously present in
the original ilmenite sample, indicating no precipitation of solids. ICP-OES results
(Figure IV-5) indicated low solubility of titanium around 100 ppm that was constant
throughout the duration of the test. Iron solubility, however, was much, and continuously

increased to about 7500 ppm.
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Figure IV-5 ICP analysis for effluent samples collected from ilmenite solubility testing
with 7 wt% glycolic + 1 wt% HCl acids.

13 wt% Lactic + 1 wt% Hydrochloric Acid System

The lactic acid system further improved solubility to 9.8%, with residual
micronized ilmenite solids weighing 18 g. Similar to the glycolic acid system, no solids
precipitation was indicated by XRD testing, and the system was more effective at
solubilizing iron relative to titanium, as is presented in Figure IV-6. Iron solubility

reached a peak at approximately 20 hours.
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Figure IV-6 ICP analysis for effluent samples collected from ilmenite solubility testing
with 13 wt% lactic + 1 wt% HCI acids.

11.6 wt% Citric + 1 wt% Hydrochloric Acid System

The solubility of micronized ilmenite increased incrementally with the use of a
citric acid system. Residual solids weighing 17.7 g resulted in a solubility efficiency of
11.4%. No new minerals were detected by XRD testing; however, ICP-OES showed
increased solubility of titanium, reaching upwards of 400 ppm, while maintaining high

solubility of iron (Figure IV-7).
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Figure IV-7 ICP analysis for effluent samples collected from ilmenite solubility testing
with 11.6 wt% Citric + 1 wt% HCI acids.
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Figure IV-8 ICP analysis of iron concentrations in effluent samples collected from
ilmenite solubility testing with organic acid systems.
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Figure IV-9 ICP analysis of titanium concentrations in effluent samples collected from
ilmenite solubility testing with organic acid systems.

Figure IV-8 and Figure I'V-9 summarize the solubility of iron and titanium in the
organic acid systems tested thus far as each reaction took place. The glycolic acid system
was considerably more effective at solubilizing iron with time, while citric acid followed.
As for titanium ions, they existed in solution in significantly higher concentrations when
ilmenite reacted with the oxalic acid system. Citric acid, again, ranked second, with a
larger difference in this case.

Solubility efficiencies of all organic acid systems tested as part of the initial study

have been summarized in Table IV-4 for reference.
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INITIAL RESIDUAL SOLUBILITY

ACID SYSTEM SAMPLE  SOLIDS  EFFICIENCY

g g o
7.5 wt% Oxalic + 1 wt% HCI 20 24.834 24.2
7 wt% Glycolic + 1 wt% HCI 20 18.965 52
13 wt% Lactic + 1 wt% HCI 20 18.0317 9.8
11.6 wt% Citric + 1 wt% HCI 20 17.73 11.4

Table IV-4 A summary of solubility efficiencies for initial organic acid systems tested.

Following analysis of the results of the initial organic acid system solubility
testing, it was decided to further examine the performance of oxalic acid, as it presented
to be the most effective at solubilizing titanium. The concentration used was increased
from 7.5 wt% to 20 wt%, and it was mixed with HCl and glycolic acids, both used to target
the solubility of iron.

20 wt% Oxalic + 10 wt% Hydrochloric Acid System

The increased HCI concentration caused the concentration of iron in solution to
jump from 2500 ppm to 25,000 ppm. The concentration of titanium in solution also
increased tenfold with the larger oxalic acid concentration used during the first few hours
(Figure 1V-10). However, both concentrations dropped as the reaction continued.
Residual solids showed a visible change in color from black to grey, as is shown in Figure
IV-11. Multiple samples were collected and tested separately, leading to different
mineralogical compositions (Figure IV-12 and Figure 1V-13). XRD analysis explained
the decrease as resulting from precipitation of both titanium oxide and ferrous oxide. An

increase in the mass of the residual solids to 37.9 g further confirms this analysis.
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Figure IV-10 ICP analysis for effluent samples collected from ilmenite solubility testing
with 20 wt% Oxalic + 10 wt% HCl acids.

Figure IV-11 Residual solids filtered and dried afterexposure to 20 wt% Oxalic + 10
wt% HCl acids for 24 hours exhibited a color change due to solids precipitation.
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Figure 1V-12 XRD analysis of the first micronized ilmenite sample after exposure to a
20 wt% oxalic and 10 wt% HCI acid system for 24 hours.
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Figure IV-13 XRD analysis of the second micronized ilmenite sample after exposure to
a 20 wt% oxalic and 10 wt% HCl acid system for 24 hours.
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20 wt% Oxalic + 10 wt% Glycolic Acid System

Replacing HCI with glycolic acid resulted in a slightly more stable reaction, with
a final concentration of 1955 and 11,575 ppm of iron and titanium in solution,
respectively. ICP-OES results, plotted in Figure IV-14, showed a concentration increase
in solution, which dropped as solids precipitated. XRD (Figure IV-15) showed that the
hematite and part of the ilmenite minerals solubilized, causing solids precipitation of
titanium and ferrous oxalates, with a residual solids mass increase of only 2.8 g, compared

to 17.9 g when HCl was used.
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Figure IV-14 ICP analysis for effluent samples collected from ilmenite solubility testing
with 20 wt% oxalic + 10 wt% glycolic acids.
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Figure IV-15 XRD analysis of a micronized ilmenite sample after exposure to a 20 wt%
oxalic and 10 wt% glycolic acid system for 24 hours.

10 wt% Glycolic + 11.6 wt% Citric Acid System

With the solids precipitation issues related to the use of oxalic acid, the focus
shifted towards combining glycolic acid with another that is able to solubilize titanium.
From initial testing, this was identified as citric acid. The glycolic/citric acid system
proved to perform better than those tested previously, as it exhibited a solubility efficiency
of 23%. XRD did not detect any additional minerals, and concentrations of both titanium
and iron in solution were at an acceptable range (Figure IV-16). Measured concentrations
of iron and titanium in the filtered effluent spent acid sample were 9568 and 1104 ppm,

respectively.
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Figure IV-16 ICP analysis for effluent samples collected from ilmenite solubility testing
with 10 wt% glycolic + 11.6 wt% citric acids.

ACID SYSTEM

INITIAL RESIDUAL SOLUBILITY

SAMPLE SOLIDS EFFICIENCY
g g %
20 wt% Oxalic + 10 wt% HCl 20 37.8765 -89.4
20 wt% Oxalic + 10 wt% Glycolic 20 22.7895 -13.9
10 wt% Glycolic + 11.6 wt% Citric 20 15.41 23.0

Table IV-5 A summary of solubility efficiencies for secondary organic acid systems

tested.

Micronized llmenite-Based Drilling Fluid Filter Cake

The next step consists of evaluating the cleaning process for the filter cake created

by HP/HT filtration of an oil-based drilling fluid system weighted with micronized
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ilmenite. Again, solubility tests were conducted in an HP/HT reactor to examine the
solubility of the created filter cake at 200°F and 1,000 psi with an acid-to-solids weight
ratio of 10:1.
Regular Mud Acid (12 wt% HCI 12+ 3 wt% HF) System

A solubility test was conducted using a regular mud acid system for 4 hours.
Figure IV-17 shows the scraped filter cake from the sandstone core after dynamic
filtration. Mud acid was able to dissolve 87% of the created filter cake with some residue

left on the medium-to-fine (5 pm) particle retention filter paper.

Figure IV-17 The filter cake used in the solubility test with regular mud acid (left) and
the residue after the 4-hour solubility test collected on 5 um filter paper (right).
Reprinted with permission from (Ibrahim et al. 2020).

10 wt% Glycolic + 11.6 wt% Citric Acid System
After secondary organic acid system solubility testing, summarized in Table I'V-5,

the glycolic/citric organic acid system was able to better solubilize micronized ilmenite,
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compared to other acid systems tested, it was selected for solubility testing on micronized
ilmenite-weighted OBM filter cake. The filter cake was formed using a conventional filter
press, and 20 g were used in solubility testing. Figure IV-18 shows the filter cake used.
After 24 hours of exposure to the citric/glycolic acid system, residual solids after filtering
and drying weighed 14 g, resulting in a solubility efficiency of 29.9%, the highest achieved

solubility in organic acid testing.

Figure IV-18 The filter cake used in the solubility test with the 10 wt% glycolic and
11.6 wt% citric acid system.

Although the solubility of the filter cake with this system is significantly lower
than when using a regular mud acid, it is close to the solubility provided by a conventional
15 wt% HCI acid job used in the field. With all additional safety and transportation
precautions required when dealing with stronger acids like HCl and HF, along with a

decreased risk of corrosion, a system of organic acids with 30% solubility of micronized
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ilmenite-weighted filter cake shows practical promise in reducing formation damage

caused by micronized ilmenite.
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CHAPTER V

CONCLUSIONS®

Field Cases

A drilling fluid system weighted with micronized ilmenite was used as a
replacement for conventional OBM and water-based drilling fluids (WBM) to drill
extended reach (ERD), horizontal drain holes through a cretaceous limestone reservoir.
The field development plan was to maximize the horizontal lateral sections through the
reservoir to 35,000 ft (1,067 m), in order to increase oil production by 50%. WBM and
OBM were not able to reach the planned target due to increased ECD above the fracture
initiation pressure, which induced significant drilling fluid losses. An inner phase of CaBr
was used in the OBM, with graded CaCOs as a bridging and weighting agent, to reduce
ECD, but it still resulted in high drilling fluid losses, torque, and drag. The drilled wellbore
length was less than 25,000 ft, indicating more wells will be needed to cover the target
formation.

The micronized ilmenite fluid was prepared at a density of 1.29 SG and was used
in the new wells. The plastic viscosity (PV) of the system, 15 cp, was half that of
conventional, previously utilized fluid systems, causing the ECD (1.66 SG) to fall below

equivalent mud weight (EMW) at fracture initiation condition (1.69 SG) at a pumping rate

* Part of this chapter is reprinted with permission from “Evaluation of Formation Damage of Oil-Based
Drilling Fluids Weighted with Micronized Ilmenite or Micronized Barite” by Ibrahim, A. F., Al-Mujalhem,
M. Q., Nasr-El-Din, H. A., and Al-Bagoury, M., 2020, SPE Drilling & Completion, Copyright 2020 by
Society of Petroleum Engineers.
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of 480 gpm. The high pumping rate (compared to 440 gpm in previous systems) increased
the drilling rate by 25%. Additionally, the micronized ilmenite fluid had a lower friction
factor of 0.10, compared to 0.2 in previous systems, which reduced torque and drag. The
first well drilled with the micronized ilmenite fluid was able to reach a depth of 31,000 ft.
Subsequent wells are now being drilled to 36,000 ft.
Performance Evaluation

Varied experimental work has been detailed in this study to evaluate formation
damage resulting from the use of an ilmenite-weighted, oil-based drilling fluid system in
comparison with micronized barite-weighted drilling fluid systems. The following are the
main conclusions:

1. Micronized-weighted oil-based drilling fluids exhibit improved dynamic filtration
capabilities compared to micronized-barite weighted fluids with the same average
particle size.

2. Using micronized ilmenite as a weighing material instead of micronized barite
enhanced the rheological properties of the fluid by decreasing viscosity at low and
high shear rates, with low fluid leak-off fluid through the cores. More specifically,
a decrease of up to 30% in viscosity parameters was observed.

3. The use of a mud loop/coreflood apparatus to evaluate filter cake buildup and
removal during fluid circulation allows for the understanding of solid particle
bridging and flowback capabilities, which more closely resemble field conditions.

4. No formation damage was observed when using micronized ilmenite-weighted

drilling fluids in the case of both low and medium permeability sandstone.
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Compared to micronized barite-weighted drilling fluids, testing showed an
increase of up to 64% in permeability retention.

5. Computed tomography scanning confirmed no formation damage was created by
micronized ilmenite-weighted fluids, while micronized barite-weighted fluids
showed a depth of solids invasion of up to 2 inches.

Micronized ilmenite-based drilling fluids performed better than micronized barite-
based drilling fluids, causing less formation damage while reducing torque and drag forces
during drilling operations.

Damage Removal

Extensive experimental work was completed to evaluate the solubility of micronized
ilmenite and micronized-ilmenite weighted OBM filter cake. Primary conclusions from
this work include:

1. A regular mud acid system was the most promising in removal of micronized
ilmenite and micronized ilmenite-based drilling fluids, with solubility efficiencies
of 79% and 87%, respectively.

2. Lactic acid mixed with HF as organic mud acid showed better solubility
performance, compared to lactic acid, at a solubility efficiency of 29.5% at 10
hours.

3. As hypothesized, organic acids did not perform as well in solubility testing,

compared to only HCI or mud acid.
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4. X-ray diffraction, used as a secondary method to analyze residual solids and
determine precipitation occurrences, revealed the mineralogical composition of
solid precipitates resulting from chemical reactions with the organic acids.

5. All solubility tests with acid systems containing oxalic acid precipitated a grey
solid, identified by XRD as ferrous oxalate, resulting in a final mass of solids
greater than initially added. As such, the weight method for solubility efficiency
measurement is not entirely reliable.

6. The HCl/glycolic initial organic acid system was the most promising in terms of
iron ion solubility, above 7400 ppm in 24 hours. Similarly, the HCl/citric system
was the most promising in solubilizing titanium ions, with more than 400 ppm in
solution.

7. Glycolic and citric acids were combined at concentrations identified as optimal in
the literature. The solubility of ilmenite was highest in this organic acid system,
with solubility efficiencies of 23% and 30%, respectively, in micronized ilmenite
and micronized ilmenite-weighted OBM filter cake.

Recommendations
This work focused on providing a more extensive evaluation of micronized
ilmenite as a weighting agent for invert emulsion drilling fluids. Performance parameters
were compared to those of a fluid system weighted with micronized barite with s similar
particle size distribution. Damage was investigated specifically in relation to filter cake

formation on/in sandstone formations of varying permeabilities at a temperature of 250°F.
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A closely packed filter cake with low fluid loss resulted in little to no damage in
the cores, suggesting that careful formulation of micronized ilmenite fluids will provide
superior performance and decrease the need for damage removal following drilling. The
case studies shared further reiterate the effectiveness and feasibility, economic and
technical, of replacing current weighting materials with micronized ilmenite.

Furthermore, extensive solubility testing of micronized ilmenite provides a better
idea of potential remediation techniques. Regular mud acid shows great promise as a
clean-up fluid for micronized ilmenite fluids. Additionally, the study of micronized
ilmenite solubility in organic acids provides a framework for more extensive testing.

Future work is recommended for further studies on the performance and efficacy
of micronized ilmenite as a weighting material in invert emulsion drilling fluid systems,
including:

1. Altering the specified testing conditions for solubility testing in organic acid
systems, such as acid-to-ilmenite-solids ratio, reaction temperature, and/or stirring
speed.

2. Considering additional acids and combinations of acid systems to solubilize iron
and titanium ions.

3. Investigating reaction kinetics between micronized ilmenite and the various acid
systems to better understand the process of mineral alteration and identify optimal

acid concentrations and reaction times.
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4. Modifying and expanding mudloop testing procedures to further simulate clean-
up conditions by circulating effective acid systems after drilling fluid circulation

and filter cake formation.
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APPENDIX A

CORE PERMEABILITY MEASUREMENTS
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Figure A-1 Pressure drop across the core for Experiment 1 at an injection rate of 1
cm®/min at 250°F.
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Figure A-2 Pressure drop across the core for Experiment 2 at an injection rate of 1
cm®/min at 250°F.
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Figure A-3 Pressure drop across the core for Experiment 3 at an injection rate of 1
cm®/min at 250°F.
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Figure A-4 Pressure drop across the core for Experiment 4 at an injection rate of 0.5
cm’/min (initial) and 2 cm?/min (both) at 250°F.
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Figure A-5 Pressure drop across the core for Experiment 5 at an injection rate of 0.5
cm’/min at room temperature (RT) and 250°F (HT).
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Figure A-6 Pressure drop across the core for Experiment 6 at an injection rate of 0.5
cm’/min at room temperature (RT) and 250°F (HT).
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Figure A-7 Pressure drop across the core for Experiment 7 at 250°F.
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Figure A-8 Pressure drop across the core for Experiment 8 at an injection rate of 1
cm®/min at 250°F.
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Figure A-9 Pressure drop across the core for Experiment 9 at an injection rate of 5
cm®/min at 250°F.
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Figure A-10 Pressure drop across the core for Experiment 10 at an injection rate of 5
cm®/min at 250°F.
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APPENDIX B

ADDITIONAL SOLUBILITY DATA

Micronized Ilmenite Solubility Testing
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Figure B-1 XRD analysis of three ilmenite samples (original, after regular mud acid,
and after HC1 + HEDTA).
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Initial Organic Acid Systems

Figure B-2 Effluent samples collected from solubility testing of micronized ilmenite
with a 7.5 wt% oxalic and 1 wt% HCIl acid system at (left to right) 1, 3, 6, 14, 17.5, 20,

and 24 hours.
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Figure B-3 XRD analysis of a micronized ilmenite sample after exposure to a 7 wt%
glycolic and 1 wt% HCI acid system for 24 hours.
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Figure B-4 Effluent samples collected from solubility testing of micronized ilmenite
with a 7 wt% glycolic and 1 wt% HCI acid system at (left to right) 1, 4, 12, 14, 16, 18,

20, and 24 hours.
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Figure B-5 XRD analysis of a micronized ilmenite sample after exposure to a 13 wt%
lactic and 1 wt% HCI acid system for 24 hours.
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Figure B-6 Effluent samples collected from solubility testing of micronized ilmenite
with a 13 wt% lactic and 1 wt% HCI acid system at (left to right) 2, 4, 6.5, 9.5, 20, and
24 hours.

Figure B-7 Effluent samples collected from solubility testing of micronized ilmenite
with a 11.6 wt% citric and 1 wt% HCI acid system at (left to right) 2, 6, 9, 12.5, 20.5,
and 24 hours.
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Figure B-8 XRD analysis of a micronized ilmenite sample after exposure to a 11.6 wt%
citric and 1 wt% HCI acid system for 24 hours.

Original After Solubility
XRD Sample

Ilmenite | Oxalic/HCI | Glycolic/HC1 ‘ Lactic/HC1 | Citric/HCl
Mineral Concentration (%)
llmenite 88.12 58.02 84.93 83.91 91.88
Hematite 942 0.00 10.98 12.47 2.83
Anorthite 2.46 18.11 4.09 3.61 5.29
Ferrous
Oxalate ) 23.88 ) ) ]

Table B-1 Summary of XRD results for residual solids after exposure to initial organic
acid systems.
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Figure B-9 Effluent spent acid samples collected after initial organic acid solubility
tests. The samples from left to right are oxalic, glycolic, lactic, and citric.
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Secondary Organic Acid Systems

Figure B-10 Effluent samples collected from solubility testing of micronized ilmenite
with a 20 wt% oxalic and 10 wt% HCI acid system at (left to right) 1.5, 3,9, 11, 15, and
18.5 hours.

Figure B-11 Effluent samples collected from solubility testing of micronized ilmenite
with a 20 wt% oxalic and 10 wt% glycolic acid system at (left to right) 0.5, 6, 10, 13, 17,
20.5, and 24 hours.
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Figure B-12 XRD analysis of a micronized ilmenite sample after exposure to a 10%
glycolic and 11.6 wt% citric acid system for 24 hours.

Figure B-13 Effluent samples collected from solubility testing of micronized ilmenite
with a 10 wt% glycolic and 11.6 wt% citric acid system at (left to right) 2, 4, 10, 13, 17,
20.5, and 24 hours.
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Original

After Solubility
XRD Sample
Ilmenite | Oxalic/HCI | Oxalic/Glycolic | Citric/Glycolic
Mineral Concentration (%)
llmenite 88.12 1.31 31.63 91.50
Hematite 9.42 0.00 0.00 3.60
Anorthite 2.46 0.00 4.02 4.90
Titanium Oxalate - 32.20 8.37 -
Ferrous Oxalate - 8.88 55.98 -
Oxalic Acid - 10.24 - -
Hydroperoxyoxymethyl - 37.47 - -
Oxalic Acid Dihydrate - 9.90 - -

Table B-2 Summary of XRD results for residual solids after exposure to secondary
organic acid systems.

Figure B-14 Effluent spent acid samples collected after secondary organic acid
solubility tests. The samples from left to right are oxalic/HCI, oxalic/glycolic, and

citric/glycolic.
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ACID SYSTEM pH
BEFORE AFTER

7.5 wt% Oxalic + 1 wt% HCI 0 0.82
7 wt% Glycolic + 1 wt% HCI 0 1.78
13 wt% Lactic + 1 wt% HCI 0 1.66
11.6 wt% Citric + 1 wt% HCI 1.07 2.00

20 wt% Oxalic + 10 wt% HCI 0 0
20 wt% Oxalic + 10 wt% Glycolic 0.92 0.8
10 wt% Glycolic + IImenite 1.7 2.33
11.6 wt% Citric Filter Cake 1.7 2.02

Table B-3 Measured pH values for organic acid systems before and after solubility
testing.
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Micronized Ilmenite-Weighted Filter Cake Solubility Testing

MIXING MASS
MATERIAL TIME ADDED
min g
Base Oil - 129.04
Primary Emulsifier 1 2.00
Secondary Emulsifier 1 12.00
Lime 1 4.00
Fluid Loss Additive
(Polymer) ! 2.00
CaCl; Brine (25 wt%) 10 86.81
Organophilic Clay 15 2.50
Micronized Ilmenite 10 410.32
Rheology Modifier 5 2.00
Simulated Drill Solids 5 10.00
Wetting Agent 5 2.00
662.67

Table B-4 Composition of the 1.9 SG micronized ilmenite-weighted oil-based drilling
fluid system used to create the filter cake for solubility tests.
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Figure B-15 ICP analysis for effluent samples collected from filter cake solubility
testing with 10 wt% glycolic + 11.6 wt% citric acids.
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Figure B-16 XRD analysis of a micronized ilmenite-weighted drilling fluid filter cake
after exposure to a 10% glycolic and 11.6 wt% citric acid system for 24 hours.

Figure B-17 Effluent samples collected from solubility testing of micronized ilmenite-
weighted drilling fluid filter cake with a 10 wt% glycolic and 11.6 wt% citric acid
system at (left to right) 1, 4.5, 15, 17.5, 19.5, 22, and 24 hours.



Original After
XRD Sample Solubility
Ilmenite Citric/Glycolic
Mineral Concentration (%)
Ilmenite 88.12 83.07
Hematite 9.42 11.69
Anorthite 2.46 5.24

Table B-5 XRD results for filter cake residual solids after exposure to a 10% glycolic
and 11.6 wt% citric acid system for 24 hours.
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