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ARADA SAENGDEE : STUDY OF UTILIZING PALM AND BAGASSE
ASH AS ADDITIVES IN DRILLING MUDS. THESIS ADVISOR :

ASST. PROF. BANTITA TERAKULSATIT, Ph.D., 185 PP.

PALM OIL FUEL ASH/ SUGARCANE BAGASSE ASH/ DRILLING MUDS

The objective of this study is to determine the chemical and physical
properties of water based drilling mud mixed with palm and bagasse ash. The drilling
mud is mixed with 1, 3 and 5 percent by weight of additives with testing temperatures
at 25, 50 and 80°C. Particularly, the palh and bagasse ash as additive used for enhancing
the rheological properties, such as inereasing of viscosity and decreasing fluid loss.
The chemical property analysis indicates that the palm ash comprises mainly of silica,
potassium oxide, calcium oxide-and chloride. The minerals that have the greatest
amount are sylvite, quartz, anerthite, kaolinite and gypsum. The microstructure of
palm ash shows round, irregular and angular shaped particles, while some particles are
rounded and contiguous clusters. The bagasse ash shows a_high amount of silica of
88.38% and slights ethép glement. The major-mig&rals Dominantly comprise quartz,
barite, calcite, anorthite, kaolinite and gypsum. The particle shape of bagasse ash
shows an irregular shape with rough surfaces and small porous textures. The results of
chemical analysis show that the testing temperature has no effect on the elemental and
mineral compositions, and mineral structures in drilling mud. However, the drilling
mud after mixed with additive changes the contents in chemical and minerals which
depend on the mixed ratio. The physical property includes the density, viscosity,

filtration, pH, resistivity and solid content according with API RP [3B-1 standard.
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Comparison of rheological property, including apparent viscosity, plastic viscosity,
yield point and gel strength between drilling mud mixed with palm ash and bagasse
ash, present that the palm ash is generally greater than bagasse ash for rheological
property of drilling mud throughout a temperature range. The drilling mud mixed with
3% of palm ash, gives appropriate rheological properties. The drilling mud mixed
with bagasse ash in all testing temperatures shows high potential filtrate volume and
mud filter cake thickness, representing better filtration control characteristics than
these of palm ash and water based mud. At the temperature of 25°C, 1% of bagasse
ash shows the best filtration control characteristics with minimal filtrate volume and
thinner and consistent mud filter cakés. Comparative cost of palm and bagasse ash
with other additives found that the net cost of palm and bagasse ash still are expensive
than chemical additives. However, if the palm and bagasse ash could be produced in
commercial, which it could be able to reduece the cost use these materials as additive in
drilling mud. Therefore, the palm ash is suitable for additive enhancement of
rheological properties in drilling mud. Meanwhile, bagasse ash is appropriate to be

additive for fluid-oss control properties.
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CHAPTER1

INTRODUCTION

1.1 Background and rationale

A successful drilling procedure depends on the appropriate mixture and
supervision of the drilling mud. The immense mass of petroleum explorations is
majorly accomplished by applying water based drilling mud. Drilling mud which
represents about one-fifth (15-18%) of the total cost of petroleum well drilling, must
generally comply with three important requirements, they should be easy to use, not
too expensive and environmentally friendly. The complex drilling mud plays several
functions simultaneously. They afe intended to clean the well, hold the cuttings in
suspension, prevent ‘caving, ensure the tightness of the well wall and form an
impermeable cake near the wellbore area (Khodja et al., 2010). The significant factors
in distinguishing the assets of a drilling mud are gel strength, viscosity (apparent and
plastic viscosity), gxphicit weight, pH, thermal stabiliwNand the filtration function
(Caenn et al., 2016).

Many researches have used locally available materials as additives for drilling
mud for fluid loss control agent, such as fly ash, cassava derivative, periwinkle shell
ash (PSA). These materials are effective in the fluid loss control in various
concentrations and temperature (Korsinwattana and Terakulsatit, 2014; Samavati et

al., 2014; Igwe and Kinate, 2015).



Palm oil fuel ash (POFA) is a by-product from the palm oil industry. The palm
oil industry is one of the most important agro industries in Thailand. The production
of crude palm oil, a large amount of solid waste of palm oil residues, such as palm
fiber, shells and empty fruit bunches is produced. Utilization of POFA is minimal and
unmanageable, while its quantity increases annually and most of the POFA are
disposed of as waste in landfills causing environmental and other problems. Likewise,
Sugarcane is one of the foremost crops grown in all over countries and its entire
production is over 1,500 million tons. After the extraction of all economical sugar
from sugarcane, about 40-45% fibrous residue is obtained, this is reused in the same
industry as fuel in boilers for heat generation leaving behind 8-10% ash as waste,
known as sugarcane bagasse ash (SCBA) depending on the quality and type of the
boiler (Modani and Vyawahare, 2013). The disposal of this material is already causing
environmental problems around the sugar factories. While the quantity of the SCBA is
increasing annually, but the utilization of the SCBA is minimal, unmanageable and
causing environmental problems.

Most technical applications of POFA and SCBA has'bgen in the area of civil
engineering, using'ROLFA and SCBA as partjal replacemeént of cement in concrete
(Sata et al., 2004; Tangchirapat et al., 2007; Chusilp et al., 2009; Srinivasan and
Sathiya, 2010; Abbasi and Zargar, 2013). The successful applications of POFA and
SCBA in concrete should encourage research on its applicability in other areas of
engineering. However, these materials are never applied using in the drilling mud.
Therefore, this work intends about the possibility to use POFA and SCBA as additives
for enhancement the rheological properties, especially in the increasing of viscosity,

thickener and decreasing fluid loss.



1.2 Research objectives

The main aim of this research is to enhance the efficiency of water based
drilling mud using POFA and SCBA additives. Some more objectives are (1)
determining the physical and chemical properties of POFA and SCBA and water
based drilling mud mixed with POFA and SCBA, (2) studying the effects of
temperature and mixing ratio of the rheological properties of drilling mud mixed with
these additives, and (3) comparing the rheological properties of drilling mud mixed

with different additives.

1.3  Scope and limitation of the study

This research is aimed to study the chemical and physical properties of water
based drilling mud using POFA and SCBA additives when the POFA and SCBA
concentration and temperature were changed. The chemical properties of additives are
analyzed both before and after mixed with drilling mud via using X-ray Fluorescence
(XRF) and X-ray Diffraction (XRD). The rheological properties tests are on a
laboratory scalg.that is not a real borehole condition and igimering the influence of
pressure. The test progedures had been followed the APBRP 13B-1 (1997) including
density, rheology, filtration, hydrogen ion, resistivity and solid content of drilling
mud. Moreover, analyzed both before and after mixed with drilling mud by using
Scanning Electron Microscope (SEM) and Field Emission Scanning Electron

Microscope (FE-SEM).



1.4 Thesis contents

Chapter 1 introduce the thesis by briefly describing the rationale and
background. The research objectives and scope and limitation are identified. Chapter
Il summarizes results of the literature review to improve an understanding of water
based drilling mud characteristics and the factor that affects to mud properties.
Chapter III describes the sample collection, sample preparation, test instruments and
the experimental procedure for laboratory tests. Chapter IV presents the results
obtained from the laboratory tests, compares and discusses of the results between each
mud formula. Chapter V concludes the research results and provides recommendations

for future research studies.



CHAPTER II

LITERATURE REVIEW

2.1 Introduction

Relevant topics and previous research results are reviewed to improve
understanding of water based drilling mud and applications, using of additives in
drilling mud, POFA and SCBA properties and APl recommended practices. This
chapter also describes the drilling mud rheology which has played important roles
for mud characteristic. The sources' of information are from journals, researches,

dissertation and books. The results of the review are summarized as follows.

2.2  Palm oil fuel ash

Malaysia, Indonesia and Thailand are amongst the countries in the equatorial
belt that cultivate oil palm and palm oil products. The palm oil industry is one of the
major agro-industrigs~in Thailand. POFA is a by-prodi¢t produced in palm oil
industry. After palm oil isextracted from the palm-oil fruit, both palm oil husks and
palm oil shell are burned as fuel in the boiler of palm oil mill at a temperature of 800-
1000°C. The burning process results in an ash, which is referred to as palm oil fuel ash
(POFA). After combustion in the steam boiler, about 5% POFA by weight of solid
wastes is produced (Sata et al., 2004). The ash produced sometimes varies in tone of
color from whitish gray to darker shade based on the carbon content in it. POFA
causes a nuisance to the environment. Since the tropical countries are continuously

increasing the production of palm oil, the quantity of POFA is also increasing and



thus creating a large environmental load (Abdullah et al., 2006). Due to the absence of
sufficient nutrients required for a fertilizer, POFA is mostly dumped in an open field
near palm oil mills without any profitable return, thus causing environmental pollution
and health hazard (Sumadi and Hussin, 1995; Tonnayopas et al., 2006).
2.2.1 Physical properties of palm oil fuel ash

The physical properties of POFA are greatly influenced by the burning
condition, particularly burning temperature (Abdullah et al., 2006). A number of
physical properties of unground and ground POFA used in various studies are shown

in Table 2.1.

Table 2.1 Physical properties of POFA (after Safiuddin et al., 2011).

Properties Unground POFA Ground POFA
Color light gray/whitish dark gray
Specific gravity 1.78-1.97 2.22-2.78
Median particle size, dso (pm) 54.3-183 7.2-10.1
% Passing thretigh 45 pm sieve (% mass) 5.6-58.8 97-99
Specific surface area; Blaine (mjf’kg) 796 882-1244
Color

Generally, unground POFA is light gray in color. This is due to the
unburned carbon content left at relatively low burning temperature. The unburned
carbon content becomes very low when the burning temperature is high. Unground
POFA can be whitish in the absence of unburned carbon (Abdullah et al., 2006). The

color becomes dark gray in a case of ground POFA.



Specific gravity

The specific gravity of unground POFA generally varies in the range of
1.78-1.97. After the grinding process, the specific gravity of POFA increases and is
found to be in the range of 2.22-2.78 (Sata et al., 2004; Tangchirapat et al., 2009).
This is because the grinding process decreases the porosity with reduced particle size.

Particle shape and size

The particle shape and size of ground and unground POFA are
different. From SEM, it was found that the unground POF A particles are mostly large,
spherical and porous. In contrast, the ground POFA generally consists of crushed
particles with irregular and angular shape (Chindaprasirt et al., 2007).

The median particle size (dso) of unground POFA varies in the range of
54.3-183 um. After grinding, the median particle size of POFA can be reduced to 7.2-
10.1 um (Sata et al., 2004; Chindaprasirt et al.;.2008).

Fineness

The particle size of POFA can be reduced by the grinding process in
ball mills (Sata-get al., 2007; Tangchirapat et al., 2007; Tangchirapat et al., 2009).
POFA may also be ground.in a L.os Angeles abrasigh machine using mild steel bar (12
mm diameter and 800 mm long) instead of steel ball (Abdullah et al., 2006; Awal and
Hussin, 1999; Hussin and Awal, 1996). The grinding process reduces not only the
particle size, but also the porosity of POFA (Kiattikomol et al., 2001). After grinding,
POFA can be less porous with smaller particles (Paya et al., 1996).

The fineness of POFA can also be expressed with regard to the
percentage mass passing through or retained on sieve N0.325 (45 um opening). The

percentage mass passing sieve No.325 can be in the range of 5.6-58.8% for unground



POFA whereas it can be 97-99% for ground POFA. Both specific surface area and
percentage mass passing sieve No.325 reveal that the surface area of POFA becomes
higher after grinding.

2.2.2 Chemical compositions of palm oil fuel ash

The chemical compositions of POFA reported in various studies are

summarized in Table 2.2.

Table 2.2 Chemical compositions of POFA (after Safiuddin et al., 2011).

Chemical components Weight fraction (%)

Si0, 44-66

AlLO; 1.5-11.5

Fe,0; 1.5-5.5
SiO,+ALO;+Fe,04 55-70
CaO 4-8.5
MgO 2-6.5
K,O 2-8.5

NasO 0.1-3.5

SO; 0.2-3.0

[Loss on ignition (LOI) 0.1-21.5

The major chemical component of POFA is SiO», which varies in the
range of 44-66%. The other pozzolanic components are Al,O; and Fe,Os;. The loss on
ignition (LOI) and SO; are in the range of 0.1-21.5% and 0.2-3%, respectively. There

are many arguments in justifying the classification of POFA based on its chemical



composition. This is possibly due to the variability in the nature of the product, and
also because of various burning conditions. Hence, more study is needed to avoid this
contradiction by establishing a proper classification.

2.2.3 Development of concrete by palm oil fuel ash

Many researchers (Tay, 1990; Sumadi and Hussin, 1995; Hussin and
Awal, 1996; Sata et al., 2010) have found that POFA can be used in the construction
industry, specifically as a supplementary cementitious material in concrete.

Tay (1990) investigated the use of ash derived from oil palm waste
incineration in making blended cement, the results showed that replacing 10-50% ash
by weight of cementitious material imblended cement had no significant effect on
segregation, shrinkage, water absorption, density or soundness of concrete. Within the
20-50% replacement rate range, the deerease in the compressive strength of concrete
at various ages was almost proportional to the amount of ash in the blended cement,
with the exception of 10% replacement.

Sumadi and Hussin (1995) unground POFA, used up to 20% as a
cement replacement, has no adverse effect on the strength ‘¢haracteristics and has a
durability factor thatus atyleast comparable to that ¢f Partland cement (OPC) concrete.
Ground POFA provides much higher compressive strength than unground POFA
because of significant differences in particle size and fineness. The ground POFA with
high fineness is a reactive pozzolanic material and can be used to make high-strength
and high-performance concrete.

Hussin and Awal (1996) studied the compressive strength of concrete
containing POFA at various replacement levels of 10, 20, 30, 40, 50 and 60% by

weight of ordinary Portland cement. The results revealed that it was possible to
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replace at a level of 40% POFA without affecting compressive strength. The
maximum compressive strength gain occurred at a replacement level of 30% by
weight of binder.

Sata et al. (2010) investigated the strength development of POFA
concretes with water/binder ratios of 0.50, 0.55 and 0.60 tended to be in the same
direction. At early ages, concretes containing POFA as a cement replacement of 10, 20
and 30% had lower strength development than control concretes while at a later age
(>28 days), the replacement at rates of 10 and 20% yielded higher strength development.
The temperature rise of fresh conecrete decreased as POFA content increased. For
concrete with a water/binder ratio of 0.30, the use of 30% POFA as a cement

replacement had the lowest peak temperature rise.

2.3 Sugarcane bagasse ash

Sugarcane is one of the foremost erops grown in all over countries and its
entire production is aver 1500 million tons. After the extraction of all economical
sugar from sugdtcane, about 40-45% fibrous residue is obtained, which is reused in
the same industry as-fugl in boilers for heat generationdeaving behind 8-10% ash as
waste, known as sugarcane bagasse ash (SCBA) depending on the quality and type of
the boiler, modern boiler release lower amount of bagasse ash (Modani and
Vyawahare, 2013). At present, SCBA waste is ultimately disposed of as soil fertilizer
in many sugarcane-producing countries. However, this option has three disadvantages:
(1) it causes significant changes in the physical and chemical properties of soils, (2) it
contributes to environmental pollution and (3) it may have a strong negative impact

on human health. Thus, the SCBA waste production presents a serious waste



management problem for the sugarcane industry (Schettino and Holanda, 2015).
2.3.1 Properties of sugarcane bagasse ash
The sugarcane bagasse consists approximately 50% of cellulose, 25%
of hemicelluloses and 25% of lignin. Each ton of sugarcane generate approximately 26%
of bagasse (at a moisture content of 50%) and 0.62% of residual ash. The residue after
combustion presents a chemical composition dominates by silicon dioxide (SiO-)
(Srinivasan and Sathiya, 2010). The chemical and physical properties are given in

Table 2.3 and 2.4.

Table 2.3 Chemical compositions of SCBA (after Cordeiro et al., 2004).

Chemical components Weight fraction (%)
Si0, 78.34
ALO; 8.55
Fe, 04 3.61
CaO 2.15
Na,O (12
Kst) 3.46
MnO 0.13
TiO, 0.50
MgO 1.65
BaO <0.16
P,0s 1.07

[Loss on ignition (LOI) 0.42




12

Table 2.4 Physical properties of SCBA (afier Cordeiro et al., 2004; Goyal et al., 2007).

Properties SCBA
Color Reddish gray
Specific gravity 2.20-2.52
Median particle size, dso (um) 28.90-45
% Passing through 45 um sieve (% mass) 8.40
Specific surface area, Blaine (m*/kg) 308-514

2.3.2 Development of concrete by sugarcane bagasse ash

Chusilp et al. (2009) examined the importance of bagasse ash for
development as pozzolanic materials/in eoncrete. The physical properties of concrete
containing ground bagasse ash, including compressive strength, water permeability
and heat evolution were investigated and all tests were done in accordance with
American Standards. When bagasse ash is ground up into small particles, the
compressive strength-of conerete containing this ground bagasse ash improves
significantly. The_low water permeability values of conesgtes containing ground
bagasse ash at 90 days weformestly, caused byfihe pozzotanic reaction. The higher the
replacement fraction of Portland cement by ground bagasse ash, the longer the delay
time to obtain the highest temperature rise. Concrete containing up to 30% ground
bagasse ash had a higher compressive strength and lower water permeability than the
control concrete, both at ages of 28 and 90 days.

Srinivasan and Sathiya (2010) studied chemical and physical
characterization of SCBA and partial replacement of cement at the ratio of 0, 5, 10, 15

and 25% by weight. The experimental study examines the compressive strength, split
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tensile strength, flexural strength, young’s modulus and density of concrete at the age
of 7 and 28 days were obtained as per Indian Standards. It was found that the cement
could be advantageously replaced with SCBA up to a maximum limit of 10%.
Therefore, it is possible to use SCBA as cement replacement material to improve
quality and reduce the cost of construction materials such as concrete.

Abbasi and Zargar (2013) studied the moisture percentage and the
method of burning bagasse, physical characteristics, chemical combination (XRF
test), crystal fixtures (XRD test) and specific area of bagasse ash and compared with
cement. The burning of bagasse will produce very viscous smoke that causes
difficulties for producers and near a regidential building. Replacing cement by 10% of
bagasse ash by fine grade, the workability and flowbility are optimized and there
compressive strength at 28 days was increased by 25% in comparison with normal
concrete specimens. Use of bagasse ash in concrete as 10% cement replacement causes

slump increase and compressive strength and delayed in initial and final setting time.

2.4  Drilling mud

Drilling mud, 1s the material created for the puepose/of drilling oil and natural
gas wells; the “mud” is pumped into the hole during the drilling process to help cool
and lubricate the bit, suspend cuttings, seal the formation and control wellbore
pressure. During this process, the mud is continuously recycled to remove solids until
it can no longer be utilized for drilling. Options for disposal include injection wells,
pits and land application.

The initial mud (prior to use in drilling) contains several chemical additives.

These may include bentonite clay (soil mineral), sodium carbonate, lime, barium
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sulfate, lignite and “loss circulation materials” such as ground peanut shells, mica,
cellophane, walnut shells, plant fibers and cottonseed hulls.

There are two main types of drilling mud that are produced and land applied:
water based mud (WBM) and oil based mud (OBM). The main difference between
WBM and OBM is the solvent (liquid) used as the “base.” For WBM, the solvent is
water and for OBM it is diesel. WBM is more common and is typically utilized in the
shallow (0 to 3,000 feet) vertical portion of the well drilling and OBM is used in the

deeper and horizontal portions (Penn and Zhang, 2013).

2.5 Functions of drilling mud

Drilling mud serves many purposes. All of these functions may not be
simultaneously achievable in any particular situations. However, the program must be
designed while prioritizing the mest imp@rtant required properties on the prospect
well. The major functions are (1) to remove the cuttings from the bottom of the hole
and transport them to the surface. Mud circulation veloecity, higher mud density and
higher viscosity“are some factors required for efficient cuttimgs removal, (2) to cool
and lubricate the 4bityand drilling. Lubrication _is _nermally achieved by adding
bentonite, oil and various emulsifying agents and graphite, etc. to the mud, (3) to wall
the borehole with an impermeable mud cake. This property can be obtained by adding
bentonite and chemically treating the mud to improve deflocculation and solids
distribution. Starch or other fluid loss additive may also be added, (4) to control
subsurface pressure. An increase in mud weight is required to slightly overbalance the
hydrostatic pressure achieved by adding barite. In practice, an overbalance of 100-200

psi is normally adequate for safer drilling, (5) to hold cuttings and weight material in
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suspension when circulation is interrupted. This depends on the gel strength of the
mud, (6) to release sand and cuttings at the surface. The sand content at the pump
suction should be kept below 2%, (7) to support part of the weight of drillpipe and
casing. Increased mud weight results in a considerable reduction in total weight,
which the surface equipment must support, (8) to reduce to a minimum any adverse
effects upon the formation adjacent to the hole, i.e., minimizing formation damage, (9)
to transmit hydraulic horsepower to the bit and improve drilling rates and (10) to

minimize torque, drag, and pipe sticking (Mian, 1992).

2.6  Drilling mud improvement

Petchote and Sikong (2005) studied the properties of drilling mud blended
with dolomite powder and fly ash in order to improve the formula of drilling mud
with low cost. Furthermore, the properties of dolomite and fly ash affected on the
properties of drilling were also investigated such as particle size distribution, density,
pH, viscosity and dispersion of drilling mud. It was found that drilling mud which has
the properties of barite: dolomite: fly ash. The good suspensgien property of drilling
mud is 70:10:20 and~70;30:0 of barite: dolomite: fly_ash; wespectively, when the 3%
weight of bentonite was added. The formula of 70:5:25 and 70:0:30 were also good
suspension when the 3% by weight of bentonite and 0.6 grams/liter of CMC were
added. Drilling mud of 4 formulas above research the drilling mud properties of API
standard.

Meng et al. (2012) indicated the rheological properties of bentonite dispersion
with carbon ash are improved markedly in yield point and especially for the low solid

content of bentonite dispersion. The filtration and density test are also carried out using
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an API Filter Press and mud balancer respectively. From the results, it could be
observed that the filtrate loss and filter cake thickness increase dramatically, whereas
the density of bentonite dispersion decrease slightly as the addition of carbon ash
increases. Furthermore, the stability of bentonite dispersion incorporated with carbon
ash is evaluated. The experimental results indicate that carbon ash is better than
rheological modifier instability. Through this study, carbon ash is an excellent
potential additive for improving the rheological properties of water based drilling mud.

Mahto (2013) studied the effect of activated charcoal on the rheological and
filtration properties of water based drilling mud, base drilling mud combinations were
prepared using xanthan gum, poly@nionic cellulose, pregelatinized starch and
potassium chloride. The rheological and filtration properties were measured using API
standard methods. The experimental investigation in spite of the lower concentration
of activated charcoal used in the drilling mud.than the calcium carbonate, the charcoal
based drilling mud has less a fluid loss and filter cake thickness which shows that
activated charcoal is more effective bridging agent than the calcium carbonate. The
activated charcoal shows better filtration loss control at lower concentration than the
calcium carbonate and /hence it.may be the substituté ‘of calcium carbonate for the
development of water based drilling mud.

Mahto and Jain (2013) investigate the effect of fly ash on the rheological and
filtration properties of water based drilling mud with the different drilling mud
combinations were prepared using carboxy methyl cellulose (low viscosity grade),
polyanionic cellulose, xanthan gum and potassium chloride. From the results, these
drilling muds show very good rheological behavior, but poor filtration loss

characteristics and when fly ash was added in these drilling mud combinations, a
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nanoparticles fluid system was established which has better control of filtration
properties without affecting the rheological properties. The experimental results
indicate that the filtration properties were improved with the increase in a
concentration of the fly ash and reducing the cake thickness and filter loss. Fly ash
may compete with other bridging agents due to its best efficiency, availability, better
environmental effects and low cost factor. It should be utilized as well as it is the
waste product of the industries in huge amount.

Korsinwattana and Terakulsatit (2014) studied the physical and chemical
properties of drilling mud mixed with fly ash, various 3, 5 and 7% of weight by
volume of fly ash at 30, 60 and 90°C.gT'he element of fly ash dominantly consists of
34.9% Si0,, 18.98% Al,Os3, 16.57% CaO, 15.51% Fe,0; and 8.40% SO;. The
physical properties were tested baseéd on APl RP13B-1 standard. The result of the
drilling mud mixed with concentration 3%/of weight by volume of the fly ash at 30°C
testing is a high potential additive for enhancement the rheological properties of water
based drilling mud, especially in the increasing of apparent viscosity, yield point, gel
strength and pM;, and high efficiency of resistivity reductian. However, the high
concentration of fly_ash affects to the increasing-ofthe filtrate loss, mud cake
thickness and sand content.

lewe and Kinate (2015) experimental assessment of the suitability of
Periwinkle Shell Ash (PSA) for use as filtration loss control additive in water based
drilling mud. The PSA was then sieved through BS sieve (75 um) to obtain a fine ash
(nanoparticles). The filtration characteristics of the formulated mud samples were
tested using API filter press and in accordance to API recommended practice for field

testing water based drilling mud (API RP 13B-1). This research has shown that PSA
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has good filtration (fluid loss) control properties. The addition of PSA to the various
mud samples improved the filtration characteristics of the formulated water based
drilling mud with respect to reduced filtrate volume and thinner and consistent mud
filter cakes. Mud sample formulated with 2.0 grams of PSA exhibited the best
filtration control characteristics with minimal filtrate volume of 6.7 milliliters after 30
minutes of filtration. Physical examination of the mud filter cakes formed after 30
minutes of the filtration shows that sample produced the best filter cake with the
minimum thickness of 0.75 mm. PSA has proved to possess good filtration (fluid loss)

control properties.

2.7 Drilling mud rheology

Rheology is the study of defommation and flow of matter, including liquid and
solid. Rheological models provide an approximate description of the behavior of
fluids by expressing a mathematical relationship between shear stress and shear rate.
In general, drilling mud is divided into two groups: Newtonian fluids and non-
Newtonian fluids, Most drilling mud is non-Newtonian fluidsgeither viscosity changes
with shear rate (i.e/ Power law model or Herschel-Bulldewmodel), or a plastic yield
must be overcome (i.e. Bingham plastic model) are shown in Figure 2.1 (Baker
Hughes, 2006).

2.7.1 Newtonian fluid model

The Newtonian Fluid Model is the basis from which other fluid models

are developed. The flow behavior of Newtonian fluids has been discussed and it can

be seen from this equation that the shear stress-shear rate relationship is given by:
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T = Box oy (2.1)
where 1 = shear stress, Iby/100 ft®
vl = viscosity, cp

shear rate, sec’’

b

At a constant temperature, the shear stress and shear rate are directly
proportional. The proportionality constant is the viscosity (u). Figure 2.2 illustrates
the flow curve of a Newtonian fluid, the flow curve is a straight line which passes

through the origin (0,0) and the slope of the line is the viscosity ().

Shear stress ——»

——————— Yield point —rFr—

) Viscosity

Shear rate ———

Figure 2.1 Ideal consistency curves for common flow models

(after Caenn et al., 2011).
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Figure 2.2 Flow curve for a Newtonian fluid (after Caenn et al., 2011).

2.7.2 Non-Newtonian fluid
The non-Newtonian medels of particular interest in the context of this
work are the Bingham plastic model;-Poswer law model and Herschel-Bulkley model.
The concepts introduced in the previous sections were valid for Newtonian fluids.
A non-Newtonian fluid may cxhibit a vield stress, which is the amount of stress
required in order to get the material moving. Below this yield stress, the material
behaves as solid”afid no flow can be initiated, or a non-lingar viscosity characteristic
or both (Fitton, 2007).
2.7.2.1 Bingham plastic model
In the early 1900s, E.C. Bingham first recognized that some
fluids exhibited a plastic behavior, distinguished from Newtonian fluids, in that they
require a yield stress to initiate flow. No bulk movement of the fluid occurs until the
applied force exceeds the yield stress. The yield stress is commonly referred to as the
yield point. The shear stress/shear rate relationship for the Bingham plastic model is

given by:
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T = T, + WY (2.2)
where T = shear stress, Iby/ 100 fi*
1, = yield point or shear stress at zero shear rate

(Y-intercept), Iby/100 fi*
By, = plastic viscosity or rate of increase of shear stress

with increasing shear rate (slope of the line), cP

¥ = shear rate, sec’

The flow curve for a Bingham plastic fluid is illustrated in
Figure 2.3. The effective viscosity, defined as the shear stress divided by the shear
rate, varies with shear rate in the Bingham plastic model. The effective viscosity is
visually represented by the slope ofa'ling from the origin to the shear stress at some
particular shear rate. The slopes of the dashed lines represent effective viscosity at
various shear rates. As can be seen, the effective wiscosity decreases with the
increased shear rate. As discussed in the viscosity section, this is referred to as shear
thinning.

Ay shear-rates approach|infinitg the effective viscosity reaches
a limit called the plastic viscosity (PV). The PV of a Bingham plastic fluid represents
the lowest possible value that the effective viscosity can have at an infinitely high
shear rate, or simply the slope of the Bingham plastic line. The Bingham plastic model
and the term PV and yield point (YP) are used extensively in the drilling mud
industry. PV is used as an indicator of the size, shape, distribution and quantity of
solids and the viscosity of the liquid phase. The YP is a measure of electrical attractive

forces in the drilling mud under flowing conditions.
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Figure 2.3 Flow curve for a Binghamgplastic model (after Baker Hughes, 2006).

The PV and YP are two parameters of drilling mud that many in
the industry still consider to be vitally impertant in the overall drilling operation. The
YP is now considered an outdated concept that has no real meaning or application in
drilling operations. The following rheological models better describe the behavior of
drilling mud. This can clearly be seen when the viscometer 1¢adings are plotted on a
graph and the resulting line is a curve and not a straight line” The Bingham model uses
a straight line relationship.

2.7.2.2 Power law model
Most drilling mud exhibit behavior that falls between the
behaviors described by the Newtonian model and the Bingham plastic model. This
behavior is classified as pseudoplastic. The relationship between shear stress and shear
rate for pseudoplastic fluids are defined by the Power law mathematical model. Figure

2.4 illustrates the flow curve for a pseudoplastic fluid.
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Figure 2.4 Flow curve for a Power law model (after Baker Hughes, 2006).

T = Ky" (2.3)
where T = shear stress, Iby/ 100 i

K = fluid consistency index

y S shear rate, sec’

n - flow behayior index

The two terms K and n are constants ‘im’the Power law model.
Generally, K is called'the consistency index and dtsciibes the thickness of the fluid
and is thus somewhat analogous to effective viscosity. If the drilling mud becomes
more viscous, then the constant K must increase to adequately describe the shear
stress/shear rate relationship. Additionally, n is called the flow behavior index and
indicates the degree of non-Newtonian behavior. A special fluid exists when

n = 1, Newtonian; where shear rate and shear stress are directly

proportional.
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n > 1, Dilatant or shear thickening; where the effective
viscosity increases as shear rate increases.

n < 1, Pseudoplastic or shear thinning; where the effective
viscosity decreases as the shear rate increases just like the Bingham plastic model.

Figure 2.5 shows the flow curves for these values of n.

Shear stress

Shear rate >

Figure 2.5.F|ow Behavior for Power law model (after Baker Hughes, 2006).

Similar fo the [Bingham' plastic model, the Power law model
does not describe the behavior of drilling mud exactly. However, the Power law
constants n and K are used in hydraulic calculations that provide a reasonable degree
of accuracy.

From Figure 2.1, compares the flow curve of a typical drilling
mud to the flow curves of Newtonian, Bingham plastic and Power law models. A

typical drilling mud exhibits a yield stress and is shear thinning. At high rates of shear,
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all models represent typical drilling mud reasonably well. Differences between the
models are most pronounced at low rates of shear, typically the shear rate range most
critical for hole cleaning and the suspension of weight material.

The Bingham plastic model includes a simple yield stress, but
does not accurately describe the fluid behavior at low shear rates. The Power law
model more accurately describes the behavior at low shear rates, but does not include
a yield stress and therefore can give poor results at extremely low shear rates.
A typical drilling mud actually exhibits behavior between the Bingham plastic model
and the Power law model. This sort of behavior approximates the Herschel-Bulkley
model.

2.7.2.3 Herschel-Bulkley model

The Herschel-Bulkley model is also referred to as the modified
Power law model, which is a Power law 'model with the addition of yield stress to
the model. The Herschel-Bulkley model gives mathematical expressions which are
solvable with the use of computers. This model is one of the complex models which
has three parameters and defines the behavior of the drillimg mud better than the
simpler Power law and Bipgham._models. The behatiof ‘of a Herschel-Bulkley fluid is

described as

T - 7, + K" (2.4)
where T - shear stress, 1by/100 ft*

To = yield stress or stress to initiate flow

K = fluid consistency index

Y = shear rate
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n = flow behavior index

The Herschel-Bulkley model is a general model that can be
reduced to the Bingham and Power law model. If n is equal to 1, then the Herschel-
Bulkley reduces to the Bingham plastic model. The concept of the 1y and t, are very
different. 7, in the Bingham plastic model is determined at high shear rate (300 to 600
RPM) while 1y is determined at low shear rates (3 to 6 RPM) to estimate fluid

behavior more accurately.

2.8 API recommended practices

The American Petroleum Institute (API) has set forth numerous recommended
practices designed to standardize various procedures associated with the petroleum
industry. The practices are subject to revision from time-to-time to keep pace with
current accepted technology. Onelsuch standard is API RP 13B-1, “Recommended
Practice Standard Procedure for Field Testing Water-Based”. This Bulletin describes
the following drilling mud measurements as necessary to describe the primary
characteristics of.a drilling mud (Baker Hughes, 2006). Thisaesearch focuses on the
section on

¢ Density - for the control of formation pressures.

*  Viscosity and Gel Strength - measurements that relate to a mud
flow properties.

« Filtration - measurement of the mud loss of liquid phase to expose,
permeable formations.

* Resistivity - measurement the resistivity of drilling mud and their

mud filter cakes.
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* pH - measurement of the alkaline and acid relationship in the mud.
* Chemical Analysis - qualitative and quantitative measurement of

the reactive chemical components of the mud.



CHAPTER 111

METHODOLOGY

3.1 Introduction

The objective of the experiments in this research is to evaluate the effects of
POFA and SCBA concentration, temperature and mixing ratio on chemical properties,
rheological properties and physical properties of water based drilling mud. This chapter
includes the research methodology, sample collection, sample preparation, testing
instruments and experimental methods. The tests are divided into two groups;

chemical properties tests and physical properties tests.

3.2 Research methodology

The research methodology comprises 5 steps, as shown in Figure 3.1, including
literature review, collecting the samples of POFA and SCBA, preparing and analysis
of POFA and SGBA (physical and chemical properties {48stéd), collection data and
testing results, discussions-andcconelusions, andcthesis writing. Each step is described
as follows:

3.2.1 Literature review

A literature review was carried out to improve understanding of the
drilling mud properties. It’s composed of reviewing and studying water based drilling
mud and applications, POFA and SCBA properties and testing procedure. The sources

of information were from journals, researches, dissertation and books concerned.
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Literature review

y

Collecting the samples of palm oil fuel ash and sugarcane bagasse ash

Y

Preparing and analysis of palm oil fuel ash and sugarcane bagasse ash

v

Collection data and testing results

Y

Discussions, conclusions and thesis writing

Figure 3.1 Research methodology.

3.2.2 Collecting the samples of POFA and SCBA
POFA was collected from Chumporn Palm Oil Industry Public
Company Limited, Chumporn province. SCBA was collected from Prachuap Sugar
Industry Compaby [imited, Kanchanaburi province.
3.2.3 Preparing and analysis of POFA_and SEBA
The sample was prepared and tested in the laboratory of Suranaree
University of Technology. The POFA and SCBA were sieved a size less than 75 um
(mesh No.200) before storing in zip lock bags. These samples were divided into two
parts for chemical properties tests and physical properties tests before and after mixed
with drilling mud. A water based drilling mud suspension was prepared using 60
grams of bentonite per 1,000 milliliter of water and 100 grams of barite was added to

control density. Various concentrations of POFA and SCBA were added to test
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divided into two groups; chemical and physical properties tests. The properties testing
were determined in the laboratory under the temperature at 25, 50 and 80 C. These
samples were tested for each condition. The test methods were followed the relevant
API standard practice.

3.2.3.1 Chemical properties tests

The objective of chemical properties was to measurement,

chemical composition in samples by using X-ray Fluorescence (XRF) and mineral
composition by using X-ray Diffraction (XRD).

3.2.3.2 Physical properties tests

The objective offphysical properties was to measure rheological
characteristics of drilling mud ‘with the study of the deformation of fluids, flow of
matter and filtration loss that invaded to the permeable formation while drilling mud
was circulating and mud filter cake building. The test procedures followed API RP
13B-1 (1997). Besides rheological other tests such as density, filtration, hydrogen ion,
resistivity and solid content. The test was performed by mud balance, direct-indicated
viscometers, Bavoid standard filter press, analytical pl1 meter,“Baroid resistivity meter
and Baroid oil and water xetort.kit. These drilling.mudZsamples were prepared and
tested under each designed condition. Consequently, the drilling mud rheological
parameters were observed and recorded. In addition, morphology (texture), crystalline
structure and orientation are measured by using Scanning Electron Microscope (SEM)
and Field Emission Scanning Electron Microscope (FE-SEM).
3.2.4 Collection data and testing results
The results from analysis of POFA, SCBA and drilling mud with

mixed were compared between before and after of additive addition follows these
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topics (1) components and properties of POFA and SCBA were additive in drilling
mud, (2) appropriate concentration of additives for increasing efficiency of drilling
mud and (3) efficiency of drilling mud which varies in temperatures and concentration
of additives between before and after of additive addition.
3.2.5 Discussions, conclusions and thesis writing

The results from laboratory measurements in terms of density, plastic
viscosity, apparent viscosity, yield point, gel strength, filtrate volume, mud filter cake
thickness, hydrogen ion, resistivity and solid defined as the percentage by volume
were compared between those results from base mud and base mud mixed additives.
Similarity and discrepancy of results Bave been discussed. The effect of temperature
on drilling mud properties was described and the feasibility of using water based mud
mixed additives in petroleum industry was also considered. All research activities,

methods, and results are documenteéd and completed in the thesis.

3.3 Sample collection

The mat€rials used in this work are barite, bentonite, POFA and SCBA. Barite
was assisted by Gloden_[Lime Public Company lLimitedy Thailand. Bentonite was
supported from Thai Nippon Chemical Industry Company Limited, Thailand. POFA
was obtained from Chumporn Palm Oil Industry Public Company Limited at
Chumporn province, Thailand. SCBA was collected during the cleaning operation of a
boiler operating in Prachuap Sugar Industry Company Limited, located in the city of

Kanchanaburi province, Thailand.
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3.4 Sample preparation

The POFA and SCBA were prepared and tested in the laboratory of Suranaree
University of Technology. The POFA and SCBA were air dried and then crushed to
fine particles. The ensuring ash was then sieved via using sieve shakers (Figure 3.2)
sizes to less than 75 pum (mesh No.200) before storing in zip lock bags. These samples
were divided into two parts for chemical properties tests and physical properties tests

before and after mixed with drilling mud.

Figure 3.2 Retsch sieve shakers.

The range of drilling mud density of typical well drilling is 1.5 to 8.5% bentonite
weights by volume. Mud weight varied around 8.85 to 18 Ib/gal depends on graded
bentonite and drilled formations (MI-Swaco, 1998). Figure 3.3 demonstrates the
composition and nature of common drilling muds. The curves show the increasing of

viscosity with a percentage of bentonite solids.
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Figure3.3 Yield curve for typical clays (after @atlin, 1960).

Since the grade of bentonite clay that uses in the experiment is not Wyoming
grade. It is necessary to find the appropriate amount of bentonite that meet the
viscosity requirement for typical well drilling. Table 3.1 shows bentonite water based
suspension at 2, 4, 6 and 8% of bentonite weights by volume, it shows that bentonite
mud suspension at 6% of bentonite weight by volume meets a minimum required

viscosity for typical well drilling. Therefore, the experiment had selected 6% of bentonite

weight by volume as a base composition.



Table 3.1 Bentonite water based suspension.
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Bentonite (%oweight by volume) Average apparent viscosity (cP)
2 6.0
12.5
6 2.5
8 39.0

A water based drilling mud sample suspension was prepared to use 60 grams

of bentonite per 1,000 milliliters of water, 100 grams of barite was added to control

density. This mud sample was named “base mud”. The mixing ratio was maintained

constant for all subsequent mud samples.used in this work. A single spindle Hamilton

Beach commercial mixer was utilized for preparing drilling mud samples (Figure 3.4).

The mud components are mixed foglSuminutes using a high-speed mixture. During

mixing, the POFA and SCBA were added slowly to agitate base mud to avoid a lump

occurring within the mud system. Mud samples with various concentrations of POFA

and SCBA were added to perform as a mud additive. These systems were prepared

to compare the #properties of the mud. Table 3.2 and Table 3.3 summarize the

compositions of the various mud: samples-

Table 3.2 Composition of POFA mud samples.

Mud composition | Water (ml) | Barite (g) Bentonite (g) POFA(g)
Base mud 1,000 100 60 -
Base+ 1% POFA 1,000 100 60 11.60
Base+ 3% POFA 1,000 100 60 34.80
Base+ 5% POFA 1,000 100 60 58.00




Table 3.3 Composition of SCBA mud samples.
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Mud composition | Water (ml) | Barite (g) Bentonite (g) SCBA (g)
Base mud 1,000 100 60 -
Base+ 1% SCBA 1,000 100 60 11.60
Base+ 3% SCBA 1,000 100 60 34.80
Base+ 5% SCBA 1,000 100 60 58.00

—_—
" —
.M¢
-~ F
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I

Figure 3.4 Hamilton Beach Commercial mixer 3 speedwnixers with 1 spindle.

3.5 Chemical properties tests

The objective of chemical properties was to measure the chemical composition

in samples by using X-ray Fluorescence (XRF) and mineral compositions by using

X-ray Diffraction (XRD).

3.5.1 X-ray Fluorescence

X-ray Fluorescence analysis using Horiba XGT-5200 spectrometers

was a commonly used technique for the identification and quantification of the
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element in a substance (Figure 3.5). Place the sample approximately 0.5 to 1.0 grams
in the sample holder. Load the sample holder into the ED-XRF, analysis probe is set
with vacuum, making it possible to analyze the sample at normal atmospheric
pressure. The X-ray excitation sources used in wavelength and energy-dispersive XRF
provides adequate analytical sensitivity for quantitative analysis across the element
sodium to uranium. Typically, all elements from sodium through to uranium can be
detected simultaneously, with good quality spectra obtained in 100 seconds per
sample. Results are analyzed in the spectrum, including Rayleigh and Compton
scattered characteristic line from the X-ray generator, a peak caused by X-ray
diffraction, and sum/escape peak. The uantitative XRF analysis of unknown samples
is usually performed using calibrations with matrix-matched standards. The XRF

results are presented as the percentage of major elements.

| A\ \gll
[ ] I‘F‘ »
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Figure 3.5 Horiba XGT-5200 X-ray Fluorescence.
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3.5.2 X-ray Diffraction

X-ray Diffraction analysis using Bruker-D2 Phaser was an essential
technique in the material characterization analysis to obtain qualitative and
quantitative mineralogical characterization (Figure 3.6). Load the prepared samples
approximately 0.5 to 1.0 grams into the sample holder. Pull down the spherical handle
of the stage and place onto sample holder into the sample position of the stage. Lift
the sample back into the sample measurement position by pulling up the spherical
handle of the stage and slide down the instrument door and spent time 10 minutes per
sample. The X-ray beam is diffracted by innumerous crystallites in specific 2 Theta
directions and the intensity of diffraeted X-rays is continuously recorded as the
sample. Data is recorded the exact 2 Theta positions a narrow slit in front of a point
detector is required. A peak in intgnsity occurs when the mineral contains lattice
planes with d-spacings appropriate to diffract X-rays at that value of 6. Conditions of
analysis include a Cu standard ceramic sealed tube (0.4x12 mm), X-ray generation (30
kV, 10 mA), angular range analysis (20, 5° to 80" and accuracy (£0.02° throughout
the entire measuring range). Results are presented as peak pesitions at 20 and X-ray
counts (intensity) in thefform of a table or an x-y piét-dndicalculated relative intensity,
divide the absolute intensity of every peak by the absolute intensity of the most

intense peak, and then convert to a percentage by software TOPAS.
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Figure 3.6 Bruker haser X-ray Diffraction.

3.6  Physical properties te
The physical properties tests consist of density, theology, filtration, hydrogen
ion, resistivity and “solid content. They are determined following API standard.
Moreover, the 8ysica] tests involve mo_'rpholbgy (teXture),,crystalline structure and
orientation by @?;SScanning Electron Micros’ciope (@kﬂ) and Field Emission
Scanning Electron Micggplé ﬂﬂﬂf)\‘U‘aaa‘
3.6.1 Density
The mud density was measured by mud balance (Fann model 140 mud
balance) which was one of the most sensitive and accurate field instruments available
for determining the density means the weight per unit volume (specific gravity) and
was measured by weighing the mud (Figure 3.7). The density of the drilling mud is

important to maintain well control. The weight of a mud cup attached to one end of
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the beam is balanced on the other end by a fixed counterweight and a rider free to
move along a graduated scale. The density of the fluid is a direct reading from the
scales located on both sides of the mud balance. The density may be expressed as
pounds per gallon (Ib/gal), pounds per cubic foot (Ib/ft3), grams per cubic centimeter
(g/em?), specific gravity (SG) or hydrostatic pressure gradient (psi/ft). The density is
measured with a mud balance of sufficient accuracy to measure within + 0.1 Ib/gal (+

0.5 Ib/ft® or 5 psi/ 1,000 ft of depth).

Figure 3.7 'ann model 140 mud balance.

3.6.2 Rheology

The rheology of-diilling mad, Was €onducted by rotational viscometer
(Fann model 35SA viscometer) was used to directly measure the viscosity of the
drilling mud (Figure 3.8). Rheology is the study of how matter deformation and flows.
It is primarily concerned with the relationship between shear stress and shear rate,
temperature and the impact these have on flow characteristics inside tubular and
annular spaces. The rheological property was monitored to assist in optimizing the
drilling process. The rheological parameters of water base drilling mud were

investigated and calculated.
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Figure 3.8 'ann model 358A viscometer.

Direct indicated  viscometers are rotational types of instruments
powered by an electric motor. Drilling mud is contained in the annular space between
two concentric cylinders. The outer cylinder or rotor sleeve is driven at a constant
RPM (rotational’yelocity); its rotation of the rotor sleeve imtlte drilling mud produces
a torque on the inner cylinder 88 bobyrActorsion speing restrains the movement of the
bob and a dial attached to the bob indicates its displacement on a direct reading scale.
For the instrument is powered by two speed synchronous motors to obtain rotational
speeds of 3, 6, 100, 200, 300 and 600 rpm. The rheological calculation, it is appropriate
to discuss some basic drilling mud flow properties, determination of rheological

parameters that describe the flow behavior of a fluid.
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The effective viscosity is sometimes referred to as the apparent
viscosity (AV). Apparent viscosity is a rheological property calculated from
rheometer readings. It measures the shear rate of drilling mud specified by API.
Apparent viscosity is expressed in centipoises (cP), it indicates the amount of force
required to move one layer of fluid in relation to another. The apparent viscosity is
reported as either the mud viscometer reading at 300 RPM (0300) or one-half of the
meter reading at 600 RPM (0s00). It should be noted that both of these apparent

viscosity values are consistent with the viscosity formula:

300x0
AV or i (cP) - _ (3.1)
()]

Plastic viscosity (PV) in €entipoise (cP) is the shearing stress in excess
of yield point that will induce a unit rate offshear. Plastic viscosity is usually described
as that part of the resistance to flow caused by mechanical friction. Primarily, it is
affected by (1) solids concentration, (2) size and shape of solids, (3) viscosity of the
fluid phase, (4)-the presence of some long chain polymers, (§).the oil-to-water (O/W)
or synthetic-to-water«6S/ W) ratio in invert emulsion fluid$.(6) type of emulsifiers in
invert emulsion fluids. The 600 "dwal reading”(0soy) minus the 300 dial reading (8300)
gives the slope of the shear stress/shear rate curve. This is the plastic viscosity (Figure

3.9) and its range value used in well drilling is shown in Figure 3.10.

PV or p, (cP) = O600 - B300 (3:2)
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Figure 3.9 Plastic viscosity and yield point values from two measurements

(after Baker Hughes, 2006).
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Figure 3.10 Plastic viscosity and yield point ranges for water base drilling mud

(after MI-Swaco, 1998).
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Yield point, the second component of resistance to flow in drilling
mud. This parameter is also obtained from the viscometer. It is a measurement of the
electro-chemical or attractive forces. These forces are a result of negative and positive
charges located on or near the particle surfaces. Yield point is a measure of these
forces under flow conditions and is dependent upon: (1) the surface properties of the
mud solids, (2)the volume concentration of the solids and (3) the electrical
environment of these solids (concentration and types of ions in the fluid phase of the
fluid). Yield point is that part of the resistance to flow that may be controlled by
proper chemical treatment. The yield point will decrease as the attractive forces are
reduced by chemical treatment. Redu@tion of yield point will also decrease the
apparent viscosity. The yield point in pounds per 100 square feet (Iby/100 ft*) equals
the 300 rpm reading minus the plastie ¥iscosity, is the shear stress at zero shear rate
(see Figure 3.9) and its range value that used in well drilling is also shown in Figure

3.10.

Il

YP or v, (Ib/100 ft*) 2 % 0300 = Bs00 (3.3)

or YP or ¥ /(1551 90-1) Osoas PV (3.4)

Gel strength is a measure of the inter-particle forces and indicates the
gelling that will occur when circulation is stopped. This property prevents the cuttings
from setting in the hole. Similar to the yield point, gel strength is a measure of the
electro-chemical attractive forces between solid particles. Gel strength is measured in
units of 1by/100 fi*. This reading is obtained by noting the maximum dial deflection

when the rotational viscometer turned at a low rotor speed (3 rpm) after the mud has
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remained static for some period of time (10 seconds and 10 minutes). If the mud is
allowed to remain static in the viscometer for a period of 10 seconds, the maximum
dial deflection obtained when the viscometer is turned on is reported as the initial gel
on the APl mud report form. If the mud is allowed to remain static for 10 minutes, the
maximum dial deflection is reported as the 10 min gel. The strength of the gel formed
is a function of the amount and type of solids in suspension, time, temperature and
chemical treatment. In other words, anything promoting or preventing the linking of
the particles will increase or decrease the gelation tendency of a fluid.

The other terms of viscosity can be described in terms of the ratio of

the shear stress to the shear rate. By definition:

pooo= (3.5)
*‘v’
where U = viscosity, ¢P
it = shear stress, 1b;/100 i

=
shear rate, sec

y

The drifling mud, was characterized by thei shear rate and shear stress
relationships. The shear rafe andishear stress.wete calculated using the viscometer dial

readings. The shear stress and shear rate equations are as follows:

T = 1.0678 x 0 (3.6)
¥ = 1.703 x © (3.7)
where T = shear stress, 1by100 ft*

0 = mud viscometer dial readings
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shear rate, sec”!

mud viscometer RPM
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The power law model parameter constants in term of flow behavior

index (n) and consistency index (K) can be determined from any two sets of shear

stress to shear rate data. Plotted on a log-log graph, a power law fluid shear stress to

shear rate relationship forms a straight line, as shown in Figure 3.11. The “slope™ of

e

this line is

readings using following equations.

where n

D600
0300

®e00

300

' n
(“)300

flow behavior index

fluid consistency index

mud.yiscometer dial readings at 600 rpm
mud viscometer dial readings at 300 rpm
mud viscometer RPM at 600 rpm

mud viscometer RPM at 300 rpm

n.” “K’ is the intercept of this line were calculated from viscometer

(3.8)

(3.9)
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Figure 3.11 Log plot of Power Jaw maodels (after Baker Hughes, 2006).

3.6.3 Filtration

The filtration expepimentawas conducted by filter press API low
pressure, low temperature (Fann series 300 API filter press) which used to determine
the filtration loss of a drilling mud through standard filter paper and the mud filter
cake building characteristics under static conditions (Iigure 3.12). The filter press
consists of a cylindrical mud chamber made of materials resistant to strongly alkaline
solutions. A filter paper is-placedon the bottom-of the €hamber just above a suitable
support. Below the support is a drain tube for discharging the filtrate into a graduated
cylinder. The entire assembly is supported by a pressurized nitrogen gas cylinder and
stand so 100 psi (6.9 bars) pressure can be applied to the mud sample in the chamber.
At the end of the 30 minute filtration time, the volume of filtrate is reported as API
filtration in cubic centimeters (cm’). The thickness of the residue deposited upon the
filter paper washes the cake gently to remove excess mud. Measure the thickness of

the mud filter cake and reported in millimeters (mm) by using a vernier caliper. The
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properties of the mud filter cake were visually examined, and its consistency was

recorded using such notations as texture, color, hardness, or flexibility.

Figure 3.12 Fannsseries 300 API filter press.

3.6.4 Hydrogen ion concentration

The hydrogen ion concentration (pH) was conducted by using a glass
electrode pH neter (Oakton pH 700 benchtop meters) to measure of drilling mud or
mud filtrate pH and“adjustments-to the pH are fundamental to drilling mud control
(Figure 3.13). Two methods are used for measurements the pH of water based drilling
mud: a modified colorimetric method, using plastic backed test strips (sticks); and the
potentiometric method, employing the glass electrode electronic pH meter. In this
work used glass electrode pH meter, consists of a glass electrode, an electronic
amplifier and a meter calibrated in pH units. The electrode is composed of (1) the
glass electrode, a thinly walled bulb made of special glass within which is sealed a

suitable electrolyte and an electrode and (2) the reference electrode, which is a
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saturated calomel cell. Electrical connection with the mud is established through a
saturated solution of potassium chloride contained in a tube surrounding the calomel
cell. The electrical potential generated by the glass electrode system by the hydrogen
ions in the drilling mud is amplified and operates the calibrated pH meter.
Measurement and adjustments of pH are the fundament of drilling mud control. Clay
interactions, a solubility of various components and effectiveness of additives are all

dependent on pH. as in the control of acidic and sulfide corrosion processes.

Figure 3713 Qakton pH,700-hénchiop meters.

3.6.5 Resistivity
The resistivity of drilling mud, mud filtrate and mud filter cake are
measured by resistivity meter (Fann model 88c resistivity meter) to control of the
resistivity of the drilling mud and mud filtrate while drilling may be desirable to
permit enhanced evaluation of the formation characteristics from electric logs (Figure

3.14). The determination of resistivity is essentially the measurement of the resistance
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to electrical current flow through a known sample configuration. Measured resistance
is converted to resistivity by use of a cell constant. The cell constant is fixed by the
configuration of the sample in the cell and is determined by calibration with standard
solutions of known resistivity. Fill the clean, dry resistivity cell with freshly stirred
drilling mud, mud filtrate or mud filter cake and fill the cell to the correct volume
according to the manufacturer’s procedure. Connect the cell to the meter and measure
the resistance in ohm-meters and temperature. The resistivity meter provides a direct
digital readout of resistivity in three ranges; 2, 20 and 200 ohm-meters/meters?,
Instrument calibration is using salt solution and calculated the correction factor for

accurate data.

RESISTIVITY METER
MODEL 86C

Farn Instrumant Company
oo 7 a8 ¢ 5 4

[ m_s..;anT;{-m— . ;--\!lﬂ,-:or

Figure 3.14 Fann model 88c resistivity meter.

3.6.6 Solid content
The liquid and solid content was measured by retort kit (Fann retort oil
and water 50 ml kit) which was a direct-reading method for measuring volumes of

water and solids contained in drilling mud (Figure 3.15). Disassemble retort assembly
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and lubricate sample cup threads with high-temperature grease. Fill samples cup
almost level full of the mud to be tested. Put the sample cup cover in place by rotating
firmly, squeezing out excess fluid to obtain the exact volume 50 ml required. Clean
spills from cover and threads. Pack fine steel wool into the upper expansion chamber,
then screw sample cup into the expansion chamber and heated at high temperature
until the liquid components have been distilled off and vaporized. These vapors
passed through a condenser and collected in a graduated cvlinder that usually is
graduated in percentage. Water volumes are read directly in percentage from the
graduated cylinder. The solids, both suspended and dissolved, are determined by
subtracting from 100% or by reading g¢he void space at the top. Drilling mud retorts
are generally designed to distill 50 ml'sample volumes.

The percentage by volume solids analysis, weight method (calculated
by weight difference using conventional ‘fetort) was calculated following formulas
from API standard, four measurements are taken:

A. Mud weight.

B. Weight of retort (including steel wookand cup).
Cr-Weightof retort withwhele muadh

D. Weight of retort with mud solids.

Compute volume percentage solids:

. . C-B)-SG,,,x(C-D
Fraction of solids = ( ) = “I;DX( ) (3.10)

% solids

100 x volume fraction solids (3.11)
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where Mud density (g/cm?); SGyup = mud weight (Ib/gal) x 0.11994.
Grams of mud in retort: grams of mud = Value C - Value B.

Grams or cm® water distilled: Value C - Value D.

Figure 3.15 Fann retort 0il and water 50 ml kit.

3.6.7 Scanning Electron Microscope

Scanning Electron Microscope analysis using JEOL JSM-6010LV was
utilized in imagifig and chemical analysis and forms the subfect of scanning electron
microscopy (Figure 3.10)./The’ sampleywas mounted on a sample holder using
conductive carbon tapes and applies a thin gold film conductive coating to the sample
that is effective in eliminating charging of non-conductive materials. Load sample
holder on the bottom that fits over the raised circle in the center of the stage. Press and
hold the EVAC button on the vacuum control until it starts flashing. It will take about
I minute to evacuate to a pressure that is safe for the beam. The electrons are
generated using the electron Gun. The electrons pass through the electromagnetic

lenses (condenser lens) to make the electrons into an electron beam. The electron



32

beam is adjusted by the objective lens to focus on the sample surface, make
interaction with the sample reflected from the surface of the sample and to cause
secondary electrons. The resulting electrons emitted from the sample are attracted and
collected by a secondary electron detector and secondary electron signal translated
into electronic signals into images in the three-dimensional display on the screen.
Imaging in an SEM can be done using secondary electrons to obtain fine surface
topographical features or with backscattered electrons which give contrast based on
atomic number. Images are typically resolved in 5-3,000x magnification with a spot

size of 20-30 and beam strength of 5-10 kV.

Figure 3.16 JEOL JSM-6010LV Scanning Electron Microscope.
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3.6.8 Field Emission Scanning Electron Microscope

Field emission scanning electron microscope analysis using Carl Zeiss
Auriga was allowed to examine subsurface structures, sample porosity, grain
orientation, layered materials, cell structures and membranes and many other features
(Figure 3.17). Prior to analysis, the sample was mounted on a sample holder using
conductive carbon tapes and was coated with thin gold. The sample is prepared and
mounted on the SEM sample mount, to vent the SEM to load it. The stage usually
vents in about | minute. When it arrives at atmospheric pressure, gently pull the SEM
chamber door open. Carefully slide the sample holder over this disk until it docks
against the cross bar on top of the SEM stage table. The pump down sequence will
take several minutes to achieve suffieient vacuum in the chamber in the system to
open the column valve and establish @ beam. As the vacuum level in the chamber
drops below 7.5x107 Torr, the column valve will open and the gun EHT (High
Voltage) was “Run Up”. If the electron beam has been on and at high voltage, the
system will automatically bring it back on after proper vacuum levels have been
reached. The beam is established, the substrate needs to bé positioned under the
column, so the beam gan. see dt. This requites mloving the stage from its default
loading position to the inspection location which may depend on the sample and its
size and shape. The standard SEM image is generated by secondary electron emission
from the substrate. These are low energy electrons produced both by the primary
electron beam and the high energy backscattered electrons. Images are typically
resolved in 5-30,000= magnification with a spot size of 20-30 and beam strength of 5-

10 kV. However, while the primary electron beam can penetrate the substrate by
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several or many microns, the escape depth for the secondary electrons was only on the

order of tens or hundreds of angstroms.

Figure 3.17 Carl Zeiss Auriga Field Emission Scanning Electron Microscope.



CHAPTERI1V

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter exhibits the results of laboratory experiments, including data
analyzed and discusses the results of the experiments. Drilling mud samples were
tested and analyzed to determinate their chemical properties, physical properties,
radical properties and the cost of newly invented mud were discussed and compared
to a common mud system that used in well drilling. The results of the experiment and

analysis are revealed below.

4.2 Chemical properties

The objectives of these tests were to determine the chemical composition and
mineral composition of drilling mud both before and after mixed with palm oil fuel
ash (POFA) and<sugarcane bagasse ash (SCBA). The $te¢p of methods was the
rheological properties and physical propetties. [Fhese results lead to the determination
that the most suitable mixing ratios and temperature of drilling mud mixed with these
additives.

4.2.1 Chemical composition

The chemical composition was measured by X-ray Fluorescence
(XRF). Table 4.1 and Table 4.2 show the major chemical composition of various
materials before mixed and drilling mud after mixed with POFA and SCBA additives

by varying mixing ratio and temperature.
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A base mud sample suspension was prepared to use 60 grams of
bentonite per 1,000 milliliter of water and 100 grams of barite. X-ray fluorometry
analysis revealed that drilling mud contains a high composition of silica (65.774% to
67.560%), followed by aluminium oxide (14.694% to 15.278%), iron oxide (4.774%
to 5.951%), magnesium oxide (4.651% to 5.5248%) and barium oxide (2.029% to
5.773%).

POFA most contains of silica (57.583%), potassium oxide (18.278%),
calcium oxide (8.534%), chloride (7.911%) and magnesium oxide (5.247%). The
percentage of chemical compositions of drilling mud after mixed with POFA
comprise silica (60.383% to 68.726%), aluminium oxide (9.761% to 13.727%),
barium oxide (3.848% to 9.835%), magnesium oxide (4.767% to 6.895%) and iron
oxide (4.274% to 6.107%). From Table 4.2, the drilling mud after mixed POFA was
found to have an increase in magnesium oxide from base mud. The relatively high
magnesium oxide content was also one of the favorable points considered in terms of
swelling and viscosity features (Karagiizel et al.,.2010). This will result in base mud
mixed POFA having a higher viscosity.

The chemical composition of SCBA 4ids?a high percentage of silica
(88.379%), potassium oxide (3.712%), iron oxide (2.848%) and calcium oxide
(2.034%). After SCBA containing drilling mud, the major oxide observed has silica
(65.607% to 71.460%), aluminium oxide (11.572% to 14.614%), iron oxide (4.249%
to 5.732%), magnesium oxide (3.288% to 5.715%) and barium oxide (3.225% to
5.982%).

However, the chemical compositions of drilling mud depend on the

amount of bentonite, barite and concentrations of POFA and SCBA.



Table 4.1 Chemical compositions of various materials.

Materials
Compounds Chemical compositions (weight %)
Barite Bentonite POFA SCBA
MgO - 4.941 5.247 1.283
Al O3 1.305 16.276 - -
Si0» 1.902 55.619 57.583 88.379
SO; 8.888 0.088 - -
K,O 0.209 0.634 18.278 3.712
CaO 0.186 4.485 8.534 2.034
Fe O3 1.454 14.195 1.779 2.848
SrO 0.831 0.049 0.107 -
7Zr0, - 0.033 - -
Rh, 03 2.793 0.111 0.114 0.103
BaO 82.430 - - -
Cl - 0.076 7911 0.647
TiO; - 24653 0.090 0.795
MnO» - 0.164 0.201 0.157
CuO - - 0.067 0.026
7n0 - 0.017 0,089 0.016
P> Os - 0:028 - -
Ta,0s - 0.031 - -
Total 100 100 100 100




Table 4.2 Chemical compositions of drilling mud mixed with additives.
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Chemical compositions (weight %)

No. Total
MgO | ALO; | SiO; | K;O | CaO | Fe;O3 | SrO | Rh,O3 | BaO

1 14941 | 14.694 | 66.527 | 0.526 | 2.852 | 4.774 | 0.343 | 0.262 | 5.773 | 100
2 | 4.651 | 15278 | 65.774 | 0.526 | 3.740 | 5.951 | 0.457 | 0.370 | 3.253 | 100
3 |5.248 | 14.992 | 67.560 | 0.514 | 3.064 | 5931 | 0370 | 0.292 | 2.029 | 100
4 |5.182]13.686|61.521 | 2.160 | 3.406 | 5.435 [ 0.182 | 0.522 | 7.906 | 100
5 |5.163 | 13.428 | 68.726 | 1.135 [ 2.183 | 4.676 | 0.130 | 0.362 | 4.197 | 100
6 |5.929|10.232 |63.868 |4.719 [4.96] | 4.744 | 0.137 | 0.390 | 5.020 | 100
7 5305 13.415|60.536|1.992 (2941 | 5.776 | 0.189 | 0.582 |9.264 | 100
8 |5.203|11.800|63.618 |4.283 (5.153 | 4993 |0.143 | 0.380 | 4.427| 100
9 |6.895| 9.761 |62.971 | 4759 6.729 | 4274 | 0.122 | 0.350 | 4.139 | 100
10 | 4.767 | 13.727 | 60.383 | 2.222 | 3.376 | 6.107 [ 0.177 | 0.509 |8.732 | 100
11 |5.043 | 10.813 | 60.601 | 3.885 | 4.073 | 5.093 [ 0.158 | 0.499 [9.835| 100
12 [ 5955 | 9.779 | 64.975 | 48055848 | 4.322 | 0.125 | 0.343 | 3.848 | 100
13 | 4.650 | 14.407 ['65.607 | 0.947 | 2.875| 5.732 | 0.167 | 0.442 |5.173 | 100
14 | 5.715 | 14.614 | 65.734 | 2.311 | 2516 | 4.637 | 0.115 | 0.317 | 4.041 | 100
15 | 4.750 | 12.380 | 69.874 | 1.447 | 2.671 | 4711 [0.123 | 0.326 |3.718 | 100
16 | 4.123 | J3.226 | 68.697 | 0.815 | 2.661 | 5.034 | 0.124,] 0.350 [4.973 | 100
17 | 4.566 | 140077+4.69.078 | 2.022 | 2.179 | 4.442 | O.W3 | 0.298 |3.225| 100
18 [ 3.965 | 11.572 704200 3624|1937 [~4249 4 0.123 | 0.381 [5.982| 100
19 | 3.819 | 12.593 | 69.804 | 0.803 | 2.628 | 4.912 | 0.115 | 0.346 |[4.980 | 100
20 | 4.549 | 13.402 | 68.499 | 2.153 | 2.251 | 4.652 [ 0.121 | 0.331 | 4.042 | 100
21 [ 3.288 12228 | 71.460 | 1.425 | 2.586 | 4.474 [ 0.121 | 0.343 | 4.075| 100
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4.2.2 Mineral composition

The mineral compositions were measured by X-ray Diffraction (XRD).
Table 4.3 and Table 4.4 show the mineral compositions of various materials before
mixed and drilling mud after mixed with POFA and SCBA additives by varying
mixing ratio and temperature.

The mineral compositions of base mud in three temperatures have
likewise of main components. It was found that there was a maximum of barite
(48.6% to 55.4%), followed by talc (14.3% to 20.5%), quartz (8.9% to 14.5%), calcite
(1.7% to 5.6%), kaolinite (2.7% to 4.7%) and microcline (3.1% to 5.1%).

The XRD pattern of PQFA (Figure 4.1), it can be noted that the main
mineral was sylvite (35.479%). Peaks of XRID) analysis belonging to the quartz
(29.942%), anorthite (13.753%), kaolinite (3.735%), gypsum (3.507%) and calcite
(2.493%) were also identified. The percentage of mineral composition of drilling mud
after mixed with POFA comprise barite (22.81% (o 39.98%), quartz (21.06% to
33.05%), calcite (1.74% to 10.26%), nacrite (3.40% to 10.95%) and tobermorite (2.39%
to 9.19%). From~J'able 4.1 and Table 4.3, the chemical conipénents were founded in
POFA to show a relatienship with the main mingralfas follows silica (SiO;) in the
form of quartz, montmorillonite, anorthite, kaolinite, tobermorite and mullet.
Potassium oxide (K;0) in the form of sylvite. Calcium oxide (CaO) in the form of
calcite, anorthite, gypsum and tobermorite. Chlorine oxide (Cl) in the form of sylvite.

The XRD pattern of the SCBA was shown in Figure 4.2, presents the
major minerals of SCBA. The following crystalline phases were found: barite
(0.299%), quartz (73.123%), calcite (1.851%), anorthite (6.005%), kaolinite (13.038%)

and gypsum (5.684%) with a predominance of quartz (SiO»). The analysis of the
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SCBA shows the amorphous silica formation with traces of low quartz (Hussein et al.,
2014). The SCBA samples chemical compositions provided in Table 4.1. According
to said data, the SCBA sample contains a large amount of silica (88.379%). This
result is consistent with the X-ray Diffraction pattern Figure 4.2. The major minerals
of drilling mud after mixed with SCBA included barite (45.00% to 49.22%), quartz
(14.11% to 17.78%), tobermorite (12.01% to 13.03%), kaolinite (5.24% to 9.60%),
calcite (2.63% to 3.92%) and nacrite (2.42% to 3.34%).

Clay is an important component of drilling mud. It was added to
increase the fluid viscosity and to form a mud filter cake to protect the permeable
zones (Hallenburg, 1997). Common@examples include chlorite, illite, kaolinite,
montmorillonite and smectite, Meanwhile, A significant amount of tobermorite was
formed leading to a denser and mote stable structure of the samples (Kolias et al.,
2005). From Table 4.4, the drilling mud after-mixed POFA and SCBA were found to
have an increase in kaolinite and tobermorite from base mud. Thus, the amount of
kaolinite and tobermorite advocate increasing strength of drilling mud, which effect to

the rheology preperties.



Table 4.3 Mineral compositions of various materials.

61

Materials
Compounds Mineral content (weight %)

Barite Bentonite POFA SCBA
Barite 45.364 - 0.393 0.299
Quartz 22.879 0.113 29.942 73.123
Calcite - 18.627 2.493 1.851
Anorthite - 1.651 13.753 6.005
Kaolinite (BISH) 2.062 14.726 3.735 13.038
Gypsum 3.602 0.962 3.507 5.684
Hematite - 5.787 0.870 -
Tobermorite - - 2.056 -
Periclase - - - -
Rutile - - 1.202 -
Pyrolusite 7.479 - 1.335 -
Chromite - 2.057 - -
Silica LeBail 1.986 11.947 - -
Talc 2.462 28.508 - .
Nacrite 3.792 2.069 - "
Microcline intermediate | 3.915 13.553 - -
Galena 1468 - 1.185 -
Mullite 3:2 - - 1.972 -
Troilite - - 2.078 -
Sylvite 4.991 - 35.479 -

Total 100 100 100 100




Table 4.4 Mineral compositions of drilling mud mixed with additives.

Mineral content (weight %)

No. Total
Bar. | Qtz. | Cal. | Anor. | Kao. | Gyp. | Hem. | Tob. | Per. | Rut. | Chr. | Sili. | Tal. | Nac. | Mic.
1 | 48.73 | 1452 | 521 | 272 | 2.68 | 0.81 | 1.19 - - - 0.25 - 17.27 | 1.57 | 5.05 100
2 | 5552 889 | 1.67 | 0.10 | 3.87 | 2.08 | 0.79 - - - 0.80 | 0.00 |20.52| 2.65 | 3.11 100
3 53511172 560 | 1.47 | 473 | 092 | 0.93 - - - 0.17 | 0.34 | 14.29 | 2.67 | 3.65 100
4 |25.05]21.06|1026| 391 | 679 | 2.02 | 096 | 781 | 1.98 - - - 3.84 | 1095 | 5.38 100
5 |28.60 (2268 | 431 [ 420 | 537 | 0.71 | 1.42 | 9.19 | 235 - - - 7.89 | 8.87 | 4.43 100
6 (2281|2757 223 | 462 | 7.10 | 418 | 1.23 4 8.05 4271 - - - 6.73 | 6.48 | 6.29 100
7 (3630|2142 840 [ 0.72 | 6.06 | 299 [ 157 |-246 | 3.36 - - - 5.83 | 3.40 | 7.49 100
8 3559|2749 | 5.02 [ 0.80 | 3.64 | 2.67 { 148 | 4.09 | 3.45 - - - 524 | 747 | 3.06 100
9 3399 |28.11| 402 [ 4.14 | 3.90 | 3.82 | 0.88 | 4.71 [ 1.62 - - - 5.38 | 6.09 | 3.34 100
10 [ 39.98 | 21.75| 3.05 | 448 | 4.02 | 1.64 | 0.83 | 465 | 2.42 - - - 425 | 8.67 | 4.27 100
11 [38.80 12299 | 1.84 | 2.28 | 432 | 319 | 1.76 | 239 | 2.84 - - - 7.02 | 7.33 | 5.23 100
12 [30.96 |33.05| 1.74 | 4.64 | 3.18 | 287 25, { 3-71 | 1.82 - - - 7.29 | 6.71 | 2.80 100
13 |48.88 | 1553 | 3.82 | 1.57 | 9.60 | 1.90 | 0.81 | 12527 0.32 | 1.20 - - 1.30 | 2.55 - 100

a9



Table 4.4 Mineral compositions of drilling mud mixed with additives (continued).

Mineral content (weight %)
No. Total
Bar. | Qtz. | Cal. | Anor. | Kao. | Gyp. | Hem. | Tob. | Per. | Rut. | Chr. | Sili. | Tal. | Nac. | Mic.
14 | 4829 | 15.04 | 3.92 | 275 | 6.55 | 1.53 | 0.77 | 13.03 | 0.10 | 2.48 - - 221 | 3.34 - 100
15 | 48.84 | 1585 | 3.17 | 294 | 657 | 1.81 | 0.84 | 12.24 | 0.06 | 3.01 - - 1.73 | 2.95 - 100
16 |149.22 11646 | 3.49 | 1.92 | 6.08 | 1.79 | 0.68 | 12.01 |0.54 | 2.02 - - 2.66 | 3.11 - 100
17 | 46.37 | 16.60 | 3.27 | 337 | 633 | 2.15 | 056 | 1234 | 059 | 2.42 - - 3.58 | 243 - 100
18 | 45.00 | 17.78 | 2.89 | 3.69 | 524 | 1.32 | 0.68 | 12.347] 0090 | 3.24 - - 3.73 | 3.18 - 100
19 14768 | 1573 | 3.72 | 1.46 | 648 | 1.20 | 0.72 1 124040537 | 2.:66 - - 4.56 | 2.83 - 100
20 | 47.94 | 1485 | 2.63 | 225 | 6.04 | 1.92 | 0.86 [ 12.17 | 0.89 | 2.66 - - 459 | 3.19 - 100
21 | 47.77 | 1411 | 3.23 | 220 | 7.19 | 1.79 | 0.88 [ 12.33 | 0.08 | 3.43 - - 455 | 242 - 100

*Bar. = Barite, Qtz. = Quartz, Cal. = Calcite, Anor. = Anorthite, Kao. = Kaolinite (BISH), Gyp. = Gypsum, Hem. = Hematite, Tob. =
Tobermorite, Per. = Periclase, Rut. = Rutile. Chr. — Chromite, Sili. = Silica LeBuail, Tal. — Talc, Nac. = Nacrite, Mic. = Microcline

intermediate.

£9
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Figure 4.1 XRD pattern of POFA.
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4.3 Physical properties

The varied composition, mixing ratio and temperature of drilling mud mixed
with POFA and SCBA was shown in Appendix A. A base mud sample suspension
was prepared by using 60 grams of bentonite per 1,000 milliliters of water, 100 grams
of barite were added to control density.

4.3.1 Density properties

The density of any fluid was directly related to the amount and average
specific gravity of the solids in the system. The control of density has been criticized
since the hydrostatic pressure exerted by the column of fluid was required to contain
formation pressures and to aid in keeping the borehole open. The results of the density
of drilling mud after mixing additives presents in Figures 4.3 to 4.5. A range of
drilling mud mixed with these additives was 1.09 to 1.13 g/em® or 9.10 to 9.43
Ibs/gallon. The density of drilling mud slightly decreased with increasing temperature,
but the results obtained showed that adding POFA concentration (Figure 4.3) and
SCBA concentration (Figure 4.4) produced a significantly higher density. Because a
particle of POFAchaving a specific gravity to be in the range of 2.22-2.78 and as the
specific gravity of S€BAshetween 2.20-2¢52 ¢ Fhe tésult’ demonstrates the ability of
POFA and SCBA additives to provide weight to drilling mud. From Figure 4.5, the
density of drilling mud using SCBA as additives in 1 and 3%w/w has the same value
in all temperatures. However, the density of drilling mixed with POFA and SCBA at
25 and 50°C has similar value, but the temperature at 80°C the density of drilling mud

mixed with POFA be greater than mixed with SCBA in all the concentration.
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4.3.2 Rheology properties and parameters

The shear stress and shear rate calculated from the average viscometer
readings are following equations 3.6 and 3.7 in the previous chapter. Table 4.5 shows
the values the shear stress and shear rate for all six viscometer readings of base mud
under the temperature at 25°C. The calculated shear stresses were plotted against
shear rates in order to choose the best-fit curve for the model. For example, Figure 4.6
shows the consistency plots for base mud under the temperature at 25°C, the Bingham
plastic fluid plot curve was fitted with a linear correction and Figure 4.7 show the
consistency plots for base mud under the temperature at 25°C, the Power law fluid
plot curve was fitted with a power @orrelation. From the two plots, the Bingham
plastic fluids were better fitted with' a linear correlation represented in Figure 4.6.

Thus, the model can be inferred that the fluid tends to be a Bingham plastic fluid.

Table 4.5 Results of shear stress and shear rate ol’base mud.

rpm Average reading v (sec™) T (Ibg/ft%)
600 30 1021.8 32.034
300 21 5109 22.424
200 I~ 340.6 18.153
100 13 170.3 13.881
6 9 10.2 9.610
3 7 5.1 7.475
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The appropriate rheological model for other drilling mud samples was
calculated in likewise. The base mud samples were categorized into six groups of
testes temperature (25, 50 and 80°C) and different additives. Their consistency curves
were plotted in Figure 4.8 to 4.16. Most of the base mud sample demonstrates the
flow behavior in between the Bingham plastic model and the Power law model. The
rheological properties of each sample were calculated for both models. Both models
were used for each fluid just for comparison purposes. The results of a rheological

calculation are shown in Table 4.6.
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Figure 4.8 Consistency plot of base mud mixed with POFA at 25°C.
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Figure 4.9 Consistency plotof base mud mixed with POFA at 50°C.
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Figure 4.10 Consistency plot of base mud mixed with POFA at 80°C.
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Figure 4.11 Consistency plot of base mud mixed with SCBA at 25°C.
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Figure 4.12 Consistency plot of base mud mixed with SCBA at 50°C.
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Figure 4.13 Consistency plot of base mud mixed with SCBA at 80°C.

Shear stress (Ib,/ft?)

180
160
140
120
100

80

60

40 4
20 3

=o—Base mud ===Base+ 1% POFA
=3 Base+ 19 SCBA == Base+ 3% POFA
—+—DBase+ 3% SCBA —e—Baset 5% POFA
=>=Baset+ 5% SCBA

0 200 400 600 800 1000 1200

Shear rate (sec’!)

Figure 4.14 Consistency plot of drilling mud at 25°C.
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Table 4.6 Rheological parameters of drilling mud.

Bingham plastic model

Power law model

Apparent
Test Gel,,* Gelyp**
No. | Mud compostion | viscosity Plastic Yield point K
Temp. n (Ib/100 t%) | (Ibg/100 £t
(cP) viscosity (cP) | (Ibg/100 ft?) (Ib-s"/100 %)

25°C | | Base mud 15.0 8.8 12.5 0.5146 1.1157 8 9
50°C | 2 |Basemud 19.5 8.0 23.0 0.3312 4.6873 13 14
80°C | 3 |Basemud 28.6 5.3 46.8 0.1325 24.4291 14 15
25°C | 4 |Baset 1% POFA 20.0 9.0 22.0 0.3219 5.1015 23 29

5 | Base+ 3% POFA 71.9 16.3 111.3 0.1712 47.8359 48 60

6 | Base+ 5% POFA 79.4 18.0 122.8 0.1745 51.7459 63 68
50°C | 7 |Baset 1% POFA 31.3 6.8 49.0 0.1728 20.5223 39 40

8 | Base+ 3% POFA 78.8 1.0 135.5 0.1048 80.3082 53 62

9 | Base+ 5% POFA 130.6 13.3 234.8 0.0737 162.8785 67 80
80°C | 10 | Base+ 1% POFA 33.8 63 35,0 01354 28.1869 41 45

I1 | Base+ 3% POFA 103.8 10.8 186.0 0.0788 |  125.0592 57 66

12 | Base+ 5% POFA 146.4 11.3 270.3 0.0554 |  204.8699 74 90
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Table 4.6 Rheological parameters of drilling mud (continued).

Bingham plastic model

Power law model

Apparent

Test Gel,,* Gelyp**
No. | Mud compostion | viscosity Plastic Yield point K

Temp. n (Ib/100 t%) | (Ibg/100 £t

(cP) viscosity (cP) | (Ibg/100 ft?) (Ib-s"/100 %)

25°C | 13 | Baset 1% SCBA 19.0 9.8 18.5 0.4406 2.2689 15 16
14 | Base+ 3% SCBA 21.6 10.3 22 8 0.3819 3.7374 20 21
15 | Baset 5% SCBA 23.5 11.0 25.0 0.3847 4.0128 23 28

50°C | 16 | Baset 1% SCBA 21.6 6.5 30.3 0.2563 8.3429 23 24
17 | Base+ 3% SCBA 22.1 6.8 30.9 0.2500 8.8915 27 31
18 | Base+ 5% SCBA 23.1 7.3 318 0.2382 10.0257 29 32

80°C | 19 | Baset 1% SCBA 24.0 6.0 36.0 0.1926 13.9973 25 27
20 | Base+ 3% SCBA 27.9 6.3 43.4 0.1667 1.8.9402 27 29
21 | Base+ 5% SCBA 29.6 6.8 45.8 0.1822 18.3935 30 40

*Gel;, is initial gel strength and, **Gely is 10 minutes gel stréngth of diilling wnd

LL
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4.3.3 Rheological behavior of drilling mud

The rheological parameters of base mud and base mud mixed with
POFA and SCBA additives samples are summarized in Table 4.6 and the rheological
data of the test are shown in Appendix A. The Power law model parameter constants
in term of flow behavior index (n) and consistency index (K) can be calculated by
equation 3.8 and 3.9 as shown in the previous chapter. The index “n” indicated that all
drilling mud samples exhibited pseudoplastic flow with “n” less than 1. As mentioned
above, the flow behavior of typical drilling mud usually acted between the Bingham
plastic model and the Power law model, which was called pseudoplastic fluid. The
consistency factor of drilling mud samiple clearly increases as the increased of POFA
and SCBA. The constant has resembled the apparent viscosity of the fluid that
described the thickness of the fluid. The Power law model did not describe the
behavior of drilling mud exactly, but the constant “n™ and “K” normally described in
the interest of hydraulic horsepower utilization which was used in hydraulic
calculations (Baker Hughes, 2006).

Ergure 4.17t0 4.32 was the plots of the “fheological parameters
obtained from the calctdation with various POEA andSEBA concentrations.

The apparent viscosity was plotted with the change of POFA and
SCBA concentration displays in Figure 4.17 and Figure 4.18. The results indicate a
significant increase in the apparent viscosity as the POFA concentration increase and
with the increase of SCBA concentration, the apparent viscosity shows a tendency to
increase. However, the apparent viscosity of POFA concentration was greater than
SCBA concentrations at all tested temperature. Because of the greater colloidal

fraction of POFA and SCBA in the drilling mud sample, as a result, friction between
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the particles increases and the shearing stress required to induce a unit rate of shear
increases and hence apparent viscosity increase (Kumar et al., 2003). The change of
the apparent viscosity at a different temperature was shown in Figure 4.19. For all the
POFA and SCBA mixed with drilling, the apparent viscosity increase with increasing
temperature. The consequence of temperature increase interaction energy of mud
system. It induces more inter-particle attractive force between solid particles and so
the clay particles come into contact with another and agglomerate which was known
as flocculation (LLuckham and Rossi, 1999).

The plastic viscosity was plotted with the change of POFA and SCBA
concentration and temperature are shosn in Figure 4.20 to 4.23. The results indicated
for all tested temperature that the plastic viscosity of POFA and SCBA containing
mud slightly increased with increasing POFA and SCBA concentration. While, the
measured values for the plastic viscosity 'of POFA and SCBA mixed with drilling
mud was shown slightly decreased as temperature increased. The trend of the line
indicated that the mud behaved non-Newtonian and shear-thinning as temperature
increased (up te-80°C), and displayed lower plastic viscosity“and higher yield stress.
The effect of temperatipe. on bentonite suspensioh 0uld be described as follows:
heating up the bentonite suspension, increased the conductivity of the system, which
indicated that more cations (Na') were dissolved from the surface of the particles. It
was also suggested that this effect was responsible for the reduction of the normalized
plastic viscosity and the observed of the yield stress, increasing the latter also due to

thermally induced swelling (Luckham and Rossi, 1999).
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Figure 4.18 Apparent viscosity of drilling mud versus SCBA concentration.
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Figure 4.20 Plastic viscosity of drilling mud versus POFA concentration at (a) 25°C,

(b) 50°C and (c) 80°C.
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(b) 50°C and (c) 80°C.
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¢d) base+ 5% SCBA.

The yield point was-"plotted” Wwith “the change of POFA and SCBA
concentration was shown in Figure 4.24 and 4.25. The result indicates a significant
increase in the yield stress as the POFA concentration increase and with the increase
of SCBA concentration, the yield stress was showing a tendency to increase.
However, the yield stress of POFA concentration was greater than SCBA
concentrations at all tested temperature. Attributable a large amount of solid in

drilling mud samples has a tendency to agglomerate and result in increasing yield
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stress. The change of the yield point in different temperature was shown in Figure
4.26. For all the POFA and SCBA mixed with base mud, the yield stress increased
with increasing temperature. The increase of temperature that the interaction energy
of clay system that leads bentonite suspension becomes thickened. From the tested,
can be summarized that the presence of POFA and SCBA increase yield strength of
drilling mud which enhances carrying capacity of drilling mud while drilling
circulation periods.

The initial and 10 minutes gel strength of POFA and SCBA containing
drilling mud, was plotted as a function of POFA and SCBA concentration and
temperature were shown in Figure 4.2%to 4.32. From the tested, It was found that the
gel strength was increased with/ am increasing POFA and SCBA additive
concentration and temperature. From! Table 4.6, considering POFA and SCBA contain
drilling mud in all tested temperatures. The 10 minutes gel strength was greater than
the initial gel strength. Because of more undisturbed drilling mud, standing time
would lead drilling mud to form a stronger gel structure compared to less undisturbed
time. MeanwhileZ the initial and 10 minutes gel strength of 'dfilling mud mixed with
POFA in all temperatopes and concentration, was-greater than the SCBA containing
drilling mud. From the tested, can be summarized that the presence of POFA and
SCBA increase gel strength of drilling mud which enhances hole cleaning efficiency
of drilling mud by suspending cutting and weighting material when circulation was

ceased.
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Figure 4.25 Yield point of drilling mud versus SCBA concentration.
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Figure 4.32 10 minutes gel strength of base mud mixed with (a) POFA and (b) SCBA

versus temperature.
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4.3.4 Filtration properties

The average API static filtrate loss within 30 minutes of base mud and
base mud mixed with POFA and SCBA additives, the filtration properties and mud
filter cake thickness data of the test was shown in Appendix A.

Figure 4.33 was the plot of filtration properties of base mud, was
measured at 25, 50 and 80°C. Figure 4.34 t0 4.39 was the plot of the filtration
properties of base mud mixed with POFA and SCBA. These of graphs show time-
dependent filtration behavior of drilling mud and physical examination of the filtrate
volume indicates that filtrate volume increases as the time increase. The decreasing in
filtration volume has resulted from@continuous mud filter cake deposition and
compaction until the formation of a ¢onstant thickness and stable mud filter cake had
been formed completely.

The result of APLstatic filtrate shows a significant increase in the static
filtration volume of base mud samples as the temperature increasing (Figure 4.33).
Because to adverse temperature effects on filtration that result in fluid phase viscosity
decreasing and.a_colloidal fraction tends to flocculate whichconsequences of mud

filter cake permeability fncreasing.
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Figure 4.33 Static filtration and time of base mud.

Figure 4.34 to 4.36 was shown the effeet of POFA concentration of the
filtration properties at 25, 50 and 80°C. The stati¢ filtration curves indicate thatat 1, 3
and 5%w/w of POFA concentration at all tested temperature, shown increasing of
filtrate volume le8s rate comparison with base mud. Becaus&JOF A particle not even
have a porous texture and reugh  particle distributed on the surfaces affect and
engender to small pores between particle. Also, it was observed that when the
concentration of chloride increases in the drilling mud samples the fluid loss into the
formation increases (Sami, 2016). From X-ray Fluorometer analysis revealed that
POFA contains a chloride about 7.911%, this results in an increased of filtration loss.

Thus, the POFA containing drilling mud has increased filtration loss.
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Figure 4.34 Static filtration of base mud mixed with POFA versus time at 25°C.
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Figure 4.35 Static filtration of base mud mixed with POFA versus time at 50°C.
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Figure 4.36 Static filtration of base mud mixed with POFA versus time at 80°C.

Figure 4.37 to 4.39 was shown the effect of SCBA concentration of the
filtration properties at 25, 50 and 80°C. Comparison of 1, 3 and 5 the percentage of
SCBA concentration at all temperatures, which produced the least filtrate volume,
demonstrated better filtration control characteristics than ~base mud. Because, from
FE-SEM image, Figute 4,64 thé mud filter cdkesfotnaed by base mud was of a poor,
causing to form a high permeability mud filter cake. From Figure 4.68 shows the mud
filter cake formed by base mud with SCBA additives are distributed of particles
SCBA into pores of mud filter cakes in tight connection. It represents that adding a
quantity particle SCBA reacts more effectively with base mud to result in seal a
porous layer, lower filtration loss and prevents the filtrate in the drilling mud leaking

to the formation.
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Figure 4.38 Static filtration of base mud mixed with SCBA versus time at 50°C.
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Figure 4.39 Static filtration of base mud mixed with SCBA versus time at 80°C.

Figure 4.40 and Figure 4.41 represents 30 minutes static filtrate
volume loss values of base mud mixed POFA and SCBA. Physical examination of the
filtrate volume indicates that filtrate volume increases as the additive concentration
and temperaturcancrease. The SCBA have proved to possess “‘good filtration control
properties which wefe/majon s€sponsible ftorfthethinitial filtrate volume produced
was base mud mixed with 1%w/w of SCBA can reduce the filtrate volume loss about
6 to 8%, but increasing the concentration of SCBA to 3 and 5%w/w did not result in
better filtration characteristics. In the range of testing temperature from 25 to 80°C,
there is no sign of temperature degradation of SCBA additive in drilling mud. Thus,
The SCBA can be used mixed with drilling mud could be performed under this

temperature range.
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Figure 4.41 API filtrate volume at 30 minutes of base mud mixed with SCBA.
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Figure 4.42 and Figure 4.43 shown mud filter cake thickness of the
base mud mixed with these additives. The histograms show the thicker mud filter as
the POFA and SCBA concentration and temperature increase. The qualities of mud
filter cake deposited by mixed the additives containing mud were inspected. The
slickness and toughness of POFA containing drilling mud were more than base mud
and indicates the presence of mud filter cake stability and lubricity, but the SCBA was
less than base mud. A good mud filter cake helps stabilize the wall of the hole,
helping in reducing the formation damage and will reduce mud filtrate loss into the
formation. This reduces the interstitial clays swelling and can cause permeability

reductions (Azar and Samuel, 2007).
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Figure 4.42 Mud filter cake of base mud mixed with POFA versus temperature.
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Figure 4.43 Mud filter cake of base mud mixed with SCBA versus temperature.

4.3.5 Hydrogen ion concentration properties

A data of the tested results of the hydrogen ion (pH) of drilling mud
before and after mixed with POFA and SCBA additives in 25, 50 and 80°C are shown
in Appendix A. Fhe data of tested were averaged and plottedwn Figure 4.44 to 4.50.

A pH wag fimpeitant because, it-atfeets the solubility of the organic
thinners, contaminant removal, corrosion mitigation and the dispersion of clays
presents in the drilling mud. Except for salt mud, the pH of drilling mud was seldom
below 7. Generally, the pH of drilling mud falls between 8 and 11, depends on the
type of drilling mud in use and the nature of the formation being drilled (Azar and
Samuel, 2007). In the tested, the POFA and SCBA additives in drilling mud have a

pH range of 10.11 to 10.74 (it's revealed that all drilling mud was in a very strongly
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alkaline state, pH more than 9). The result indicated that the pH was slightly
decreased as the POFA and SCBA concentration increased. However, the pH
decreased as the effect of temperature increased. The pH of the drilling mud was more
than the mud filtrate in all experiments tested and the pH of base mud mixed with
these additives and mud filtrate was found to be higher than that of the base mud.
Because POFA and SCBA (plant ash) were the powdery residues that remain after
plants are burned; chemically the ash was alkaline (pH more than 10). In its natural
state, plant ash can be applied as an amendment to acidic soils and as a substitute for
limestone fertilizer (Johnson, 2011). Thus, the alkalinity of POFA and SCBA
containing mud can minimize the corr@gion problem of steel tubular and solids control

devices.
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Figure 4.44 pH of base mud versus temperature.
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Figure 4.47 pH of drilling mud versus additive concentration at (a) 25°C, (b) 50°C

and (¢) 80°C.
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Figure 4.50 pH of mud filtrate versus additive concentration at (a) 25°C, (b) 50°C

and (c¢) 80°C.
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4.3.6 Resistivity properties

The results of resistivity are presented in Figure 4.51 to 4.60.
Increasing the POFA content from 1 to 5%w/w in three temperatures tested, reduced
the resistivity of drilling mud by about 50 percent. Meanwhile, the resistivity of
SCBA containing mud decreased by about 8 percent when the temperature was
increased from 25 to 80°C at 1, 3 and 5%w/w of additive concentration. This is a clear
indication of the resistivity of drilling mud, mud filtrate and mud filter cake decreased
as the additive concentration and temperature increased. The resistivity of mud filtrate
was more than the drilling mud and mud filter cake, respectively. However, after
mixed with POFA additives, it can be implied that the resistivity of drilling mud, mud
filtrate and mud filter cake tended to/become less than base mud and SCBA additive
slightly decreased after SCBA containing mud. This is because chloride effects, the
change in the resistivity of the drilling mud has decreased as the chloride content
increased (Raheem and Vipulanandan, 2014). From the X-ray Fluorometer analysis
revealed that POFA contains a chloride about 7.911%. Therefore, results in a decrease
in the resistivity-ol the base mud mixed with POFA. Thus, 'i#’is necessary to control
the resistivity of thexdriing mud and mud filtrate-Wwhileadrilling may be desirable to
permit enhanced evaluation of the formation characteristics from electric logs (Lyons

etal., 2016).



7 2
6 -
E— = o
— 5 -
= &
= © ©
z ‘1 & .
=z = —A
= 4
o
~ 5 —o—Base mud
=== Base mud filtrate
I —Base mud filter cake
0 - - - . . )
20 40 60 80
Temperature (°C)
Figure 4.51 Resistivity of base mud versus temperature.
6 1 = Base mud B Base+ 1% POFA
: B Base+3% POFA  EBaset+ 5% POFA
E_\ c
S
& .
g 7
g 2 i
n 7
I R 2 / 3
55 i % R
3 R 2l 1N

Temperature (°C)

80

Figure 4.52 Resistivity of base mud mixed with POFA versus temperature.

108



109

EBaset 1% SCBA

B Base+ 3% SCBA BEBase+ 5% SCBA

& Base mud

B s,
R N S
PP A S S S A S SV SV S S S S S A A A A A

H\\\\\\\\\\\\\\\\\\\\\\\\

o,
B St e

w
[\l

4
3
2
1
0

(urgy) Anapsisay

lTemperature (“C)

Figure 4.53 Resistivity of base mud mixed with SCBA versus temperature.
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4.3.7 Solid content properties

Three types of solid content were usually classified as soluble material
such as salt. Insoluble high gravity solid (HGS) referred to barite, hematite and other
weighting agents. Insoluble low gravity solid (L.GS) consists of clays, polymers and
bridging materials deliberately put in the drilling mud or drilled solid as solid particles
from cuttings. The amount and type of solids in the drilling mud affect a number of
drilling mud properties.

High solids content was increase plastic viscosity and gel strength.
High solids mud has a much thicker mud filter cake and slower drilling rates.
Meanwhile, much effort is expended 0 maintain low solids mud. It has been proved
faster ROPs in all areas of operations. Low solids mud has a near-minimum amount
of bentonite, clay or other low gravity solids. However, the total solids content is
determined, to a great extent, by the density needed to control formation pressures
(Azar and Samuel, 2007).

The results of solid content are presented in Figure 4.61 to 4.63.1f a
pipe sticking is-to be avoided, the proportion of solids in the'drilling mud should not
exceed 10 percent (Kimg LPetroleum Services, wwwz2014). The POFA and SCBA
containing mud had a solid content in a normal range of 2.68 to 10.0 percent except
SCBA 5%w/w containing mud at 80°C. For all test temperatures, the result indicates a
significant increase in the solid content as the additive concentration increase. It
clearly sees that for all of POFA compositions, the solid content to become less than
base mud, but the solid content of SCBA containing mud was more than the base
mud. A higher solids content affects the drilling mud efficiency by negatively

impacting penetration rates, equivalent circulating density, high volumes of mud being



116

lost, large amounts of drilling waste generated and less mud able to be reused within

the system.
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Figure 4.63 Solid content of drilling mud versus additive concentration at (a) 25°C,
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4.3.8 Morphology properties

The morphology (texture), crystalline structure and orientation of
drilling mud both before and after mixed with POFA and SCBA by using Scanning
Electron Microscope (SEM) and Field Emission Scanning Electron Microscope (FE-
SEM).

Figure 4.64 shows that the surface mud filter cake of the base mud
shows uneven, thin sheet of bentonite clay larger and smaller particles of barite with
the compactness of individual grains and remains of the grains of the material is even

though heating at 50 and 80°C.

Figure 4.64 SEM image of mud filter cake (size 1 um) formed by base mud on

at (a) 25°C, (b) 50°C and (c) 80°C.
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POFA and mud filter cake mixed with POFA are shown in Figure 4.65
and Figure 4.66. POFA particles were round, irregular and angular particle shapes.
Some particles are rounded and contiguous clusters represented in Figure 4.65 (a) and
(b). Figure 4.66 shows the mud filter cake after mixed with POFA, found the fine
particle of POFA into the gap between bentonite and barite, but rough particle
distributed on the surfaces of mud filter cakes, affect and engender to small pores
between particle. However, POFA particle isn’t even has a porous texture, thus can
not absorb fluid, reduce filtration loss.

SCBA and mud filter cake mixed with SCBA are shown in Figure 4.67
and Figure 4.68. It reveals that the particle shape of SCBA has an irregular shape with
rough surfaces and small porous textures represented in Figure 4.67 (a) and (b).
Figure 4.68 shows that after mixed with SCBA, mud filter cakes are dense on their
surfaces and distribution of particles SCBA into pores of mud filter cakes in tight

connection, with no big pores and filtrate loss is less.

Figure 4.65 SEM image of POFA size (a) 100 um and (b) 20 um.
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Figure 4.66 SEM image of mud filter'cake (size 50 um at temperature 25°C)
formed by (a) base+ 1% POFA. (b) base+ 3% POFA and

(c) base+ 5% POFA.

Figure 4.67 SEM image of SCBA size (a) 10 um and (b) | pm.
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Figure 4.68 SEM image of mud filter'cake (size 10 pm at temperature 25°C)

formed by (a) base+ 1% SCBA, (b) base+ 3% SCBA and

(¢) base+ 5% SCBA.

4.4 Cost analysis

It is very important to improve the properties of drilling fluids in order to
satisfy the increasing demands and need to cut drilling costs, not least of which in
economics. In general, drilling mud may represent about one-fifth (15-18%) of the
total cost of petroleum well drilling, but many causes 100% of drilling problems.
Table 4.7 demonstrates the cost of chemicals used in drilling mud. It is essential to

compare its cost between POFA and SCBA with a drilling mud system that generally
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used in drilling well to analyze and conclusively this system during the term of

gconomic consideration.

Table 4.7 Cost of chemical additives in drilling mud.

Chemical Cost (Baht) Unit (Kg) Cost/Kg (Baht/Kg)

Bentonite 8,000 1,000 8

Barite 5,000 1,000 5

PAC Polymer 72,000 25 2,880

Guar Gum 350 | 350
Xanthan Gum 320 I 320

CMC HV 200,000 1,000 200

POFA 1,000 1,000 |

SCBA 150 1,000 0.15

From Table 4.7 presents the net cost of each material in drilling mud that
including all operations cost, but the cost of POFA and SCBA were the ex-factory
cost that it does not include the cost of material process, storage, packaging, transport
and other indirect materials. Comparative cost of POFA “and SCBA with other
additives found that the/net costof POFA and SCBA still’are expensive than chemical
additives for viscosifier and fluid loss control agent. However, if the POFA and
SCBA could be produced in commercial, which it could be able to reduce the cost use
these materials as additive in drilling mud. In addition, the POFA and SCBA can also

add value to these additives and ecologically friendly.
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4.5 Summary of chemical and physical properties of drilling mud

mixed with POFA and SCBA

The analysis result of drilling mud mixed with POFA and SCBA additives can
be summarized the chemical and physical properties in Table 4.8.

The results obtained showed that POFA and SCBA produced a significantly
higher density compared with base mud. The density of the 5%w/w of these additives
is higher than other samples concentrations. Effect on density an optimum weight
5%w/w was recommended for applieation of the POFA or SCBA if they are to serve
as weight control additive.

The effects of POFA and SEBA on the rheological properties. The flow
behavior of base mud mixed with thése additives usually acted between the Bingham
plastic model and the Power law.medel, The experimental results show that the
3%w/w in all tested temperature of POFA were a potential additive for improving the
rheological properties. For example, the apparent viscosity has increased in range 71.9
cP to 103.8 cP.

The effeetiof SCBA concentration of filtration propgities at all temperature an
acceptable fluid loss, but POFA coneentiation da driling mud was rejected because
the fluid loss values are above base mud. The drilling mud mixed with [%w/w of
SCBA in all ranges tested the temperature have proved to possess good filtration
control properties, which were major responsible for the thinner filter cake and

minimal filtrate volume produced (18.50 ml to 21.50 ml).
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The pH value of base mud mixed with POFA has increased in range 10.33 to
10.69. Likewise, the pH value of base mud mixed with SCBA has increased in range
10.17 to 10.74, which then conformed to numerical value standard specifications
(between 8 and 11). This implies that the two additives can use a greener alterative to
higher the pH of drilling fluid. Albeit the appropriate pH of drilling mud varies with
the mud type.

Analysis of the resistivity properties, POFA can be used as an additive
material with content up to 5%w/w to produce lower resistivity than base mud (0.82
Q.m to 2.38 Q.m). Nevertheless, SCBA does not apply because in all concentration
has extremely effective on higher the r@sistivity more than base mud.

The POFA and SCBA were an acceptable solid content in all the temperature.
Except for 5%w/w of SCBA at 80°C was rejected because the solid content was above
10 percent. Represent, that the base mud mixed with 1%w/w of POFA was a high
potential additive for LGS improving rheological properties of drilling mud.

The cost of the POFA. is cheaper than viscosifier chemicals. While, the cost of
SCBA is cheaperthan fluid loss control agents. Cost comparison of POFA and SCBA
with other viscosifieramd Liltration loss control ageneShows that both these additives
are cheaper than chemical additives, but not commercial. Because the cost of POFA
and SCBA, it does not include a cost of materials process and other indirect materials.
However, the utilization of both POFA and SCBA as additives in drilling mud can

also add value to these additives and ecologically friendly.
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CHAPTER YV

CONCLUSIONS AND RECOMMENDATIONS

5.1 Introduction

This chapter is divided into two parts, which are conclusions and
recommendations. In conclusion part, it presents the conclusion from two main
sections (1) chemical property of drilling mud mixed with various additives and (2)
physical property of drilling mud mixed with various additives, respectively. In

recommendation part, it consists of some recommendations for the future study.

5.2 Conclusions

It is based on the results of drilling mud mixed with additive properties tested
obtains from the previous chapter. The conclusions of this study are as follows.
5.2.1 Chemical property

Indeyms of chemical composition, base atud was dominantly filled
with silica, followed by alomintum oxide, ironoXide, magnesium oxide, barium oxide
and a slight other chemical was found. The major elements of base mud include
barite, talc, quartz, calcite, kaolinite and microcline.

The POFA was constituted mainly of silica (up to 57.583%), followed
by potassium oxide, calcium oxide, chloride and magnesium oxide. Analysis by XRD
in the POFA was obtained a mineral that has the greatest is a sylvite with a 35.479%,
followed by quartz, anorthite, kaolinite, gypsum and calcite. The drilling mud mixed

with POFA showed a typical composition rich in silica, aluminium oxide,
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barium oxide, magnesium oxide and iron oxide. Meanwhile, the drilling mud mixed
with POFA testing with the XRD; giving results that mineral that has the greatest is
barite, followed by quartz, calcite, nacrite and tobermorite.

The SCBA contains a high amount of silica (Si0,) of 88.38% and very
small proportions of other chemical compositions. Meanwhile, the major minerals of
SCBA with the predominance of quartz (73.123%) and shows the amorphous silica
formation. The main chemical components of the drilling mud mixed with SCBA in
three temperatures have the cognate components dominantly are silica, aluminum
oxide, iron oxide, magnesium oxide and barium oxide. Testing by XRD, the drilling
mud mixed with SCBA provides results, that mineral which has the largest barite
followed by quartz, tobermorite, kaolinite, calcite and nacrite.

From XRF and XRD analysis, the drilling mud mixed with POFA and
SCBA was found to have an increase in magnesium oxide, kaolinite and tobermorite.
These increased was result in advocate increasing the strength of drilling mud, which
effects to the rheology properties. In addition, the results of chemical and mineral
analysis foundbat the temperature in the study, which does@®ot change the structure
of chemical and mineral-of drilling mud. Howeverythe @rlling mud after mixed with
these additives has changed the content of chemical and minerals that depended on
the mixed ratio.

5.2.2 Physical property

The density of drilling mud shows that the density slightly decreased
with an increase of temperature. The other noticeable effect is the increase in density
with increase in additive concentration for both mud (particle of POFA and SCBA

having a specific gravity to be in the range of 2.20-2.78). Comparison of POFA and
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SCBA indicated that a similar amount of density at 25 and 50°C, but POFA will give
a higher mud density than SCBA in all the concentration at 80°C. If the POFA was to
serve as weight control agent, 5%w/w of POFA at 25 and 50°C are recommended.
Moreover, it was observed that for weight control, 53%w/w of SCBA at 25°C can also
use as weight control agents as well.

The drilling mud mixed POFA and SCBA additives exhibited pseudo-
plastic flow and shear thinning fluid with flow behavior index less than 1. In terms of
several concentrations, increasing the POFA and SCBA concentration in base mud
gives rise to increasing the apparent viscosity, yield point, gel strength and as does
slightly increased the plastic viscositys When changing the temperature from 25 to
80°C, the apparent viscosity, vield point and gel strength of base mud mixed with
these additives increased with increasing temperature, while the plastic viscosity
slightly decreased with increasing temperature. At 1, 3 and 5%w/w of concentrations
of the rheological properties (apparent viscosity. plastie viscosity, yield point and gel
strength), the drilling mud mixed with POFA was generally greater than SCBA
throughout a témperature range. The drilling mud mixed witht3%w/w of POFA in all
ranges tested the teémperature; give appropriate rheelopgieal properties for water based
drilling mud.

Physical examination of the filtrate volume indicates that filtrate
volume and filter cake thickness increases as the concentration of these additives and
temperature increases. Comparison of 1, 3 and 5 the percentages of SCBA concentration
at all temperatures, which produced the least of filtrate volume and mud filter cake
thickness, demonstrated better filtration control characteristics than POFA and base

mud. At the temperature of 25°C, 1%w/w of SCBA, exhibited the best filtration
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control characteristics with minimal filtrate volume (18.50 ml) and thinner and
consistent mud filter cakes (1.44 mm). However, the thermal stability of the SCBA
mixed with drilling mud indicated that the SCBA additive could be used in a
subterranean well formation having the downhole temperature up to 80°C.

The result of pH in drilling mud mixed with POFA and SCBA was
decreased when an elevated temperature and additive concentration increase.
However, the pH of drilling mud and mud filtrate mixed with POFA at 25 and 50°C to
be lower than of the SCBA additive, except at 80°C. From the pH value, the
formulated drilling mud mixed with these additives is in an alkaline state. Thus,
POFA and SCBA were recommendedgas maintain the pH of the mud and hence can
be used without having any adverse effect on the equipment.

The resistivity of the drilling mud, mud filtrate and mud filter cake
decreased with increasing POFA eontent, SCBA content and temperature and it can
be implied that the resistivity of mud filtrate was more than the drilling mud and mud
filter cake, respectively. The results indicated that the drilling mud mixed with POFA,
it can be impli€d that the resistivity of drilling mud, mud filteate and mud filter cake
tended to become fess than the drilling mud mixed withySCBA. From an analysis to
improve efficiency the resistivity, which is the best 5%w/w of POFA at 80°C has an
excellent percentage.

The result indicates a significant increase in the solid content as the
additive concentration and temperature increase. For all of POFA compositions the
solid content to become less than the solid content of the drilling mud mixed with

SCBA. Thus, the POFA additive was an LGS is improving the rheological properties
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of drilling mud and it indicated a certain 1%w/w at 25°C of POFA can control
lowermost solid content.

The microstructure of base mud by using mud filter cake is
characterized shows uneven, a thin sheet of bentonite clay larger and smaller particles
of barite with the compactness of individual grains. The SEM image of POFA, it can
be seen that POFA contains round, irregular and angular shaped particles with some
of the particles are rounded and contiguous clusters. Meanwhile, the particle shape of
SCBA has an irregular shape with rough surfaces and small porous textures. The
particles in the SEM view of the mud filter cake after mixed with POFA observe the
fine particle of POFA into the gap between bentonite and barite, but rough particle
distributed on the surfaces of mud filter cakes, affect and engender to small pores
between particle. The morphology of the mud filter cake after mixed with SCBA;
mud filter cakes are dense on their surfaces and distribution of particles SCBA into
pores of mud filter cakes in tight connection with no big pores.

From ‘the physical properties test, it can be concluded that adding
POFA in drillitg mud can improve the property of density, theology, pH, resistivity
and solid content. Whilg,, adding SCBA in drilling*raud-¢anh improve the property of
density, rheology, filtration and pH. But in practice (in the field), there is a problem of
availability of POFA and SCBA. Owing to these additives used in the study were raw
materials obtained from the industry. It has not undergone the material preparation
process to make it available.

5.2.3 Cost analysis
Comparative cost of POFA and SCBA with other additives found that

the net cost of POFA and SCBA are expensive than chemical additives for viscosifier
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and fluid loss control agent. However, if the POFA and SCBA could be produced in
commercial, which it could be able to reduce the cost use these materials as additive
in drilling mud. Therefore, POFA was suitable to be additive in water based drilling
mud for rheological properties. Meanwhile, SCBA was appropriate to be additive in
water based drilling mud for fluid loss control properties and increased value to these

additives.

5.3 Recommendations

The research, experimental and results lead to recommendation area for
further studies including:

e Drilling mud mixed POEA and SCBA additives should be investigated
at the elevated temperature more than 80°C.

e POFA and SCBA additive goncentrations might be tested less than |
percent and mare than 5 percent.

e The dynamic filtration test should be performed to test under high
t€mperature and pressure that represents the/geal circulated borehole
condition.

e ‘The formation damage is concerned and should be measured due to
erodibility of mud filter cake these additive deposited are a presence.

e It should be investigated the drilling mud mixed other additives
integrating with POFA and SCBA for performing the specific physical

property.
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Using other ash additives comparisons with POFA and SCBA additive
for the utility of better efficiency, availability, better environmental
effects, and low cost factor.

Comparison the rheology properties between adding POFA or SCBA
and bentonite in drilling mud at the same concentration.

Cost comparison of materials should include material preparation
process, packaging, transport and other indirect materials.

The material should be most dried for an easier crush to fine particles

and sizes to less than 75 pm.
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Table A1 Compositions of drilling mud mixed with POFA and SCBA.

147

Temperature POFA SCBA
No. Base
(°C) (Yowliw) | (Yow/w)
1 25 100 g of barite and 60 g of bentonite - -
2 50 100 g of barite and 60 g of bentonite - -
3 80 100 g of barite and 60 g of bentonite - -
4 25 100 g of barite and 60 g of bentonite 1 -
5 25 100 g of barite and 60 g of bentonite 3 -
6 25 100 g of barite and 60 g of bentonite 5 -
2 50 100 g of barite and 60 g of bentonite I -
8 50 100 g of barite @nd 60 g of bentonite 3 -
9 50 100 g of barite and 60 g of bentonite 3 s
10 80 100 g of barite and 60 g of bentonite I -
11 80 100 g of barite and 60 g of bentonite 3 -
12 80 100 g-of barite and 60-g of bentonite 3 -
13 25 100 g of barite and 60 g of bentonite - 1
14 25 100 g of barite and 60 g of bentonite - 3
15 25 100 g of barite and 60 g of bentonite - 5
16 50 100 g of barite and 60 g ofbentGnite - |
17 50 100 g'ef barite and 60°'¢-of bentonite - 3
18 50 100 g of barite and 60 g of bentonite - 5
19 80 100 g of barite and 60 g of bentonite - |
20 80 100 g of barite and 60 g of bentonite - 3
21 80 100 g of barite and 60 g of bentonite - 5




Fann viscometer data and parameters for all tested.

Table A2 Water based drilling mud at 25°C (No.1).
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Reading | Reading | Reading | Reading | Average Y T
KM #1 #2 #3 #4 reading | (sec’') | (Iby/ft)
600 29 29 31 31 30.00 1021.8 | 32.034
300 20 21 22 22 21.25 5109 22.424
200 17 17 18 18 17.50 340.6 18.153
100 13 13 14 14 13.50 170.3 13.881
6 9 9 9 9 9.00 10.2 9.610
3 8 8 7 8 7.75 ol 7475
AV 14.5 14.5 15.5 15.5 15.0
PV 9.0 8.0 9.0 9.0 8.8
YP 11.0 13.0 13.0 13.0 12.5
Geliy 8
Gelyg 9
Table A3 Water baseddrilling mud at 50°C (No.2).
r— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading,| (sec”) | (Iby/ft?)
300 31 31 31 31 31.600 510.9 33.102
200 27 R 27 28 2750 | 340.6 | 28.831
100 23 23 23 23 23.00 170.3 24.559
6 17 18 18 17 17.50 10.2 18.153
3 14 14 14 14 14.00 5.1 14.949
AV 19.5 19.5 19.5 19.5 19.5
PV 8.0 8.0 8.0 8.0 8.0
YP 23.0 2340 23.0 23.0 23.0
Gels;; 13
Gelg 14




Table A4 Water based drilling mud at 80°C (No.3).
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— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 49 52 54 53 52.00 510.9 55.526
200 46 50 52 45 48.25 340.6 51.254
100 41 44 47 41 43.25 170.3 45915
6 1% 20 22 18 19.75 10.2 20.288
3 14 13 15 14 14.00 5.1 14.949
AV 27.5 28.5 29.0 29.5 28.6
PV 6.0 5.0 4.0 6.0 5.3
YP 43.0 47.0 50.0 47.0 46.8
Gel;y, 14
Gelyo 15

Table AS Water based drilling mud mixed with I percentage POFA at 25°C (No.4).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 o 31 31 30 31.00 5109 34.170
200 31 30 30 30 80.25 340.6 32.034
100 29 28 28 29 28.50 170.3 29.898
6 27 28 28 28 27.73 10.2 28.831
3 27 26 27 27 20575 5.1 27.763
AV 21.0 200 19.6 1935 20.0
PV 10.0 9.0 8.0 9.0 9.0
YP 22.0 22.0 23.0 21.0 22.0
Gel;, 23
Gelyg 29
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Table A6 Water based drilling mud mixed with 3 percentage POFA at 50°C (No.5).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 149 140 112 109 127.50 510.9 | 135.611
200 120 114 110 109 113.25 340.6 | 120.661
100 105 101 90 95 9775 170.3 103.577
6 55 57 42 60 53.50 10.2 56.593
3 45 47 37 35 41.00 5.1 43.780
AV 80.0 77.0 74.0 56.5 71.9
PV 11.0 14.0 36.0 4.0 16.3
YP 138.0 126.0 76.0 105.0 111.3
Gel;, 48
Gel g 60

Table A7 Water based drilling mud mixed with 5 percentage POFA at 80°C (No.6).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 132 132 140 159 140.75 5109 | 149.492
200 127 129 129 131 129.00 340.6 | 137.746
100 109 111 111 119 112.50 170.3 119.594
6 63 69 71 39 65.50 10.2 69.407
3 60 63 68 51 6O0N0 5.1 64.068
AV 74.5 778 Tiho 880 79.4
PV 17.0 23.0 15.0 17.0 18.0
YP 115.0 109.0 125.0 142.0 122.8
Gel;, 63
Gelg 68
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Table A8 Water based drilling mud mixed with | percentage POFA at 50°C (No.7).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 58 50 ] 58 35.75 510.9 58.729
200 50 49 57 58 53.50 340.6 56.593
100 47 48 33 55 50.75 170.3 53.390
6 43 40 43 45 42.75 10.2 44.848
3 38 39 37 39 38.25 5.1 40.576
AV 31.0 32.5 30.5 31.0 31.3
PV 4.0 15.0 4.0 4.0 6.8
YP 54.0 35.0 53.0 54.0 49.0
Gely, 39
Gelyo 40

Table A9 Water based drilling mud mixed with 3 percentage POFA at 50°C (No.8).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 153 143 140 150 146.50 510.9 | 155.899
200 123 139 126 ) Rl/7.50 340.6 | 135.611
100 90 102 90 102 96.00 170.3 102.509
6 44 48 44 48 46.00 10.2 49.119
3 31 39 31 39 3590 5.1 37.373
AV 78.5 79.0 78.9 790 78.8
PV 4.0 15.0 17.0 8.0 11.0
YP 149.0 128.0 123.0 142.0 135.5
Gel;, 53
Gelg 62
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Table A10 Water based drilling mud mixed with 5 percentage POFA at 50°C (No.9).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 253 255 247 237 248.00 5109 | 264.814
200 231 230 238 215 228.50 340.6 | 243.458
100 201 173 198 187 189.75 170.3 | 201.814
6 111 70 113 72 91.50 10.2 97.170
3 80 60 86 66 73.00 5.1 77.949
AV 131.5 136.0 127.5 127.5 130.6
PV 10.0 17.0 8.0 18.0 13.3
YP 243.0 238.0 239.0 219.0 234.8
Gely, 67
Gel g 80

Table A11 Water based drilling mud mixed with 1 percentage POFA at 80°C (No.10).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)

300 60 62 60 63 61.25 5109 65.136
200 52 61 29 62 58.50 340.6 61.932
100 50 58 57 38 55.75 170.3 58.729
6 44 49 50 52 48.73 10.2 51.254
3 48 31 50 45 43950 5.1 45915
AV 33.0 336 34.0 34.5 33.8

PV 6.0 5.0 8.0 6.0 6.3

YP 54.0 57.0 52.0 57.0 55.0

Gel;, 4]

Gelyg 45
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Table A12 Water based drilling mud mixed with 3 percentage POFA at 80°C (No.11).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 202 198 200 187 196.75 510.9 | 209.289
200 173 168 179 148 167.00 340.6 | 178.323
100 118 122 125 145 127.50 170.3 135.611
6 i 74 87 65 75.75 10.2 80.085
3 47 58 70 59 58.50 5.1 61.932
AV 106.0 102.5 104.0 102.5 103.8
PV 10.0 7.0 8.0 18.0 10.8
YP 192.0 191.0 192.0 169.0 186.0
Gely, 57
Gel g 66

Table A13 Water based drilling mud mixed with 5 percentage POFA at 80°C (No.12).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 282 280 285 279 281.50 510.9 | 300.052
200 268 265 270 250 263.25 340.6 | 280.831
100 245 247 240 227 239.75 170.3 | 255.204
6 130 78 97 9] 99.00 10.2 165.712
3 101 74 05 90 90,00 5.1 96.102
AV 147.5 1450 1475 1455 146.4
PV 13.0 10.0 10.0 12.0 11.3
YP 269.0 270.0 275.0 267.0 270.3
Gel;, 74
Gelyg 90
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Table A14 Water based drilling mud mixed with 1 percentage SCBA at 25°C (No.13).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 28 28 28 28 28.25 510.9 29.898
200 24 25 24 25 24.50 340.6 25.627
100 20 22 20 20 20.50 170.3 21.356
6 18 14 14 17 15.75 10.2 16.017
3 14 13 13 15 13.75 5.1 13.881
AV 19.0 19.0 19.0 19.0 19.0
PV 10.0 10.0 10.0 9.0 9.8
YP 18.0 [8.0 18.0 20.0 18.5
Gely, 15
Gel g 16

Table A1S Water based drilling mud mixed with 3 percentage SCBA at 25°C (No.14).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 o 33 R 34 33.00 5109 35.237
200 28 29 31 30 BY.50 340.6 30.966
100 24 26 25 27 25.50 170.3 26.695
6 19 22 19 21 20.23 10.2 21.356
3 17 17 18 19 7N 5.1 18.153
AV 22.0 220 Ot 219 21.6
PV 12.0 11.0 10.0 8.0 10.3
YP 20.0 22.0 23.0 26.0 22.8
Gel;, 20
Gelyg 21
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Table A16 Water based drilling mud mixed with 5 percentage SCBA at 25°C (No.15).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 36 38 35 35 36.00 510.9 38.441
200 31 33 30 34 32.00 340.6 34.170
100 26 29 23 30 27.50 170.3 28.831
6 18 23 19 28 22.00 10.2 23.492
3 17 22 16 21 19.00 5.1 20.288
AV 24.0 24.5 22.5 23.0 23.5
PV 12.0 11.0 10.0 11.0 11.0
YP 24.0 27.0 25.0 24.0 25.0
Gely, 23
Gel g 28

Table A17 Water based drilling mud mixed with 1 percentage SCBA at 50°C (No.16).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 34 ST 38 38 36.75 5109 38.441
200 32 35 32 38 34.25 340.6 36.305
100 29 33 29 33 31.00 170.3 33.102
6 24 29 23 29 26.23 10.2 27.763
3 23 25 22 28 24950 5.1 25.627
AV 145 218 Ofh 239 21.6
PV 5.0 6.0 7.0 8.0 6.5
YP 29.0 31.0 31.0 33.0 30.3
Gel;, 22
Gelyg 24
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Table A18 Water based drilling mud mixed with 3 percentage SCBA at 50°C (No.17).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 37 39 36 38 37.50 510.9 39.509
200 34 37 33 36 35.00 340.6 37373
100 31 34 30 35 32.50 170.3 34.170
6 24 29 26 29 27.00 10.2 28.831
3 24 27 23 32 26.50 5.1 26.695
AV 21.0 24.0 21.5 22.0 22.1
PV 5.0 9.0 7.0 6.0 6.8
YP 32.0 30.0 29.0 32.0 30.8
Gely, 27
Gel g 31

Table A19 Water based drilling mud mixed with 5 percentage SCBA at 50°C (No.18).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 4] <4 39 40 39.75 5109 41.644
200 34 36 35 39 36.00 340.6 38.441
100 33 34 31 35 33.25 170.3 35.237
6 26 28 28 31 28.25 10.2 29.898
3 25 29 24 28 26550 5.1 27.763
AV 24.5 238 2530 24.9 23.8
PV 8.0 8.0 7.0 8.0 7.8
YP 33.0 31.0 32.0 32.0 32.0
Gel;, 29
Gelg 32
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Table A20 Water based drilling mud mixed with 1 percentage SCBA at 80°C (No.19).

— Reading | Reading | Reading | Reading | Average Y T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 42 42 42 42 42.00 510.9 44.848
200 39 40 40 38 39.25 340.6 41.644
100 36 32 36 35 34.75 170.3 36.305
6 25 29 25 29 27.00 10.2 28.831
3 24 23 25 25 24.75 5.1 26.695
AV 24.5 23.5 24.0 24.0 24.0
PV 7.0 5.0 6.0 6.0 6.0
YP 35.0 37.0 36.0 36.0 36.0
Gely, 25
Gelyo 27

Table A21 Water based drilling mud mixed with 3 percentage SCBA at 80°C (No.20).

RPM Reading | Reading | Reading”| Reading | Average v T
#1 #2 #3 #4 reading | (sec) | (Ibg/fth)
300 49 50 50 49 49.50 5109 52.322
200 45 48 49 45 46.75 340.6 49.119
100 42 45 43 41 42.75 170.3 44.848
6 32 33 39 29 33.23 10.2 35.237
3 29 30 35 29 3ONTS 5.1 32.034
AV 28.0 2840 28.0 %P 27.9
PV 7.0 6.0 6.0 6.0 6.3
YP 42.0 44.0 44.0 43.0 43.3
Gel;, 27
Gelyg 29
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Table A22 Water based drilling mud mixed with 5 percentage SCBA at 80°C (No.21).

- Reading | Reading | Reading | Reading | Average v T
#1 #2 #3 #4 reading | (sec’) | (Iby/ft)
300 55 51 53 51 5250 510.9 55.526
200 52 50 46 51 49.75 340.6 52,322
100 40 46 43 50 44.75 170.3 46.983
6 30 35 31 45 35.25 10.2 37.373
3 28 30 30 40 32.00 5.1 34.170
AV 31.0 29.0 30.0 28.5 29.6
PV 7.0 7.0 7.0 6.0 6.8
YP 48.0 44.0 46.0 45.0 45.8
Gel;, 30
Gelyo 40
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API static filtrate loss and mud filter cake thickness data for all tested

Table A23 Water based drilling mud in 25, 50 and 80°C.

Filtrate loss (ml)

No- 1 min 4 min 9 min 16 min 25 min 30 min
I 2.25 6.50 9.50 14.50 18.00 19.75
2 2.75 7.25 10.50 15.50 18.75 21.25
3 3.75 7.50 11.75 17.50 20.75 23.25

Table A24 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 25°C.

Filtrate loss (ml)

No- Imin | 4min | 9min | 16min | 25min | 30 min
4 3.00 7.50 12.00 16.75 21.25 23.50
5 6.25 14.00 21,50 29.75 37.00 40.50
6 {955 24,75 37.50 50.25 63.75 69.50

Table A25 Water based drilling mud mixed with |, 3 and 5 percentage POFA at 50°C.

Filtrate loss (ml)

No- I min/ ¢ 4niin. | 9min ~-16min | 25min | 30 min
7 3.50 8.00 12.50 17.25 22.50 24.50
R 6.75 15.25 23.00 31.25 39.25 43.00
9 13.25 27.25 41.50 55.75 69.75 76.25
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Table A26 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 80°C.

Filtrate loss (ml)

No- Imin | 4min | 9min | 16min | 25min | 30 min
10 4.25 9.50 14.75 20.00 25.00 27.75
¥ 8.25 16.50 25.25 34.00 42.50 46.50
12 14.75 31.00 47.25 60.50 76.00 83.00

Table A27 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 25°C.

Filtrate loss (ml)

= 1 min 4 min 9 min 16 min 25 min 30 min
13 2.00 5.70 9.40 13.00 16.75 18.50
14 225 503 9.50 13:25 17.00 18.75
15 2.50 6.00 10.00 13.75 17.25 19.25

Table A28 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 50°C.

Filtrate loss (ml)

No- I min 4 min 9min | 16min .| 25min | 30 min
16 2.30 6.20 10.00 14.00 18.00 19.50
17 2.49 6,50 16.50 4,50 18.50 20.00
18 2.50 6.80 10.75 15.00 19.00 21.00

Table A29 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 80°C.

Filtrate loss (ml)
No- 1 min 4 min 9 min 16 min 25 min 30 min
19 2.60 7.00 11.00 15.50 19.50 21.50
20 3.00 7.50 11.50 15.75 175 21.75
21 3.25 7.75 12.00 16.50 20.50 22.50




Table A30 Water based drilling mud in 25, 50 and 80 "C.
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Mud filter cake thickness (mm)

No. i 5 5 Average (mm)
| 1.84 1.88 1.78 1.83
2 2.16 2.20 2.36 2.24
3 2.34 262 2.66 2.54

Table A31 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 25°C.

Mud filter cake thickness (mm)

No. Average (mm)
#1 #2 #3
4 2.50 2.94 2.78 2.74
5 3.02 3.00 3.04 3.02
6 4.72 5.30 5.06 503

Table A32 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 50°C.

Mud filter cake thickness (mm)

No. Average (mm)
#1 #2 #3
7 3.16 3.44 2.80 3.13
8 o4 .90 340 3.65
9 5.12 4.60 5.64 5.12

Table A33 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 80°C.

Mud filter cake thickness (mm)

No. Average (mm)
#1 #2 #3

10 3.40 3.36 3.60 3.45

11 3.54 3.70 4.14 3.79

12 5.48 522 5.10 5.27
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Table A34 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 25°C.

Mud filter cake thickness (mm)
No. Average (mm)
#1 #2 #3
13 1.44 1.48 1.40 1.44
14 1.62 1.74 1.72 1.69
15 1.58 1.88 1.70 1.72

Table A35 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 50°C.

Mud filter cake thickness (mm)

No. Average (mm)
#1 #2 #3

16 1.80 1.82 1.76 1.79

17 1.88 1.70 1.82 18.0

18 1.90 1.86 2.10 185

Table A36 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 80°C.

Mud filter cake thickness (mm)

No. Average (mm)
#1 #2 #3

19 2.06 2.00 2.08 2.05

20 M5 2.06 A 2.15

2] 2.30 2.24 2.48 2.34
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Hydrogen ion concentration data for all tested

Table A37 Water based drilling mud in 25, 50 and 80°C.

pH reading
No. Sample Average
#1 #2 #3
Mud 10.32 10.35 10.36 10.34
! Mud filtrate 10.17 10.18 10.16 10.17
Mud 10.20 10.27 10.30 10.26
’ Mud filtrate 10.07 10.08 10.08 10.08
Mud 10.12 10.14 10.15 10.14
’ Mud filtrate 9,99 10.04 10.02 10.02

Table A38 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 25°C.

pHreading
No. Sample Average
#1 #2 #3
Mud 10.69 10.70 10.68 10.69
! Mud filtrate 10.56 10.57 10.58 10.57
Mud 10.59 10.54 10.57, 10.57
’ Mud filtrate 10.52 10.52 10.52 10.52
Mud 10.51 16.31 10.51 [0:51
° Mud filtrate 10.47 10.47 10.46 10.47
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Table A39 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 50°C.

pH reading
No. Sample > 2 s Average
Mud 10.57 10.58 10.58 10.58
! Mud filtrate 10.54 10.53 10.52 10.53
Mud 10.45 10.44 10.44 10.44
° Mud filtrate 10.43 10.43 10.42 10.43
Mud 10.40 10.39 10.40 10.40
’ Mud filtrate 10.41 10.41 10.40 10.41

Table A40 Water based drilling mud mixed with 1, 3 and 5 percentage POFA at 80°C.

pH reading
No. Sample Average
#1 #2 #3

Mud 10.52 10.49 10.52 10.51
10 Mud filtrate 10.50 10.48 10.53 10.50

Mud 10.39 10.37 10.38 10.38
! Mud filtrate 10.36 10:39 10.37 10.37

Mud 10.36 10.32 10.32 10.33
2 Mud filtrate 10.35 10.32 10.80 10.32
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Table A41 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 25°C.

pH reading

No. Sample > 2 s Average
Mud 10.74 10.74 10.73 10.74
. Mud filtrate 10.61 10.61 10.60 10.61
| Mud 10.60 10.60 10.60 10.60
. Mud filtrate 10.55 10.55 10.53 10.54
Mud 10.49 10.43 10.40 10.44
P Mud filtrate 10.31 10.32 10.32 10.32

Table A42 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 50°C.

pH reading
No. Sample Average
#1 #2 #3

Mud 10.72 10.72 10.72 10.72
10 Mud filtrate 10.61 10.60 10.57 10.59

Mud 10.58 10.58 10.57 10.58
v Mud filtrate 10.53 10.52 10.51 10.52

Mud 10.34 10.30 10.28 10.31
¢ Mud filtrate 10.19 10.16 1048 10.18
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Table A43 Water based drilling mud mixed with 1, 3 and 5 percentage SCBA at 80°C.

pH reading
No. Sample > 2 s Average
Mud 10.66 10.66 10.66 10.66
" Mud filtrate 10.55 10.54 10.52 10.54
R Mud 10.45 10.42 10.40 10.42
20 Mud filtrate 10.42 10.42 10.43 10.42
Mud 10.23 10.16 10.12 10.17
°! Mud filtrate 10.11 10.11 10.10 10.11




Resistivity data for all tested

Table A44 Water based drilling mud at 25°C (No.1).
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Temperature #1 #2 #3 Average
Sample .
(F) (£2.m) (£2.m)
Mud 79.4 4.65 4.64 4.63 4.64
Mud filtrate 81.8 5.81 5.80 5.80 5.80
Mud filter cake 81.3 3.70 3.74 3.70 3.71
Table A45 Water based drilling mud at 50°C (No.2).
Temperature #1 #2 #3 Average
Sample
('F) (Q2.m) (Q2.m)
Mud 81.5 4.41 4.42 4.44 4.42
Mud filtrate TP 567 5.65 5.64 5.65
Mud filter cake 79.5 3.48 3.49 3.49 3.49
Table A46 Water based drilling mud at 80°C (No.3).
Temperature #1 #2 #3 Average
Sample .
K (Qan) (Q2.m)
Mud 30.8 4.37 438 4.39 438
Mud filtrate 80.2 555 5.56 557 5.56
Mud filter cake 80.8 3.37 3.35 3.32 3.35
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Table A47 Water based drilling mud mixed with 1 percentage POFA at 25°C (No.4).

Temperature #1 #2 #3 Average
Sample )
(P (€2.m) (€2.m)
Mud 75.8 2.44 2.38 231 2.38
Mud filtrate 74.7 2.82 2.82 2.82 2.82
Mud filter cake 75.6 2.88 2.86 2.09 2.61

Table A48 Water based drilling mud mixed with 3 percentage POFA at 25°C (No.5).

Temperature #1 #2 #3 Average
Sample
(’F) (©2.m) (£2.m)
Mud 75.6 .19 1.25 1.21 1.22
Mud filtrate 73.1 1.29 1.28 1.33 1.30
Mud filter cake 1.3 1.09 1.09 1.13 1.10

Table A49 Water based drilling mud mixed with 5 percentage POFA at 25°C (No.6).

Temperature #1 #2 #3 Average
Sample /
('F) (2.m) (2.m)
Mud 78.6 1.06 1.04 1.06 1.05
Mud filtrate 7563 0.84 021 0.81 0.82
Mud filter cake 76.8 1.11 1.10 1.07 1.09

Table A50 Water based drilling mud mixed with 1 percentage POFA at 50°C (No.7).

Temperature #1 #2 #3 Average
Sample .
(F) (£2.m) (£2.m)
Mud 782 1.94 1.96 1.89 1.93
Mud filtrate 75.5 2.50 249 2.49 2.49
Mud filter cake 74.6 2.09 2.50 2.37 232
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Table A51 Water based drilling mud mixed with 3 percentage POFA at 50°C (No.8).

Temperature #1 #2 #3 Average
Sample )
(P (€2.m) (€2.m)
Mud 76.0 1.06 1.06 1.08 1.07
Mud filtrate 74.2 1.29 1.27 1.21 1.26
Mud filter cake 76.8 1.08 1.09 1.09 1.09

Table AS2 Water based drilling mud mixed with 5 percentage POFA at 50°C (No.9).

Temperature #1 #2 #3 Average
Sample
(’F) (©2.m) (£2.m)
Mud 77.6 0.95 1.04 1.06 1.02
Mud filtrate 74.2 0.81 0.80 0.79 0.80
Mud filter cake 75.1 0.98 0.97 0.97 0.97

Table A53 Water based drilling mud mixed with 1 percentage POFA at 80°C (No.10).

Temperature #1 #2 #3 Average
Sample /
('F) (2.m) (2.m)
Mud 84.3 1F5% 1.43 1.48 1.49
Mud filtrate a6 2.19 (¥ 2.33 2.28
Mud filter cake 76.8 1.98 1.97 1.99 1.98

Table A54 Water based drilling mud mixed with 3 percentage POFA at 80°C (No.l1).

Temperature #1 #2 #3 Average
Sample .
(F) (£2.m) (£2.m)
Mud 82.1 0.93 0.93 1.01 0.96
Mud filtrate 77.3 1.10 1.09 1.10 1.10
Mud filter cake 76.8 1.05 1.06 1.06 1.06
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Table AS5 Water based drilling mud mixed with 5 percentage POFA at 80°C (No.12).

Temperature #1 #2 #3 Average
Sample )
(P (€2.m) (€2.m)
Mud 7193 0.81 0.83 0.83 0.82
Mud filtrate 75.4 0.73 0.75 0.73 0.74
Mud filter cake T2 0.93 0.94 0.92 0.93

Table A56 Water based drilling mud mixed with 1 percentage SCBA at 25°C (No.13).

Temperature #1 #2 #3 Average
Sample
(’F) (©2.m) (£2.m)
Mud 77.7 4.80 4.78 4.84 481
Mud filtrate 5.7 5.73 5.5 5.74 5.74
Mud filter cake 76.0 3.60 3.54 3:55 3.56

Table A57 Water based drilling mud mixed with 3 percentage SCBA at 25°C (No.14).

Temperature #1 #2 #3 Average
Sample /
('F) (2.m) (2.m)
Mud 76.2 4.76 4.74 4.81 4.77
Mud filtrate 7443 5.67 339 5.56 5.61
Mud filter cake 73.4 3.47 3.54 3.58 3.53

Table A58 Water based drilling mud mixed with 5 percentage SCBA at 25°C (No.15).

Temperature #1 #2 #3 Average
Sample .
(F) (£2.m) (£2.m)
Mud 76.1 4.53 4.45 4.63 4.54
Mud filtrate 77.0 4.86 4.82 4.87 4.85
Mud filter cake 76.6 3.35 3.35 3.35 3.35
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Table A59 Water based drilling mud mixed with 1 percentage SCBA at 50°C (No.16).

Temperature #1 #2 #3 Average
Sample )
(P (€2.m) (€2.m)
Mud 79.2 4.88 4.68 4.68 4.75
Mud filtrate 76 5.69 569 5.69 569
Mud filter cake 72.0 3.42 3.42 3.43 3.42

Table A60 Water based drilling mud mixed with 3 percentage SCBA at 50°C (No.17).

Temperature #1 #2 #3 Average
Sample
(’F) (©2.m) (£2.m)
Mud 80.0 433 4.39 4.39 4.37
Mud filtrate 76.7 3.5 5.32 532 5.32
Mud filter cake 76.5 37 3.37 3537 3.37

Table A61 Water based drilling mud mixed with 5 percentage SCBA at 50°C (No.18).

Temperature #1 #2 #3 Average
Sample /
('F) (2.m) (2.m)
Mud 80.1 4.21 4.23 4.24 4.23
Mud filtrate 7616 4.70 469 4.70 4.70
Mud filter cake 72.1 3.22 3.22 3.23 3.22

Table A62 Water based drilling mud mixed with 1 percentage SCBA at 80°C (No.19).

Temperature #1 #2 #3 Average
Sample .
(F) (£2.m) (£2.m)
Mud 80.6 4.50 4.46 4.50 4.49
Mud filtrate 77.0 5.48 5.47 5.47 5.47
Mud filter cake .7 3.28 3.34 332 3.31
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Table A63 Water based drilling mud mixed with 3 percentage SCBA at 80°C (No.20).

Temperature #1 #2 #3 Average
Sample )
(P (€2.m) (€2.m)
Mud 78.3 4.24 4.25 4.26 4.25
Mud filtrate 74.6 3.16 5.15 3.19 5.17
Mud filter cake 76.6 3.12 3.09 3.11 3.11

Table A64 Water based drilling mud mixed with 5 percentage SCBA at 80°C (No.21).

Temperature #1 #2 #3 Average
Sample
(’F) (©2.m) (£2.m)
Mud 79.6 4.14 4.17 421 4.17
Mud filtrate 75.1 4.45 4.48 4.53 4.49
Mud filter cake 74.0 3.06 3.06 3.06 3.06




Solid content data for all tested

Table A65 Solid contents all drilling mud.

Average solid content

No. Solid (%) Water (ml)
| 7.76 28.0
2 8.84 45.5
3 0.48 455
4 2.68 48.5
5 482 23.0
6 5.92 43.0
7 394 23.0
8 5.18 47.5
9 7.16 47.5
10 4.40 48.0
I 5.76 28.0
12 7.62 41.0
13 7.58 46.0
¥4 8.12 45.5
5 8.97 22.5
16 817 20.0
17 9.00 16.0
18 10.00 44.0
19 8.67 45.0
20 9.99 14.0
21 11.04 45.0
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Figure A4 XRD pattern of water based drilling mud mixed with 1 percentage of POFA at 25°C (No.4).
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Figure AS XRD pattern of water based drilling mud mixed with 3 percentage of POFA at 25°C (No.5).
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Figure A6 XRD pattern of water based drilling mud mixed with 5 percentage of POFA at 25°C (No.6).
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Figure A7 XRD pattern of water based drilling mud mixed with 1 percentage of SCBA at 25°C (No.13).
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Figure A8 XRD pattern of water based drilling mud mixed with 3 percentage of SCBA at 25°C (No.14).
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Figure A9 XRD pattern of water based drilling mud mixed with 5 percentage of SCBA at 25°C (No.15).
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