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Summary

Nowadays, increasing demand on petroleum resources and depletion of easy accessible
reservoirs result in exploration of challenging reservoirs. Drilling of deeper reservoirs is an
important part of this challenge where increasing the well depth and harsh drilling
circumstances arises torque and drag problems and “smart drilling fluids™ are required to
overcome such problems. These fluids can be obtained by using of some nano-materials to
improve the tasks and features of drilling fluids. Use of the nanoparticles are promising and
adding them into the drilling fluids can solve some problems during drilling such as lost
circulation, pipe sticking, thermal instability, torque and drag and etc. In this work,
improvement of lubrication behavior of drilling fluids are mainly investigated by adding

nanoparticles into the oil-based mud (OBM).

Tribological and rheological experiments were conducted to examine reduced friction and
rheology of the mud by using titania and silica nanoparticles as an additive. Additionally, silica
microparticles were also tested to compare with nanoparticles and to highlight the advantages
of using drilling fluids with the nano-scale additive. Different particle concentrations were
tested at the different temperatures to observe the effect of nanoparticle added fluids on
rheological and tribological properties. The main purpose of this work is to determine right

type of nanoparticles with optimum concentrations.

In this thesis, rheological and tribological measurements were conducted on a modular compact
rheometer (MCR). Afterwards, only tribological measurement was performed on standardized
in-on-disk apparatus to validate the results acquired from MCR. The tribology experiments
with the MCR and pin-on-disk (POD) apparatus were performed using rotational ball sliding
on sample plates and disks, accordingly. While viscometer measurements with the MCR were
done based on the function of the Fann viscometer.

According to the experimental results, titania and silica added nanoparticles showed good
reduced friction properties. Especially, silica nanoparticle added fluids with the concentration
of 0.25 weight% reduced friction coefficient by 47% at the temperature of 50°C. It is also found
that silica nanoparticles are more effective in reducing the friction coefficient when it is

compared to silica micro-particles. Additionally, coupling effect theory between temperature



and nanoparticles was prove with addition of nanoparticles (NPs) to the OBM. As further study,
optical 3D confocal microscope was used and OBM was found better lubrication than water-
based mud (WBM) as a drilling fluid.
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Chapter 1. Introduction

1. Introduction

In extended and horizontal well drilling, one of the key factors that limits the well length is the
torque and drag between the drillstring and wellbore. This results in decreased drainage
efficiency of oil reservoirs. High friction can cause increase in hookload during tripping out
which leads to reduction in the equipment life and essentially a decrease in the well length.
There are several innovative mud systems that have been applied to combat these problems in
completion and drilling engineering. One of these innovative mud systems is nanofluid where
nanoparticles (NP) are added to the drilling fluid [1].

Application of nanotechnology in the oil industry, especially for enhanced oil recovery (EOR)
and drilling can be beneficial in the wettability alteration, in forming binders for sand

consolidation and in drag reduction [2] [3].

There have been a large number of papers describing and investigating tribological properties
of lubricants with the addition of nanoparticles where significant reduction in friction and wear
was reached. The friction reduction and lubrication behaviors depend on the properties of
nanoparticles in terms of the shape, the size and the concentration in the tested fluids. The size
of the nanoparticles generally ranges between 1-120 nm [4].

This thesis is based on the thesis work performed by C. Jahns in 2014: “Friction reduction by
using Nano-Fluids in Drilling”. In that thesis work, tribological measurements were performed
with nanoparticles contained water-based mud (WBM) to measure the friction and lubrication
properties of the WBM. Silica, titania and alumina were the nanoparticles used in the
experimental phase. Based on the results of the experiments, alumina showed limited efficiency
on lubrication behavior, whereas, titania and silica nanoparticles showed significant reduction
in friction between steel surfaces. Since WBM is more environmental friendly it is usually the
preferred drilling fluid. However, with increasing wellbore depth, torque and drag problems
arise and, the ability to use WBM is decreased and as a result, oil-based mud (OBM) is used to
drill further.

Therefore, the main motivation of this work is to investigate tribological properties of OBM
with and without nanoparticles, called silica and titania with 40-60 nm particle size. In
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addition, micro-silica with 300 nm particle size were added to the drilling fluid to compare
with the NPs contained OBM.

Further investigations were performed using an optical 3D confocal microscope to interpret the
feasible mechanisms of wear and lubrication with tested nanoparticles and to extract some
parameters for loss volume calculations in the disk. Moreover, the effect of temperature on the

rheology of tested fluids were investigated.

Tribology measurements were performed by using a modular compact rheometer (MCR) and
pin-on-disk (POD) apparatus. Firstly, wear and friction properties were measured by MCR with
the tribology measuring cell and then based on the results of the MCR apparatus tribology tests
were planned for the pin-on-disk (POD) apparatus. Rheological behavior of the tested fluids
were examined with the modification of MCR.

The main purpose of this thesis is to investigate reduction in wear and friction, and increase in
lubrication behavior of the OBM with the optimum concentration of different types of

nanoparticles in a specific temperature.

The first step is to conduct literature review about the basics of the tribology and rheology as
well as more main aspects related to this work. Thereafter, planning an experimental
investigations, installation and procedures of MCR and pin-on-disk (POD) apparatus will be
presented. Finally, the results will be outlined and importance of using nanoparticles in the

drilling fluids will be mentioned.



Chapter 2. Theory

2. Theory

A drilling fluid, sometimes referred to as the drilling mud, is a fluid used in a drilling operation.
It is pumped down from the surface through the drill string and the drilling bit and back to the
surface through the annular space [5]. Figure 2.1 illustrates the drilling mud circulation process.

Figure 2.1: Drilling fluid circulation [6].

In order to drill the oil well successfully drilling mud must carry out several:

e to carry cuttings out of the hole,

e to maintain the hydrostatic pressure in the wellbore to drill ahead,
e to clean and cool the drill bit,

e to suspend cuttings when the circulation is immobile,

e to prevent formation damage,

e to give information from downhole to the surface,

e to prevent extreme mud loss by a forming filter cake and

e to reduce friction between the side of the hole and the drill string [5][7].

3
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A drilling fluid is a complex mixture and contains different type of additives. The type and
concentration of these additives depend on the type of drilling methods and reservoirs to be
drilled. The drilling fluids can be widely classified as oil-based mud (OBM), water-based mud
(WBM), synthetic-based mud (SBM), emulsions, air form fluids and so on [8]. Moreover, some
additives and viscosifiers are added to the base fluid to obtain proper viscosity and some other
parameters which help to fulfill drilling fluids’ functions.

As mentioned in the work done by Amanullah et al., (2009) [9], “industry is looking for
mechanically strong, physically small, chemically and thermally stable, biologically
degradable, environmentally benign chemicals, polymers or natural products for designing
smart fluids to use virtually in all areas of oil and gas exploration and exploitation.” In the last
decade nanotechnology was presented as a new concept which may have potential
improvements in different fields. For example, applications of NPs as a new type of additive
in the OBM has received remarkable interest and has inspired to more research and
experimentation [10]. A more thorough description of nanoparticles can be found in section
2.3.

2.1. Basics of tribology

Extended reach drilling (ERD) is one of the important progress in drilling. One of the important
factor is friction that plays a main role here, both related to the completion and the drilling
stage of the well [11]. Basically friction is created when the elements move relative to each
other and obtain drag force. Friction, wear and lubrication are the main part of science termed
Tribology. The meaning of tribology comes from the Greek word ‘tribos’ which refers to the
sliding or rubbing. The fundamental concept of the tribology is the best controlled friction and
wear with a thin layer between the materials created by rolling, sliding and impacting bodies.
There is nearly no limitation on the type of material which can form such a film. If the film is
not provided then wearing process creates a substitute film. The purpose of tribology is either
to provide optimum film for a specific application or to anticipate the series of events when
rolling, sliding and impacting contact remained to create its own intervened film [12].
Tribological design and choice of materials play important roles in the drilling and completion

operations. There are some parameters that have an effect on the tribological behavior [13]:

e size/shape/concentration/solidness of the particles,

e the forces used over the materials,
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e wear modes,
e the time interval of contacted materials and

e type of fluids used in drilling.

In the following subsections tribological parameters such as wear and lubrication will be briefly
outlined.

2.1.1. Wear modes

Wear is defined as a removal of material from one body when exposed to a contact and a
relative motion with another body. These are the following primary wear modes [14]:

e Adhesive wear
e Abrasive wear
e Fretting corrosion
e Erosive wear and

e Fatigue wear [14].

Adhesive wear is characterized as a very serious type of wear and this wear is described as high
wear rates and unstable friction factor. Abrasive wear happens when the harder material
scratches the softer material and creates mass and volume loss on the softer material [12][14].
This type of wear is very important because sliding and impact movement is common during

drilling [13]. Figure 2.2 illustrates different mechanisms of abrasive wear.
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—— = Dhirection of abrasion # Direction of abrasion
‘_\ / —
>
" —
a) Cutting b) Fracture
# Direction of abrasion ——— = Direction of abrasion

- —
&L—A\/ “ > \/
— e —
— Grain about
Repeated deformations by subsequent grits N to detach

c) Fatigue by repeated ploughing d) Grain pull-out

Figure 2.2: Abrasive wear mechanisms [12].

Fretting wear is characterized as a repetition of cyclical rubbing between two surfaces and this
causes removal of material from either one or both surface in contact over an interval of time
[14]. Erosive wear is described as an overly short sliding movement and is carried out during
a short time frame. When the intervening films are partly active then milder types of wear take
place and these are generally generated by fatigue process as a result of repletion of stresses
under either rolling or sliding. This types of wear can be called fatigue wear. There is another
types of wear called corrosive and oxidative wear. The basic characteristic of these types of
wear is a concurrent chemical reaction between a corroding medium and the worn material.
This wear is common term referring to any type of mechanical wear that is related to a chemical

or corrosive process [12].

2.1.2. Lubrication

As outlined before when two bodies are in contact by sliding, rolling or separating with respect
to each other friction force is generated at their interface in the opposite direction of their
movement. This force is generally accompanied by wear which means removal of the material
from either from one body or both of the contacting surfaces. The process that minimizes the
wear and friction is called lubrication [15]. Oil viscosity plays primary role in the lubrication.
Depending on the different types of oil have different lubrication effects. Additionally, oil

viscosity is generally proportional to the temperature, pressure and shear rate and the thickness

6
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of the oil film. It is obvious that more viscous oil can generate better lubrication effect. Thus,
the film created between bodies can be thicker and a better separation in the contacted surfaces
can be obtained. However, this is not always the case, thus more viscous oil requires more
power to be sheared. As a result, more power and heat is created causing a substantial
temperature increase in the surfaces which may result in the failure of the component. In
general, oil viscosity is used to give optimum performance regarding the required temperature,
since the viscosity is temperature dependent which means viscosity of different oils changes at
different rates regarding temperature. The velocities of the operating surfaces also have an
impact on the viscosity. For this reason, knowing the viscosity features of a lubricant is very

important in designing and in the prognosis of the behavior of a lubricated system [12].

NPs are new type of additives added to the drilling fluids to improve lubrication effect and to
reduce friction between the metal surface and the hole. More about the viscosity and other

features of the drilling fluids and NPs will be discussed in the following sub-chapters.

2.2.  Rheology of drilling fluids

Rheology is defined as the science of flow properties and the deformation of matter. Rheology
of fluids measures viscosity, elasticity and yield point [16]. Basically, the deformation of fluids
can be explained by two parallel separated plates regarding some distance as illustrated in

Figure 2.3.
Laming of fowr :
whih successlvaiy . Moving plate
ngher veloiies -
- Fluid
Stationary plate

Figure 2.3: Fluid deformation by simple shear [17].

When an applied force (F), acting over an area (A), results in the sliding of the layers in relative
to each other which causes resistance or frictional drag force in the opposite direction of these

plates. This resistance is termed shear stress (t) and it is expressed as following equation:
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F
T2 (2.1)

Shear rate (y) is defined as the rate of change of velocity at which one layer of fluid passes over
the adjacent layer. Sometimes, shear rate can be defined as velocity gradient and

mathematically expresses as following equation:

_ velocity dif ference

(2.2)

distance

Fluid behavior is defined according to the relationship between the shear stress and the shear
rate. If the relationship between the shear stress and the shear rate is linear i.e. if the shear rate
increases two times then shear stress will increase two times then this type of fluids is called
Newtonian fluids. If the relationship between shear stress and shear rate is not linear i.e. if the
shear stress does not increase in direct proportion to the shear rate then this type of fluids is
called non-Newtonian fluids. In drilling, most of the drilling fluids follow non-Newtonian fluid

characteristics [17].

2.2.1. Viscosity

Viscosity (l) is a resistance of the fluid to flow. For Newtonian fluids the viscosity is defined
as a ratio of shear stress to shear rate. Mathematically, the viscosity of the Newtonian fluids is:

_z
H=7 (2.3)

As described before, relationship between shear rate and shear stress is linear. So, for
Newtonian fluids the viscosity is always constant and it is the only parameter required to
characterize properties of the flow. Whereas, for the non-Newtonian ones, the dependency
between shear stress and shear rate is not constant and is defined as the effective viscosity. The
effective viscosity is low with high shear rates and vice versa. This phenomena is called shear
thinning and this behavior of the drilling fluids is very desirable i.e. gel structure will be formed
with low shear rates which leads to cuttings to be suspended in the mud and this gel is broken
with increasing shear rates. This process helps to clean cuttings out of the hole [17]. Nowadays,

the following non-Newtonian models are mostly applied to drilling fluids [16].

¢ Bingham plastic model,
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e Power law model and

e Herschel and Bulkley model.

For Newtonian model one constant is enough to determine the model by using equation (2.3).
The Bingham or the Power law model expresses the rheology of the simple fluid composition.
2 data points are required to determine the Bingham and the Power low models because of two
unknowns in the equation. These unknowns can be found by using the following equation (2.4)

and (2.6), respectively:
T =10+ 1y (24)

Where, pp,; and t, are the plastic viscosity and yield point (gel strength) of the fluid,

respectively and pp,; can be found by using equation (2.5):

__ Te00 — T300 (2.5)
Upr = ——————
Ye600-Y300
T=Ky" (2.6)

Where, K- consistency index, n - flow behavior index

The constants of Power low, n and K are found by the equation (2.7) and (2.8):

n = logteoo — logTsoo
10gY ¢ 00109V 300 (2.7)

T

K=y (28)

In high pressure and high temperature (HPHT) conditions and in some other conditions such
as the narrow pressure window is established high demand drilling fluids are required. Thus,
complex fluid rheology model for instance Herschel Bulkley model is investigated. Because of
the three unknown variables in the equation (2.9), three data points are required to define this
model [16].

T=19+Ky" 2.9)

The yield point can be assumed equal to 3 Pa or can be calculated graphically. The variable K

can be calculated by equation (2.10) after obtaining n from the graph slope [16].
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T —Tp

K=—2—"09
ynz - yno (210)

Figure 2.4 illustrates flow curves of fluids rheological models described above. In drilling, first,
drilling fluid is prepared and plotted, then, proper rheological model is applied to the fluid to

predict fluid properties in specific conditions.

Newtonian Model Power Law Model
Shear Shear
Stress stress
T T
>
Shearrate v Shear rate
Bingham Plastic Model Herschel-Bulkley Model
Shear Shear
stress strass
T T
> -
Shear rate v Shear rate 4

Figure 2.4: Rheological models of the fluids, modified after [18].

Every additive including NPs in the drilling fluids have their impact on the rheological behavior
of the fluid. In this thesis, optimum particle concentration shall be found to reduce friction in
the wellbore. For this reason, volume fraction of the NP have to be carefully analyzed to

minimize their effect over viscosity [13].

2.3. Nanoparticles

Over last decade, application of nanotechnology in different industries such as electronics,
medicine, biomaterials and renewable energy production has already brought new
technological advances [2] . Due to the greater risk and high cost of adapting new technologies,

the application of NPs is in its infancy in the petroleum industry. Based on the results in the
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lab experiments and papers, nanotechnology can improve global recovery factor of oil and gas
by 10% and application of nanotechnology in the petroleum industry is very expected in the
near future [19][3].

Application of nanotechnology can revolutionize the behavior and characteristics of the
additive by setting particle properties to accomplish particular operational, technical and
environmental requirements. Since preparation some tailored made NPs by the
nanotehcnological research can be promising step for the “smart fluids” development for EOR
and drilling [9]. The diameter of the NPs are commonly in a range of 1 to 100 nm size, can
have many special characteristics and can be created in various ways. These particles are great
scientific point of interest which they can effectively bridge bulk material and molecular or

atomic structures [19].

By adding of NPs, the properties of the base fluid can be tuned to the optimum level. Basically,
these particles are in a suspension form in the liquid phase (oil, water or conventional fluid
mixture) in the low volumetric fractions. Using the NPs in the design of such fluids are
preferably inorganic with properties of no aggregation or dissolution in the liquid environment.
Nano-based fluids can be designed to be compatible with reservoir fluids and they are
environmentally friendly. Recent experiments already showed that these “smart fluids” can be
promising in drilling by adding benefits such as advanced drag reduction, an alteration of
wettability, binder for sand consolidations and reducing interfacial tension [3]. Furthermore,
NPs contained fluids can be beneficial in some other drilling problems such as borehole
instability, lost circulation, pipe sticking problems and gumbo and bit balling. To be relevant

to this thesis work friction reduction between drill string and borehole shall be discussed.

2.3.1. Torque and drag

Nowadays, torque and drag problems are arisen rapidly while drilling by changing vertical and
directional drilling to horizontal and extended reach drilling (ERD). The friction factor is the
main component in the torque and drag which is created between the borehole wall and the
drill string. One of the functions of the drilling fluids is to minimize the torque and drag
problems. Macro and micro material-based drilling fluids have limited capacity to minimize
these torque and drag problems. Because of fine and very thin film producing capacity of NPs,

nano-based fluids can significantly reduce friction factor created between the drilling strings
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and the borehole wall as a result of the generation of a continuous and thin lubricated film in
the pipe-wall interface. Additionally, fine spherical NPs can form ultra-thin beds of ball bearing
type surface between the borehole and the pipe wall which leads to easy sliding of the drill
string.

This property shows the importance of the nano-based smart fluid in the reduction of the torque

and drag problems in extended reach, horizontal, coiled tubing and multilateral drilling [9].

2.4. Conventional drilling fluids systems

Drilling fluids are roughly divided into three main categories: Oil-based Mud (OBM); Water-
based Mud (WBM); and Gas-Based Mud (GBM) [20]. GBM shall not be discussed in this

thesis work as they are less commonly used in the industry.

2.4.1. Oil-based muds

Oil is used as a base fluid in OBMs. The mud composition is more complex and more expensive
than WBM. Advantages of using OBM are excellent fluid loss control, adequate lubrication to
drill bits, no shale swelling, good cutting carrying ability etc. Disadvantages of them are poor
bonding between formation and cement as a result of oil wet surfaces, poor filter cake clean up
and some possible environmental risks such as seepage into aquifers and inducing pollution
etc. [8]. Oil-based drilling fluids are mostly used as a friction reducer compared to water-based
mud because, OBM has better lubrication efficiency than WBM [21]. The reason why oil is
slippery explained as oil has non-polar property which means that it does not have negative or
positive charge. However, water molecules are ionic and naturally charged. Part of water
molecules have negative charge and part of them have positive charge. Due to polar property
of water, negative and positive charges are attracted to each other based on the VVan der Waals
forces which leads to the molecules sticking to each other. As outlined, oil is non-polar so, the

oil molecules can slide along another very easily compared to that in water molecules [22].
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2.4.2. \Water-based muds

Water-based drilling fluids consist of brine/water as a base fluid. These muds are environment
friendly and disposal of cuttings can be easily done. Linear polymers, cross-linked polymers,
bio-polymers, or synthetic polymers are generally used as a viscosifying agent [8].

In Norwegian Continental Shelf (NCS) using WBM in the first top sections is necessary and is
usually used as long as wellbore conditions allow. As discussed earlier OBM has better
slippery/lubrication efficiency than WBM. This increases interests on addition NPs to the
WBM to reduce friction factor between wellbore and drilling string walls. Based on the
experimental study done by C. Jahns showed that some nanoparticles especially titania and
silica added WBM significantly reduced friction [13]. The main motivation shall be the
application of these sort of NPs to OBM and shall be investigating impact of NPs as a friction
reducer in OBM.

13
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3. Experimental setup and procedures

Whenever two surfaces are interacted the tribology principles are in action. In some cases
friction can be beneficial however, in some cases it is undesirable which can lead to loss of
power or wear of the equipment. There are several methods to perform tribology
measurements. In this work lubrication effects of nanoparticles contained oil-based mud
(OBM) will be measured on the pin-on-disk (POD) apparatus and modular compact rheometer
(MCR) modified tribology measuring cell of an Anton Paar apparatus. Furthermore, the
rheology behavior of the fluids are measured by applying of the MCR viscometer cell of Anton
Paar apparatus. In this chapter, the design of the experiments, methodology and samples used
in these experiments will be broadly outlined.

3.1. Pin-on-disk apparatus

In this thesis work, the POD apparatus is adjusted according to the international standardized
procedures with the ASTM G99-05 (2010) standard. This standard method provides
description of laboratory procedure for measuring the wear of the materials throughout sliding
in POD apparatus. Furthermore, obtaining of data, results and graphs are also broadly
described in this standard. More information about the experiment setup and procedure shall

be explained step by step in the following sub chapters.

3.1.1. Experiment Setup

As mentioned earlier, POD apparatus are used for to determine wear and lubrication
characteristics. There are various types of POD apparatuses and all are based on the same
standards which are described in the ASTM G99 and DIN 50324 standardization manuals [23].
The good feature of this apparatus is that all kind of liquids can be used as a lubrication in this
apparatus. Two specimens, a pin with ball and a disk, are required on the pin-on-disk wear test.
The pin is pressed onto a rotating disk under the defined load and is usually set perpendicularly

to the disk. Usually, material samples are installed on the disk with the sample holder frame
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(Figure 3.1). The pin is usually spherical or cylindrical in shape and its diameter ranges from
2 to 10 mm. whereas, the disk specimen diameter ranges from 30 to 100 mm and its thickness
is changing within 2 to 10 mm. Prior to commencement of the test, the rotational diameter is
determined depending on the user request. Afterwards, sliding speed and sliding distance is

adjusted with respect to the rotational diameter [23].

Applied load

—

[

LM

'

— Pin

<+ Disc

N

W

Figure 3.1: Schematic sketch of the POD measuring principle, modified after [23][24].

The following adjustable parameters are the main inputs in the pin-on-disk measurements:

e Load — values of the force in Newtons,

e Speed — sliding speed of the contacting surfaces relative to each other in meters per
second,

e Distance - accumulating sliding distance in meters,

e Temperature — temperature of the samples at place near to the wearing contact and

e Atmosphere — the ambient atmosphere such as relative humidity, lubricant, laboratory
air, etc. surrounding the wearing contact [23].

Whenever the pin-on-disk measurements start the lost volume is determined by measuring the
volume loss of either the disk or the pin. In this case, it is assumed that only one of the
specimens is significantly worn, however, another one is unnecessarily affected. According to
ASTM G99 and DIN 50324 standardization manuals if the wear volume is only in the pin, the

following equations are used to calculate volume loss in mm3:
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_ wh\ 3d?
Vpin.loss = (?) (T + h?) (3.1)
where:
h=r—(r?—d?/4)"?
d = wear scar dimater and
r = pin end redius

It is assumed no significant disk wear.

If the disk has significant volume loss and the pin has negligible abrasion, the following

equation is used to calculate volume loss in the disk in mm?3.

Vdisk.loss = 2nR[r?sin™! (i) - (g)(élr2 - dz)%]
' 2r 4 (3.2)

where:

R = wear track radius and

r = wear track width

It is assumed no significant wear in the pin [23].

Measuring the accurate radiuses and diameters of the scratches on the material by using the
optical 3D confocal microscope and putting them in the equations described above, volume

loss can be found [13].

3.1.2. Procedure

As outlined earlier, the pin-on-disk measurements are done based on the ASTM International
Standard G99 and DIN 50324. In this experiment phase, POD measurements were conducted
in the tribology lab of the Norwegian University of Science and Technology (NTNU) and
SINTEF in Trondheim. In Figure 3.2, general view of the POD apparatus is illustrated.
Reproducibility of the test and tests in different temperatures are considered advantages of this

apparatus.
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Figure 3.2: Pin-on-disk apparatus with the tested fluid.

Before setting up the experiment, some parts of the pin-on-disk apparatus such as material
sample, ball, sample holder with screws etc. need to be cleaned. As illustrated in Figure 3.3,
these parts receive an ultrasonic ethanol bath for 6 minutes. This ultrasonic ethanol bath
removes unwanted surface contaminations from the material. After having ultrasonic ethanol
bath the same materials are washed with the ethanol again and dried with high pressurized air.
This is done to make sure that no ethanol content is contained in the material surface before

the experiment.

Figure 3.3: Ultrasonic ethanol bath.
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After the ultrasonic ethanol bath the material sample is installed. This material sample is a
specific casing steel ST 57 and is in 2.5 x 2.5 x 0.5 cm dimensions. It is attached onto the
rotating cylindrical disk by the fixation of the sample with the three screws. After fixing of the
material sample, ball and pin is prepared. The material of the steel ball used in this apparatus
is a stainless steel AISI 316 grade 100. Itisin 6 mm diameter. The steel ball is inserted through
the cylindrical pin and it is fastened with the screw of the pin on the other end (Figure 3.4).

Figure 3.4: The pin with the ball.

The heating spiral is mounted into the sample holder and the disk. In order to make sure that
applied load is distributed efficiently to the surface of the material the pin holder is calibrated
into the horizontal equilibrium before the experiment starts. In order to check if the arm of the
pin holder is horizontally equilibrium, the magnetic level is used (Figure 3.5). Later, it can be
left in an inclined position for ease of further preparation.
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Figure 3.5: Pin-on-disk apparatus gauged with the horizontal magnetic level prior to experiment.

Thereafter, the cylinder basin is filled with the drilling mud. To transfer the increasing
temperature through fluid sample, the drilling fluid has to cover heating spiral completely
(Figure 3.6).

Figure 3.6: lllustration of the heating spiral covered with the tested drilling mud.

Required volume for each test is around 80-100 ml. Moreover, rotational diameter is decided
to be set 5 mm for each test with 120 RPM. 10N normal load is used for every experiment.
During the POD test series, 50, 75 and 100°C are decided to set. The apparatus is connected to
the PC and run with the Tribox 2.10.C programming software (Figure 3.7).
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Figure 3.7: lllustration of the pin-on-disk apparatus with the connection to the PC.

The above mentioned parameters as wells as room humidity are set into the software system.
Finally, required temperature is put into the software prior to the experiment commencement.
Desired temperature can be reach in 15-20 minutes depending on the added temperature value.
During the heating up of the fluid sample, the disk is in the stable rotational motion, thus, it
helps to distribute temperature constantly through the fluid sample. Since the pin holder is in
an inclined position, no friction is recorded before the experiment commences. After the
desired temperature is reached the pin arm is lowered and normal force load is added on top of

the pin itself. After these steps, experiments are ready to start.

When the experiment is finished the mean value is set automatically in the software system.
For further investigations the ball and material sample can be taken for the 3D confocal
microscopic observations (Figure B.2). As mentioned earlier, measuring the exact radiuses and
diameters of the scratches on the material by the microscope and depending on either the pin
or the disk is worn the equation (3.1) and (3.2) are used accordingly to find exact volume loss
[13].

3.2. MCR tribology measuring cell

Another apparatus used to measure friction is MCR tribology measurement cell of an Anton
Paar. This apparatus allows a static friction test with a concentric steel ball rotates along the

three steel plates. This steel plates are fixed to the sample holder and filled with the
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experimented fluid. More about the MCR maodified tribology measurement cell of an Anton

Paar will be outlined in the following subchapters.

3.2.1. Experiment setup

As written earlier, to measure the friction and lubrication properties of the fluid the tribology
measuring cell is used. This measurement is based on the ball-on-three-plates principle where
the normal force controls the friction force by the rheometer. MCR apparatus is also software-
based system as pin-on-disk apparatus. Adjustable inputs are the temperature, the zenith
distance of the steel ball, the normal force, bottom of the testing equipment and rotational
speed. The given rotational speed of the measurement system defines the sliding speed. The
application in this software is arranged based on either Stribeck curve or static friction test
where the steady increasing of the torque is maintained [25].

Measuring system shaft for holding the measuring ball, the holder which keep exchangeable
plates on a spring system and the temperature system are the main parts of the tribology
measuring cell (Figure 3.8). The temperature range varies from -40°C to +200°C. Maximum
recorded friction force for the system is 70 N corresponding to the 50 N normal force [25].

Figure 3.8: The tribological measuring cell with the measurement system.
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In this test, friction and lubrication properties of the materials are studied between two surfaces.
The friction factor/coefficient (p) is used to characterize these properties by plotting friction
coefficient, y, versus sliding distance, Sg, or sliding speed, Vs, (Stribeck curve). Firstly, sample
holder is screwed to the apparatus and then steel plates are screwed to the sample holder. This
will prevent unwanted movements of the steel samples and sample holder during the
experiment. Deflection angle (o) and zenith distance (d) together defines the contact points of
the steel plates and the measuring ball. Generally, the deflection angle is set starting from 0
mm up to the 5-8 mm depending on the user wish. Figure 3.9 illustrates the schematic drawing
of the ball-on-steel plates system and the forces acting at the contact points between inset plates

and measuring ball.

M

Figure 3.9: Schematic drawing of the tribology measuring cell, modified after [25].

For each test the three steel plates and the measuring ball are changed with the new ones and
these new samples are washed and then dried with the pressurized air. Safety gloves and
glasses are used to prevent mud from external contaminations and for safety reasons,

accordingly.

The experiment is ready when all inputs are added to the software system and the measuring

system shaft with the steel ball is lowered and pressed onto the three steel plates with the

22



Chapter 3. Experimental setup and procedures

predetermined normal force (Fy). To measure friction and lubrication properties of the mud

with the MCR tribology measuring cell the following equations are used.
1) Normal load

Normal load (F;) which is the vertical to the friction surface of the three steel plates and the
measuring ball is calculated according to the normal force. Depending on the values of the

normal force and the measured deflection angle of the steel plates, normal load is changed.

Fy (3.3)

2) Frictional force

Frictional force (Fr) is dependent on the ball radius and momentum. The momentum is the
only parameter effects on the frictional force since the ball radius is constant. The following

equation expresses calculation of the frictional force.

M (3.4)

F, =
R™R . sina

3) Friction factor

Friction factor shows lubrication or friction behavior of the sample. When the friction factor is
high then lubrication behavior of the sample is low and reversely, when the friction factor is
low then lubrication property of the sample is high. It is dimensionless parameter and is defined

as a ratio of the friction force to the friction load.

_Fr (35)

4) Sliding distance and sliding speed

During experiments testing the sliding speed (vs) and the sliding distance (sg) are required to
illustrate either the Stribeck curve or the static friction test curve. These curves express the
friction factor over either the increasing speed ramp with a short measurement point duration
or effect of the distance. Sliding speed (vs) is determined by the rotation of the steel ball with

a speed n (Eqg. 3.6). The rotation speed is provided by a certain torque (M) which is measured
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by the rheometer. Whereas, as expressed in the eq. 3.7 the sliding distance is obtained from the

displacement angle (¢) and measuring ball radius.

v —Z—Rn-r-sina (3.6)
760
S¢ = ¢ r-sina (3.7

3.2.2. Procedure

In this experiment phase, tribology measurements with the MCR were conducted in the
laboratory of the Petroleum Engineering and Applied Geoscience Department. In Figure 3.10
a general view of the MCR apparatus with the tribology measuring cell is shown. Repeatability
of this test is considered one of its advantages and it is also cheaper to do experiments on this
apparatus compare to the pin-on-disk testing equipment. However, there are some drawbacks

with this apparatus for instance humidity of ambient environment is not considered during the

experiments.

Figure 3.10: MCR rheometer with the tribology measuring cell.

24



Chapter 3. Experimental setup and procedures

Firstly, main parts of the equipment are properly installed to the MCR rheometer. The tribology
measuring cell is aligned to the MCR apparatus and is added to the system automatically by
the name of T-PTD 200. All screws are handed tightly to prevent unwanted movement of the
samples during the experiment. The cooling system is switched on to the apparatus and

connected to the tap water by the hose [25].

The tests are decided to be conducted in 25, 50 and 100°C temperature variations. The volume
of the fluid used on each experiment is 2 ml. The steel ball diameter is constant and equal to
12.5 mm. The measuring ball is pushed to the lower end of the measuring system shaft. If the
situation allows the steel ball is used at least two times. Since one side of the steel ball is worn

during the first test and other side of it can be used for the second test as well.

Then device driver is opened and main parameters and inputs are set to the software system.
The gap (zenith distance — d) is set 1 mm and constant for all experiments in this apparatus.
When the measuring ball is dig to the fluid samples, the remaining time is counted to start the
experiment. Depending on the desired temperature, this time can be between 2-5 minutes range.
The material of the measuring ball and plate samples used in this experiments are made up
from the steel 316 SS.

The measuring ball and steel plates are washed with the brush and inserted to the Soxhelt
equipment to circulate with methanol for an hour. Thereafter, the samples are dried with the
pressurized air before each experiment. This helps to remove small scale unwanted particles
attached to the surface of the material samples. This equipment is illustrated in the figure 3.11.
Additionally, safety glasses, latex gloves and sometimes ear plugs are used for safety and some

experimental reasons.
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Figure 3.11: Soxhelt equipment.

In this thesis framework, tribology measurements with the MCR apparatus are decided to
conduct according to the Stribeck curve, where the speed distribution is increasing as the same
for the standard viscometer apparatus. The rotational speeds set in the tests are: 3, 6, 100, 200,
300 and 600 RPM. 100 measurement points are decided to use in the experiments and the
tribology measurements for each speed range is 5 minutes which means 30 minutes for each
tribology test. Protection lid is used to prevent fluid slipping during the each experiment (Figure
3.12). The calculation of the deflection angle and normal load is automatically done by the
rheometer software by using the equation (3.3). Experiment is ready to start when the

temperature reaches the desired value.
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Figure 3.12: Protection lid covers sample holder to prevent spilling of the fluid sample.

Since, the humidity factor is not considered in the MCR tribology test, most experiments shall
be done in the same day. All the tests with the MCR will be repeated at least two times to obtain

accurate results for the POD experiments.

3.3. MCR viscometer

Generally, in oil fields rheology of the drilling fluids is measured by the model 35 Fann
viscometer. However, in this thesis, viscosity measurements are done with the viscometer
measuring cell of an Anton Paar under room temperature and pressure. This is one of the
advantages of the MCR that measuring viscosity and related parameters is precise, quick and
easy. In the following chapters, setup of the experiments as well as the methodology of MCR

viscometer will be outlined.

3.3.1. Experiment Setup

MCR viscometer is a mechanical equipment used to measure fluid behavior at varying shear
rates. Rotating cylinder called bob and cylindrical cup where the fluid is filled are the main
parts of the viscometer (Figure 3.13). The aim of the bob is to generate shear force and this
creates a drag force. Depending on the type of the fluids drag force can be different. If the fluid

is viscous the drag force will increase and vice versa.
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Figure 3.13: General view of the MCR with the viscometer measuring cell.

When the bob starts to rotate in the fluid filled cylindrical cup, share stress and share rate at
specific rotational speed is plotted and as a result this flow curve will define the plastic viscosity
[26]. During rheology measurements plotted curve is matched one the models illustrated in the
Figure 2.4.

In the MCR apparatus, the bob is selected depending on the type of the drilling fluids, WBM
or OBM. In Figure 3.14, type of the bob with the cylindrical cup is illustrated for the WBM
and OBM in A and B, respectively. In order to prevent wall slipping at high rotational
velocities, both types of the bob have axial hollows throughout their surface.
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A B

~~

Figure 3.14: A) The cylindrical bob with the cone for the WBM, B) Cylindrical bob for the OBM.

The easiness of MCR viscometer is to measure shear stress and shear rate at specific rotational
speed and plot the flow curve automatically by the Rheoplus software. Rotation is provided
based on the standard rotational velocities: 3, 6, 100, 200, 300 and 600 RPM. Depending on
the type of experiments the rotation speed can be arranged more than 600 RPM.

The shear stress is minimum when the fluid circulation is in the startup phase. Low shear stress
occurs in the borehole and pipe walls, whereas, the center of two surface walls refers to the
medium shear stress. In the nozzles of the drill bit reflects high shear stress when the fluid
passes through them [26]. Since, two concentric cylinder systems i.e. the cylindrical bob is
rotated in the fluid filled cylindrical cup (Figure 3.15), the process is similar to the rotation of

the drill string in the vertical wellbore.
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Rc Rb

Figure 3.15: The cylinder bob is rotated inside the cup with the given angular velocity [27].

The radius of the gap, the torque and the length of the bob have an effect on the shear stress
and shear rate. This influence can be analyzed by understanding the distribution of the stress
of the instrumental setup [28]. The shear stress at the bob surface can be calculated from the
calculated torque and the geometry (eq.3.8). Whereas, shear rate is measured from the angular
velocity and geometry of the system (eq. 3.9). In the equation below variables are the same

with those in Figure 3.15.

M

T nRIL (3.8)
_2-w-RZ

YT ®E-RD (39)

where:

R, = radius of the cylinder cup
R, = radius of the cylinder bob
L = Length of the bob

w = angular velocity

M = measured torque

T = shear stre [27].

30



Chapter 3. Experimental setup and procedures

3.3.2. Procedure

In this thesis, rheology measurements of the fluid sample are conducted by the viscometer
measurement cell of MCR of Anton Paar in the laboratory of the Petroleum Engineering and

Applied Geoscience Department.

Advantages of the MCR viscometer is equal temperature distribution within the entire
cylindrical cup and not any gap leakage occurring at high shear rates. Moreover, drying effect
of the sample is negligible. However, having of the air bubbles in the cup during the test, being
relatively difficult to be cleaned and slow temperature equilibration is considered

disadvantages of the MCR viscometer [29].

Due to the of advantages MCR viscometer mentioned above as well as the higher degree
temperature variations capabilities, MCR viscometer measuring cell of the MCR apparatus is
more functioned than standard Fann viscometer. For this reason, rheology tests were decided

to conduct on the MCR viscometer.

First of all, main parts of the apparatus are correctly set up to the MCR. The viscometer
measuring cell is screwed to the MCR apparatus and is set to the system automatically by the
Toolmaster™. All required part of the apparatus is screwed tightly to prevent movement during
the experiment testing. As tribology measuring cell, the cooling system in the viscometer

measuring cell is switched to the apparatus and connected to the tap water.

Since OBM is used in rheology tests, the cylindrical bob for the OBM is selected (see Figure
3.14 B). Whenever, the bob is aligned to the apparatus, it is automatically known by the
software of MCR.

The rheology measurements are decided to conduct at the temperatures of 25, 75 and 100°C.
The reason is to observe how the nanoparticles affect the rheological behavior of the OBM at
different temperatures. Unlike from the WBM, dehydration of the OBM mud is not expected
at higher temperatures. Shear thinning behavior of the mud is observed when rotation starts

and increases over the time with the applied shear force.

The amount of mud volume required for the concentric cylindrical systems is determined by a
marker inside the cylindrical cup. When the measuring head is lowered to measuring position

the cylindrical bob must be completely immersed in the sample [29]. The amount of mud
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volume required in the viscometer experiments is approximately 10-12 ml per each test. The
gap between the calendric bob and bottom of the cup is automatically set to 0.05 mm. The
time for the temperature equalization is 3-5 minutes depending on the value of the set
temperature for the test (Figure 3.16).

Control Panel: MCR302 SN81236725, USBL: )
Control Panel | Configuration | Gap Setting Cnntrnller] Service]
Meas. System: CC28.39-0-50/P5-5N31425 Position: 0,500 mm
Temperature: 20,74 °C
Normal Force: 0,21 N
Meas. Cell C-PTD200-SN81251872

Reset Normal Force | Set Zero Gap |

Position

|r.|anua\Seﬂings ﬂ
120 mm Lift Position
Meas. Postion
Stop

Temperature

25 T Set
+ Meas. Cel Switch off

-~

0K Cancel

Figure 3.16: Setting of the temperature to the control panel.

Before the experiment starts, all the material samples are washed with the methanol and dried
with the pressurized air to remove some scale contamination and the methanol left on the
particle surface, respectively. Additionally, all inputs are set before the experiment testing. The
temperature and the rotation speed ramp of 3, 6, 100, 200, 300 and 600 RPM are set to the
Rheoplus software (Figure 3.17).
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Figure 3. 17. Setting rotational speeds to the Rheoplus software.

More info about the Rheoplus software system and additional parts of apparatus for the
viscometer can be found on the MCR Rheoplus manual.

3.4. Chemicals, fluids and sample materials

Nanoparticles are included to the colloidal category based on their particles size [13]. Since,
colloidal particles are defined with their influences on the fluid viscosity and the particle
interactions, effects of the nanoparticles on the rheological and tribology properties of the
drilling fluid will be observed carefully. This means that nanoparticle contained drilling fluids
have different behavior compared to the conventional one. For this reason, different

temperature variations are applied to the fluid composition. In the following sub chapters,
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composition of the fluids and type of the nanoparticles used in the OBM will be outlined

broadly.

3.4.1. Composition of the fluid

Since this thesis work is a continuation of the work of C. Jahns [13], the OBM is decided to
use in the experiment phase and to compare these results with the results from the WBM used

by Jahns.

The oil-based drilling fluid was ordered from the MI-SWICO with the name of “VERSAPRO
LS”. CaCl,, NaBr, CeCOOH, CaBr, and KCOOH are the main ingredients used as the internal
phase in density. The VERSAPRO LS is an ideal fluid for the drilling through the reservoir in
the high temperature drilling environments. Chemical stability, good lubricity, high
temperature stability and a low coefficient of friction are considered main features of this fluid.
The advantages of using VERSAPRO are the optimizing the rate of penetration (ROP),

reduction in torque and drag, stabilizing the wellbore etc. [30].

The density of the drilling fluid was measured by using of mud balance equipment (Figure
3.18). Measuring the density of the fluid with the mud balance method is most reliable and
simple. Basically, the measured fluid is filled into a cup and covered with the lid. The lid
prevents air bubbles getting trapped in the mud and squeezes excessive mud out of the cup.
The measured fluid density is measured by sliding the slider-weight throughout the balance

beam. The average density of the measured fluid samples are ranged between 1.20-1.23 g/cma3.
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Figure 3.18: Mud balance.

It was decided to add 0.1, 0.25 and 0.5 weight% concentration of different types of
nanoparticles to the OBM. The exact mass of each added nanoparticles were measured with

the 0.001 error sensitivity scale as illustrated in Figure 3.19.

Figure 3.19: 0.001 error sensitivity scale.
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To have correct mass fraction after adding the nanoparticles the total weight of the base fluid
with the nanoparticle was taken equal to the 100 g. For example, If 0.25 weight% concentration
of nanoparticle is added to the fluid then mass fraction will be 0.25 g for the added nanoparticle
and 99.75 g for the base drilling fluid.

3.4.2. Tested nanoparticles

NP contained fluid is a fluid with at least one particle size in the mud in 1-100 nm interval.
Generally, NPs can be metals, carbides, metal oxides or fullerenes. In the experimental phase
of this thesis, two types of the nanoparticle are used: fumed and compact types of nanoparticles.
There are two suppliers of the nanoparticles, Aerosil and Elkem Silicon Company. Fumed silica
and titania as NPs, and solid silica were experimented as a microparticle in the fluid sample. In

Table 3.1, experimented additives and their properties are mentioned:

Table 3.1: Tested nanoparticles used in the experiment phase.

Name Average size Type Manufacturer
Nano-silica [31][32] 40 nm-100 nm fumed Elkem NanoSilica®
Nano-titania [33] 40 nm-60 nm Hydrophilic fumed Aerosil®
Micro-silica 30 Onm Solid ZEB, NTNU

For comparing the nanoparticles behavior in the fluid micro-silica shall be tested in the POD
apparatus. Tribological and lubrication properties of both particles shall be compared with each

other and importance of the nanoparticle contained mud will be investigated.
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4. Experimental results

Obijective of the experimental phase was to conduct tribology and rheology measurements on
the OBM with and without nanoparticles. Tribological measurements were performed on the
tribology measuring cell of MCR and the POD apparatus, whereas, the rheological tests were
done with the viscometer measuring cell of MCR. Since the experiments on the MCR are
cheaper than those on the pin-on-disk apparatus, tribological properties were measured with
the MCR prior to the POD test. The main reason to prioritize the MCR was to decide further
plan for POD apparatus. In this chapter, final results from the experimental procedures will be

outlined. The whole data is summarized and presented in the appendices.

4.1. MCR tribology measurement results

Silica and titania were the tested nanoparticles with 0.1, 0.25 and 0.5 weight% concentrations
in this apparatus. All the experiments were tested for 25, 50 and 100°C. Each test repeated two
times in different periods to obtain accurate results, which took 30 minutes at the six speed
intervals and with 100 measurements points. Since friction factor is generated for each point,
mean value is taken for each speed range and also for the total test to evaluate the tribology
properties. Complete measured friction factors and the other data are summarized and tabulated

in Appendix A.

Figure 4.1 and Figure 4.2, visualize the obtained friction factors when silica and titania
nanoparticles are added in OBM. According to Table A.4 and A.6 in Appendix A and the
presented graphs below, the highest friction factor of 0.283 was generated with 0.5 weight%
silica- based mud. Whereas, the minimum friction factor of 0.201 was recorded for the 0.25
weight% titania-based mud. Additionally, other friction factors also mentioned on these graphs,
where 0.1, 0.25 and 0.5 weight% of added nanoparticles were colored red, green and black.

The reference friction factors were mentioned with the blue color.

Mean friction factor for silica particles with 0.1 weight% at 50°C, 0.25 weight% at 50°C and
100°C, and 0.5 weight% at 50°C showed reduction in friction compared to those in reference
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OBM. The rest of the average values of friction factor for silica particles showed increase or

similar values of friction factor compared to the reference OBM with the same parameters.

Friction factor vs particle concentration, silica and OBM
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Figure 4.1: Friction factor of silica added fluids and reference OBM vs particle concentration.

On the other hand, average friction factor for titania particles with 0.1 weight% at 100°C, 0.25
weight% and 0.5 weight% at all applied temperatures in this experiment recorded reduction in
friction compared to those in reference OBM. While, almost equal values of friction factor
were obtained with 0.1 weight% silica particles contained OBM at 25°C and 50°C in
comparison to the values of reference OBM.
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Friction factor vs particle concentration, titania and OBM
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Figure 4.2: Friction factor of titania added fluids and reference OBM vs particle concentration.

To find the relationship between temperature and friction coefficient, 0.1, 0.25 and 0.5
weight% tested fluids were examined at 25, 50 and 100°C. The results for the silica, titania and
reference OBM were summarized in Table A.1-A.6, see appendix A. Friction factor for silica
and titania added fluids is illustrated compared with the reference OBM in terms of the particles
size and temperature in Figures 4.3 and 4.4.The concentration of 0.1, 0.25 and 0.5 weight%
nanoparticles were colored with red, green and black, respectively. The reference mud is
always shown with the blue color.

In Figure 4.3, the relationship between friction factor and temperature is shown for the silica
nanoparticles contained OBM. No friction reduction was recorded for any weight% of
nanoparticles at 25 °C. For 0.1 and 0.5 weight% added nanoparticles friction coefficient is
increased at 100°C. Interestingly, 0.25 weight% of silica nanoparticles showed reduction in
friction at the temperatures of 50 and 100°C. More details of the results can be found in Table
A.2-A.4 presented in Appendix A.
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Friction factor vs temperature, silica and OBM
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Figure 4.3: Relationship between friction factor and temperature with silica-based mud.

In Figure 4.4, the same relationship between friction factor and temperature is illustrated for
the titania-based muds. At 25°C and 50°C temperatures, 0.1 weight% titania added fluid
showed almost the same friction factor compared to the reference OBM. The remaining tests
with the titania added fluids showed reduced friction for all cases (Table A.5-A.7).

Friction factor vs temperature, titania and OBM
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Figure 4.4: Relationship between friction factor and temperature with titania-based mud.
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Figures 4.5 and 4.6 show the friction factor of silica and titania added fluids against sliding
speed interval. Since the good results in friction reduction were achieved at 50°C for the both
silica and titania added fluid, the relationship between the friction and sliding speed is presented
at 50°C. Additionally, values of friction coefficient from the MCR are not reliable, meaning
that the graphs can be different in reality. Information about variation of friction factor versus
sliding speed with respect to the temperature for other concentration of silica and titania added

fluids can be found in Appendix A, see Figure A.1-A.4.

For easy comparison, silica added fluids and reference OBM are shown in the same graph.
Increasing friction factor were recorded for 0.1 and 0.25 weight% silica added fluids from 3 to
200 RPM, whereas, in 0.5 weight% of silica added fluids the friction factor was slightly
decreased from 3 to 6 RPM then showed an increasing trend from 6 to 200 RPM. Friction factor
variations after 200 RPM were not stable. However, except for 0.1 weight% of added silica
fluids, all other silica fluids showed less friction at 600 RPM compared to that at 3 RPM.

Friction factor vs sliding speed, silica and OBM
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Figure 4.5: Dependence of friction factor on the sliding speed with the silica-based mud at 50°C.

Similar trend were achieved for the titania added fluids as that for silica added fluids.
Surprisingly, 0.1 weight% of titania started with the high friction factor at 3 RPM and the
friction factor slightly decreased from 3 to 600 RPM.
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Friction factor vs sliding speed, titania and OBM
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Figure 4.6: Dependence of friction factor on the sliding speed with the titania-based mud 50°C.

4.2. Pin-on-disk Tribology Measurement Results

Since experiments with the POD testing equipment is expensive, firstly, tribology
measurements were performed with the MCR. Then, new plan were prepared for the tribology
test with the POD apparatus. 0.25 and 0.5 weight% concentrations of silica and titania added
fluids were decided to be performed at 50 and 100°C. Additionally, the tribological properties
of the micro-silica particles-based mud was also measured with the pin-on-disk apparatus to
compare the importance of nanoparticles over micro-scale particles. However, in the first two
tests at 100°C, the testing fluid dehydrated and lost its ability with being more viscous than
expected, see Appendix B (Figure B.1). Therefore, all experiments were decided to be
performed at the temperatures of 50 and 75°C.

As described in the procedure subsection, a set of input data were introduced to the program to
make the analysis of the friction factor existing between the steel plate and the ball. The
experiments were run for both the reference OBM and NP added fluids. To be able to make the
best of the comparison of the results, the highest value of the measured value of the friction
factors for the specified fluid were chosen to be compared to the lowest value of that for the

reference OBM. For the further details, the reader is referred to the discussion section.
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Mean values of the friction factors shown in the graphs are tabulated in Table B.1. Since
reproducibility and reliability are the main advantages of using POD apparatus, at least two
experiments were performed with the same tested fluid. Figure 4.7 illustrates the reference
OBM that tested two times at the temperature of 50°C and the graph which has the lowest value

was taken for further comparison with NPs added fluids.

Friction factor vs sliding time: Reference OBM
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Figure 4.7: Friction factor of reference oBM at 50°C.

In some cases, the first two tests showed larger deviations from each other, therefore, the third
test was conducted. As an example, 0.25 weight% silica added fluids at 50°C can be mentioned
for this specific case. The results from Test 3 confirmed the invalidity of Test 2. Consequently,

for the matter of the accuracy, the results of Test 3 were chosen for the next step of the analyses

(Figure 4.8).
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Friction factor vs siliding time, 0.25 weight%
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Figure 4.8: Friction factor of 0.25 weight% of silica-based mud at 50°C.

In Figure 4.9, the friction factor of reference OBM was compared to 0.1 weight% and 0.25
weight% of silica added fluids at a temperature of 50°C. According to the results, 0.1 and 0.25
weight% of silica contained OBM showed 17% and 47% reduction in the friction. Where the
mean friction factor reduced from 0.1571 to 0.1305 and from 0.1571 to 0.0828 for 0.1 and 0.25

weight% of silica-based mud respectively.

However, no friction reduction was recorded for the same concentration of silica added fluids

at the temperature of 75°C, see Figure 4.10.

44



Chapter 4. Results

Friction factor vs siliding time, silica fluids
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Figure 4.9: Friction factor of silica-based mud at 50°C.
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Figure 4.10: Friction factor of silica-based mud at 75°C.

The friction factor of titania-based muds with different concentrations are illustrated in Figure

4.11 and 4.12. Again, reduced mean value of friction was achieved with the 0.1 and 0.25
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weight% of titania at the temperature of 50°C. The mean friction factor with 0.1 and 0.25
weight% of titania added fluids were reduced by 14% and 26%, respectively.

Friction factor vs siliding time, titania fluids at
50°C
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Figure 4.11: Friction factor of titania-based mud at 50°C.

Unlike silica added fluids, 0.1 and 0.25 weight% of titania added fluids at 75°C showed
reduction in friction. 0.1 and 0.25 weight% added titania NPs reduced friction from 0.157 to
0.135 and from 0.157 to 0.115, accordingly (Figure 4.12).
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Friction factor vs siliding time, titania fluids at
75°C
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Figure 4.12: Friction factor of titania-based mud at 75°C.

To show the preference of NPs added fluids over the microparticles ones, 0.1 and 0.25 weight%
micro-silica was added to the reference mud and tested at 50°C and 75°C. As shown in Figure
4.13 and 4.14, mean friction factors were reduced by 16% and 14% for the 0.1 and 0.25
weight% of micro-silica added fluids at 50°C. However, 0.25 weight% of added micro-silica

showed 50% increase value of mean friction factor.
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Friction factor vs siliding time, microsilica
fluids at 50°C
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Figure 4.13: Friction factor of microsilica-based mud at 50°C.
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Figure 4.14: Friction factor of microsilica-based muds at 75°C.

Moreover, optical 3D confocal microscopic analyses were also performed on the tested disk

samples to extract some parameters for loss volume calculations in the disk. The results of
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these measurements are included in Appendix B. Although six disk samples were analyzed
with the confocal microscope, no scar depth could be measured by the microscope. The reason
are the low values of mean friction factor in all cases and the thin scratches resulted from the
ball. For example, Figure 4.15 and 4.16 are illustrated the 3D view of the tested sample with
the reference OBM at 50°C and sample itself is shown in Figure B.3. The scar depth is
determined by the distance between vertical green and red lines provided by the profile diagram
According to the diagram shown in Figure 4.16, the scar depth is equal to zero. Therefore, no
volume calculations were performed. This case is the same for all the samples analyzed by
optical 3D confocal microscope. Some images taken from these analyses are given in Appendix
B.

\Si7um

-
R

Figure 4.15: Image of disk sample scratch created with reference OBM at 50°C.
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Figure 4.16: Profile diagram of the scratched sample with the reference OBM at 50°C.

4.3. MCR viscometer measurements

After adding the NPs, the rheological behavior of the drilling fluids can go through some
changes. Therefore, rheological measurements were tested in some specific concentration.

These investigations were performed by the MCR viscometer based on the procedure explained

in the previous chapter.
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The tested mud with the 0.1, 0.25 and 0.5 weight% of silica and titania added NPs were
investigated at the temperatures of 25, 50 and 100°C. The main parameters from this

experiment were tabulated in the Appendix C.

Drilling fluids both with and without NPs followed Herschel-Bulkley model and showed close
curves relative to each other. Since good results were obtained for reduced friction using 0.25
weight% of silica and titania contained mud at a temperature of 50°C, rheological graphs
mainly describe these fluids. However, combination of other concentration at different

temperature is also mentioned in this section.

The rheological behavior of the reference OBM at different temperatures is shown in Figure
4.17. The yield stress is almost the same and close to the zero at different temperatures. As
seen from the figure, increasing temperature results in decreased shear stress and plastic
viscosity. Thus, in some points, the fluid can be even considered as Newtonian fluid.

Viscosity Measurement
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Figure 4.17: Rheological measurements of reference OBM.

0.25 weight% of silica and titania added fluids were also investigated at 25, 50 and 100°C. The
curves in Figure 4.18 and 4.19 show the same trends as described for the reference OBM.
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Figure 4.18: Rheological measurements of silica-based mud.
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Figure 4.19: Rheological measurements of titania-based mud.

Investigating the effect of increasing particle concentration on rheology behavior of the fluid

at a specific temperature is another interesting feature of this test. In this analysis, silica NPs
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added fluids were compared to reference OBM at 50°C. As illustrated in the curves of Figure

4.20, shear stress is increasing with the added NPs.

Viscosity Measurement
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Figure 4.20: Comparison of rheological behavior of silica-based mud with the reference OBM at 50°C.

In this chapter, only the main results were described. However, during the experiments with

MCR as well as POD apparatus, large quantity of raw data were generated. Some of the relevant

data was summarized in the appendices, whereas, all data from the experiments were

additionally attached to this thesis.

4.4. Limitation of the results

During the testing with the MCR and POD apparatus some errors can affect the results of the

experiments. In this section, firstly, the errors associated with MCR tribology measurements

and MCR viscometer measurements were outlined and later, errors related to the POD

apparatus were exemplified.

The first relevant error with MCR tribology measurements is humidity that was not involved

into the account. During the experiment times, the weather outside was not stable and with
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changing the weather condition humidity was also changed. Therefore, all tribological tests

with the MCR rheometer were repeated two times to maintain reliability.

Another error with the MCR tribology measurements could be related to the small volume of
fluid used in the tests. When the temperature reached up to the 100°C, fluid might have

dehydrated and this could result in change of lubrication properties of the tested fluid.

During the rheological measurements rheological properties could change with respect to the
increased temperature such as 75°C and 100°C. The main reason is that some components
inside of the tested sample could be dehydrated in these high temperatures.

In the POD apparatus, the waiting time for to reach desired temperature of tested fluid is long.
In higher temperatures such as 75°C, the tested fluid can be partially dehydrated which may
result in change in rheological and lubrication behavior of the fluid sample.

Finally, during the experiment, the heating spiral of POD apparatus can touch the fluid cup and

may cause additional friction recording, however, this is low chance and almost was not

happened in this thesis experiments.

54



Chapter 5. Discussion

5. Discussion

Present work has examined the effect of NP added OBM on reducing the friction factor during
drilling operation. MCR and POD apparatus were used to investigate the lubricants and detailed
analysis of the tribological properties. This chapter discusses the achieved experimental results,
economic analysis of adding nanoparticle. It also provides some recommendations for the

future work on this subject.

5.1. Evaluation of the results

The first experiments were performed with the MCR. The results which matched mostly with
the theory were chosen for the experiments in the pin-on-disk apparatus. However, the values
of friction coefficient taken from the MCR were not exact and reliable values. There can be
several explanation for this problem: (1) The mud volume used in the MCR tribology
measuring cell was 2 ml and results from this test can be unreliable where tribology properties
can be presented wrong by the program. (2) The humidity factor was ignored all the time. This
was confirmed by doing the experiments two times in different days, and the results were
differed from each other, and finally (3) before each the experiment zenith ball distance was
set to 1 mm. however, during the testing it was fluctuated and this may cause wrong
interpretation of results. Due to the instability of the MCR tribology results, only the
differences in the values of the friction were considered for further analysis with the pin-on-
disk.

In Figure 4.1 and 4.2, friction coefficients obtained by silica and titania-based mud were plotted
versus particle concentration at pre-determined values of temperature for the experiment.
According to the figures, friction factor did not change significantly with 0.1 weight% silica
and titania added fluids at the temperature of 50°C. Unlike the fluids with 0.1 weight% of silica
and titania additives, 0.25 weight% of these NPs showed considerable reduced friction at the
same temperature. Each NP was mixed within the separate sample of the same original mud
having the weight of 100 g. The concentration of 0.1 weight% was too small to be mixed
compared to 0.25 weight%; therefore, the results of 0.1 weight% of silica added fluids showed
more or less similar behavior as the reference OBM, while 0.25 weight% of silica indicated a

more reduced value compared to the reference, i.e. more lubrication.
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Additionally, increasing the concentration of silica NPs in the fluid above 0.25 weight% and
50°C showed higher value of friction coefficient than the reference. This is supported by the
theoretical fact that increasing of both the particles in the mud, and the temperature results in
an increase in friction. This was not valid for the titania added mud, where it showed reduction
in friction for the 0.5 weight% added fluid as well. This can be explained as a ball bearing

effect of titania NPs and forming of smear film property of the titania NPs in high temperature.

As it is discussed previously, the experiments for the POD and MCR apparatus were
respectively done with the mud sample of 100 and 2 ml. The increased value of mud viscosity
in addition to the dehydration of the mud sample at 100°C, in the experiment with POD,
confirmed that the quality of the sample is not convenient enough for the experiment. This is
also true for the MCR as it uses less value of mud sample. So, no result is discussed for the

experiment in this temperature.

Sliding speed effect over the friction coefficient is an interesting case to discuss. Since 100
measurement points were set to the program, and friction test were taken 5 minutes in each
speed interval, mud volume used in the test was too small and tribological behavior can be
interpreted wrong. Considering the fact of obtaining inaccurate results from the MCR, no

further interpretation could be stated for the sliding speed effect.

To obtain promising results and confirm some unreliable results after MCR, triobological tests
were performed with the POD apparatus. The tribological experiments were conducted at least
two times in terms of reproducibility of the experimental data under 10 N and 120 RPM.

The sudden increase in the friction factor, illustrated in Figure 4.7, can be justified with this
fact that the scratched materials fill the wear track which increase the friction. This was not

seen in the case of adding NPs to the OBM thanks to the smoothing effect.

Based on the results of the MCR, there have been coupling effect between temperature and
NPs where the friction coefficient fluctuates with the increase in temperature. Since these
results can be wrong with MCR, the tests with the POD apparatus were performed in different
chosen temperatures to confirm this fact. Both silica and titania-based mud with the
concentration of 0.1 and 0.25 weight% showed reduction in friction at 50°C. However, at the
temperature of 75°C, reduced frictions were recorded for the titania added fluids unlike the one
from the silica-based fluids. This proves coupling effect between NPs and temperature which

means change in friction factor with respect to the temperature with NPs added fluids
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depending on the concentration, properties, surface area and the type of the NPs. Adding
nanoparticles to the reference OBM reduced the standard deviation and stabilized the friction

movement compared to those in reference OBM.

As presented in the theory section, higher temperature leads to lower viscosity and this results
in increase in friction. Titania added fluids contradict this fact, as the friction follows a
decreasing trend in the temperatures above 50°C. This is due to the dehydration of the tested
fluid. Additionally, the rolling medium of nanoparticles acting between rubbing surfaces can
be another reason for this behavior. In 2006, Wu et. Al [4] achieved the similar results by
performing experimental analysis of tribological properties of lubricating oils with NP

additives.

Unlike silica, titania has an ability to form smear film at higher temperatures between the
rubbing surfaces which reduces friction factor and protects disk surface from wearing.
However, establishing of this coating is not easy and therefore, possibility of other lubrication

mechanisms should be investigated.

To prefer silica NPs over the silica micro-particles which provided by ZEB at NTNU, tribology
measurements were performed with the same conditions. Based on the results provided in the
previous section, micro-silica particles with the concentrations of 0.1 and 0.25 weight%
showed reduction in friction at 50°C and increase in friction at 75°C similar to those from the
silica NPs. However, silica NPs contained OBM showed better results and significant reduced
friction than silica micro-particles. The reason could be the bigger size of the micro-silica
compared to silica NPs which was around 300 nm. After visual observations of disk samples,
more loss volume was noticed with the silica micro-particles than silica NPs. This also supports
the fact presented in the theory stating that increasing the particle size enlarges the value of the
friction factor. This results in higher loss volume from the disk due to the abrasive wear
mechanism. Based on these results, NPs are likely to be preferred to the micro-particles in the

research.

For further study, tested disk samples were analyzed on the optical 3D confocal microscope to
calculate loss volume. No scar depth was observed by the microscope. This shows that how
OBM including NPs added fluids are good lubricator and reduce the friction between rubbing

surfaces. The images taken from the 3D optical microscope are shown in Appendix B.
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Since POD is considered to be reliable and accurate, some similar experiments were recently
done using WBM with and without the same amount of NPs in it. The results are compared to
those with OBM in Table 5.1. Obviously, values of friction factor for OBM and WBM are
differed significantly from each other, therefore, reduced friction factor were mentioned with
the percentage for easy comparison of the effect of NPs on both WBM and OBM.

Table 5.1: Comparison of friction factor obtained by OBM and WBM at 50°C.

. Friction Reduction ) Friction Reduction
Fluid name . Fluid name .
factor in friction factor in friction
Reference OBM 0.157 0% Reference WBM 0.57 0%
0.1 wt% silica 0.131 17% 0.1 wt% silica 0.517 9.2%
0.25 wt% silica 0.083 47% 0.25 wt% silica 0.418 26.7%
0.1 wt% titania 0.135 14% 0.1 wt% titania 0.503 11.8%
0.25 wt% titania 0.115 26% 0.25 wt% titania 0.492 13.7%

As shown in the table, the best results were achieved with the 0.25 weight% of both silica and
titania added fluids in both cases. In addition to that, the values of the friction factor obtained
by the WBM is much higher than OBM. This is because of the OBM is better lubricator than
WBM.

For better analysis of the results, lowest value of friction factor was taken for OBM and highest
one for NP-based mud. For example, 0.25 weight% of silica-based mud at the temperature of
50°C showed 47% reduction in friction by taking the highest value of this silica-based mud.
However, if the lowest value of 0.25 weight% concentration silica added fluid was taken i.e. if
test 1 was taken for the comparison, the friction factor would be reduced by 63%. Therefore,
the values of the friction factor shown in this thesis work were the minimum values, whereas,

friction reduction even can be higher in reality.

Moreover, viscometer measurements were performed at temperatures of 25, 50 and 100°C and
fluid volumes used in the test was around 10-11 ml. There could be dehydration at 100°C,
however that was not noticed during the experiments. The reason was small amount of mud

volume used in the test and the short testing time.

Adding NPs did not affect the rheological behavior of the mud significantly, as it is presented
in the result section. All the samples ended up with having some trend of changing as Herschel-

Buckley model. The slight increase of viscosity of the samples after adding the NPs gives this
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idea that NPs can be applied as viscosifier in the experiments. Although, this fact needs to be

proved in some other work due the limited time specified for this work.

5.2. Evaluation of the fluids

This subsection presents the economic analysis of adding NPs to the sample done in this work.
The given values of drilling fluid density and volume together with NP concentration in the

mud, its density and price are used for this analysis. These values are presented in Table 5.2:

Table 5.2: Given parameters before analyses.

Name Silica Titania Drilling Fluid
Concentration (wt%) 0.1 0.25 0.1 0.25 -
Volume (m3) - - 500
Density (kg/m3) 50 50 1200
Cost (USD/kg) 50 500 -

The weight of NP is calculated as

Wnp = ppr * Vpr.Cyp/100 (5.1)

where:

Wyp = weight of nanoparticle, kg

ppr = density of drilling fluid, kg/m3

Cyp = concentration of nanoparticle, weight%

Vpr = Volum of drilling fluid, m3
Total price of the NP is obtained by

Pyp = Wyp - Cpp (5.2)

where:
Pyp = total cost of nanoparticle, USD

Cyp = cost of nanoparticle per kilogram, USD/kg
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The results are summarized in the table below.

Table 5.3: Economic calculations.

Silica-based drilling fluids Titania-based drilling fluids
Concentration, Weight, Volume, Price, Concentration, Weight, Volume, Price,
wit% kg m3 usD wit% kg m3 usbD
0.1 600 12 30000 0.1 600 12 300000
0.25 1500 30 75000 0.25 1500 30 750000
0.5 3000 60 150000 0.5 3000 60 1500000

As shown in Table 5.3, increasing NP concentration and density requires more financial
investment. Since silica NPs are 10 times cheaper than titania NPs, they are more preferable to
titania. Considering the results of 0.25 weight% silica added fluids at a temperature of 50°C,
the cost of NPs used in 500 m® of drilling fluid is 75000 USD. Addition to that, 47% reduced
friction was obtained with these concentrations of silica meaning that drilling length is roughly
increased by 47%. Therefore, to make sure of using NPs in this situation, sensitivity analyses
is required.

Moreover, silica NPs is a safe matter in nanometer scale. These particles already applied to the
industries such as cosmetic, constriction materials, medicine and so on. Even though titania
particles are also used in some industries, however application of these particles are in debate
in terms of HSE [34][35]. Considering the fact of application of NPs in drilling fluids is in its

infancy level; therefore, more research can be done in titania toxicity.

To summarize, even though the experiments in this work as well as the previous work done

with the WBM [13] are successful, there is still a need to do more research in this area.
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6. Conclusion

In this thesis, the effect of nanofluids on reduced friction was investigated and based on the

experimental results and previous work in this area, the following main points could be drawn:

e Nanofluids promise reduction in friction between rubbing surfaces. The expected
reduction depends on the selected nanoparticles and concentration of the nanoparticles
in the fluid.

e There is coupling effect between nanoparticles and temperature which depending on

the types of nanoparticles and physical properties used in the drilling fluid.

e Silica and titania nanoparticles used as an additive in OBM show good friction

reduction and stabilized frictional movement at the temperature of 50°C.

e The best results in the friction test were achieved with the concentration of 0.25
weight% silica added fluid where the friction factor was reduced to the minimum of
47%.

e Since the friction factor is directly proportional to the size of the particles, silica
nanoparticles are more effective than silica micro-particles in reducing the friction

factor due to their smaller size.
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7. Future works

Since application of nanoparticles in drilling is in its infancy level, more work should be done
before commencement. During this work significant reduction were achieved with the titania
and silica nanoparticles. However, more works are needed to be done to explore nanoparticles
as a potential friction reducing agent during drilling. Further investigations could be conducted

on friction reduction such as:

e Concentration of silica and titania higher than 0.25 weight%.
e Higher sliding speeds on pin-on-disk apparatus.

e Sensitivity analysis.

e Higher values of normal load than 10 N.

e More research on HSE of titania and silica.

e Avoid using the same mud.

e Avoid keeping the mud for a long time.

e Equal or lower than 75 °C not recommended.

e Viscosifying effect of nanoparticle.
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9. Appendices

Appendix A

Table A.1: Mean values of friction factor for each speed interval of reference OBM.

RPM 25°C 50°C 100°C
3 0.215 0.224 0.178
6 0.209 0.262 0.304

100 0.238 0.293 0.341

200 0.237 0.267 0.288

300 0.24 0.279  0.247

600 0.231 0.241 0.226

Average Fc 0.228 0.261 0.264

Table A.2: Mean values of friction factor for each speed interval of 0.1 weight% of silica-based mud.

RPM 25°C 50°C 100°C
3 0.218 0.221 0.203
6 0.221 0.231 0.305

100 0.234 0.239 0.335

200 0.250 0.250 0.291

300 0.255 0.243 0.289

600 0.245 0.232 0.236

Average Fc 0.237 0.236 0.276

Table A.3: Mean values of friction factor for each speed interval of 0.25 weight% of silica-based

mud.

RPM 25°C 50°C 100°C
3 0.210  0.245  0.168
6 0212 0246  0.241

100 0.250  0.250  0.301

200 0.247 0263  0.284

300 0.228  0.267  0.252

600 0231 0235  0.227

Average Fc 0.230 0.251 0.245
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Table A.4: Mean values of friction factor for each speed interval of 0.5 weight% of silica-based mud.

RPM 25°C 50°C  100°C

3 0.224 0.235 0.254

6 0.219 0.224 0.328

100 0.229 0.251 0.322
200 0.250 0.257 0.304
300 0.249 0.239 0.268
600 0.246 0.227 0.223
Average Fc 0.236 0.239 0.283

Table A.5: Mean values of friction factor for each speed interval of 0.1 weight% of titania-based

mud.

RPM 25°C 50°C 100°C
3 0.214 0.278 0.169
6 0.221 0.278 0.221

100 0.231 0.264 0.282

200 0.235 0.261 0.232

300 0.229 0.251 0.245

600 0.236 0.224 0.194

Average Fc 0.228 0.259 0.224

Table A.6: Mean values of friction factor for each speed interval of 0.25 weight% of titania-based

mud.

RPM 25°C 50°C 100°C
3 0.187  0.209  0.208
6 0.193 0209  0.287

100 0.210  0.226  0.293

200 0.199 0239  0.258

300 0.214 0235  0.228

600 0205 0201  0.196

Average Fc 0.201 0.220 0.245
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Table A.7: Mean values of friction factor for each speed interval of 0.5 weight% of titania-based

mud.

RPM 25°C 50°C  100°C

3 0.211 0.232  0.157

6 0.208 0.224  0.246

100 0.207 0.264 0319
200 0.227 0.278  0.266
300 0.234 0.268  0.245
600 0.234 0.232  0.194
Average Fc 0.220 0.249 0.238

Friction factor vs sliding speed, silica and OBM
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Figure A.1: Dependence of friction factor on the sliding speed with the silica-based mud at 25°C.
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Friction factor vs sliding speed, silica and OBM

—@— Reference OBM at 100 degree =~ —@=—0.1 weight% Silica at 100 degree
—@—0.25 weight% silica at 100 degree —@—0.5 weight% silica at 100 degree
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Figure A.2: Dependence of friction factor on the sliding speed with the silica-based mud at 100°C.

Friction factor vs sliding speed, titania and OBM
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Figure A.3: Dependence of friction factor on the sliding speed with the titania-based mud at 25°C.
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Friction factor vs sliding speed, titania and OBM

—@— Reference OBM at 100 degree —@— 0.1 weight% titania at 100 degree
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Figure A.4: Dependence of friction factor on the sliding speed with the titania-based mud at 100°C.
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Appendix B

Table B.1: Comparison of nanoparticle based muds with the reference OBM.

Mean Friction Factor

Reference OBM Silica Titania Micro-silica
Temperature  no added particles 0.1 0.25 0.1 0-25 0.1 0.25
wt% wt% wt% wt% wt% wit%
50°C 0.1571 0.1305 0.0828 0.1348 0.1155 0.1319 0.1347
75°C 0.1434 0.1995 0.1446 0.1203 0.1270 0.1332 0.2145

l . =

Figure B.1: A) OBM at 100°C (dehydrated), B) OBM at 50°C.
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Figure B.2: Optical 3D confocal microscope.

Figure B.3: Example of scratched sample with the reference OBM at 50°C.
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Figure B.4: Image of scratched sample created with 0.1 weight% of silica-based mud at 50°C.
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Figure B.5: Profile diagram of the scratched sample with 0.1 weight% silica-based mud at 50°C.

Figure B.6: Image of scratched sample created with 0.25 weight% of silica-based mud at 50°C.
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Figure B.7: Profile diagram of the scratched sample with 0.25 weight% silica-based mud at 50°C.
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Figure B.8: image of scratched sample created with 0.25 weight% of titania-based mud at 50°C.
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Figure B.9: Profile diagram of the scratched sample with 0.25 weight% titania-based mud at 50°C.
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Appendix C

Table C.1: MCR viscometer data of reference OBM at 25°C.

Nplftj,& S;]aiaer :Pr:g Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min]  [uNm]
1 1.95 1.65 0.845 3 111
1 3.9 2.08 0.534 6 141
1 65 9.66 0.149 100 654
1 130 16.4 0.126 200 1,110
1 195 22.8 0.117 300 1,540
1 390 40.9 0.105 600 2,770
Table C.2: MCR viscometer data of reference OBM at 50°C.

IVII:(:.S. SRhaetaer zrr:; Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min]  [uUNm]
1 1.95 1.47 0.753 3 99.3
1 3.9 1.77 0.455 6 120
1 65 6.09 0.0938 100 412
1 130 9.38 0.0722 200 635
1 195 12.5 0.0639 300 843
1 390 21.4 0.055 600 1,450
Table C.3: MCR viscometer data of reference OBM at 100°C.

Nll)i:s' S;aetaer g':]r:.: Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min]  [uNm]
1 1.95 1.64 0.843 3 111
1 3.9 1.92 0.494 6 130
1 65 4.52 0.0696 100 306
1 130 6.09 0.0469 200 412
1 195 7.43 0.0381 300 503
1 390 11.1 0.0286 600 754
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Table C.4: MCR viscometer data of 0.1 weight% of silica-based mud at 25°C.

I\/llaiz's. S;\aiaer g:iiz Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [UNm]
1 1.95 1.61 0.828 3 109
1 3.9 2.08 0.533 6 141
1 65 9.71 0.15 100 657
1 130 16.6 0.128 200 1,120
1 195 23.2 0.119 300 1,570
1 390 41.6 0.107 600 2,820

Table C.5: MCR viscometer data of 0.1 weight% of silica-based mud at 50°C.

NIID:.S' S;::caer g’:]rzasg Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min] [uNm]
1 1.95 1.43 0.736 3 97.1
1 3.9 1.81 0.464 6 122
1 65 6.66 0.103 100 451
1 130 10.5 0.0808 200 710
1 195 14 0.072 300 950
1 390 24.4 0.0626 600 1,650

Table C.6: MCR viscometer data of 0.1 weight% of silica-based mud at 100°C.

N:f(:.s' S;waiaer :Frzi; Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min] [uNm]
1 1.95 1.69 0.866 3 114
1 3.9 1.96 0.504 6 133
1 65 4.54 0.0699 100 307
1 130 6.09 0.0469 200 412
1 195 7.4 0.038 300 501
1 390 11 0.0283 600 747

77



Chapter 9. Appendices

Table C.7: MCR viscometer data of 0.25 weight% of silica-based mud at 25°C.

I\/llaiz's. S;\aiaer g:iiz Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [UNm]
1 1.95 1.7 0.874 3 115
1 3.9 2.2 0.565 6 149
1 65 10.4 0.159 100 701
1 130 17.5 0.135 200 1,190
1 195 24.3 0.125 300 1,640
1 390 43.3 0.111 600 2,930

Table C.8: MCR viscometer data of 0.25 weight% of silica-based mud at 50°C.

NIID:.S' S;::caer g’:]rzasg Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min] [uNm]
1 1.95 1.44 0.74 3 97.5
1 3.9 1.76 0.453 6 119
1 65 6.5 0.1 100 440
1 130 10.2 0.0786 200 691
1 195 13.7 0.0702 300 925
1 390 23.8 0.061 600 1,610

Table C.9: MCR viscometer data of 0.25 weight% of silica-based mud at 100°C.

N:f(:.s' S;waiaer :Frzi; Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min] [uNm]
1 1.95 1.65 0.847 3 112
1 3.9 1.95 0.499 6 132
1 65 4.58 0.0705 100 310
1 130 6.17 0.0475 200 418
1 195 7.53 0.0386 300 509
1 390 11.3 0.029 600 764
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Table C.10: MCR viscometer data of 0.5 weight% of silica-based mud at 25°C.

I\/llaiz's. S;\aiaer g:iiz Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [UNm]
1 1.95 1.82 0.932 3 123
1 3.9 2.35 0.604 6 159
1 65 11.5 0.178 100 781
1 130 19.6 0.151 200 1,330
1 195 27.1 0.139 300 1,830
1 390 48 0.123 600 3,250

Table C.11: MCR viscometer data of 0.5 weight% of silica-based mud at 50°C.

NIID:.S' S;::caer g’:]rzasg Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [uNm]
1 1.95 1.5 0.77 3 102
1 3.9 1.9 0.488 6 129
1 65 7.41 0.114 100 501
1 130 11.8 0.0908 200 798
1 195 15.8 0.0812 300 1,070
1 390 27.5 0.0706 600 1,860

Table C.12: MCR viscometer data of 0.5 weight% of silica-based mud at 100°C.

N:f(:.s' S;waiaer :Frzi; Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min] [uNm]
1 1.95 1.74 0.893 3 118
1 3.9 2.03 0.52 6 137
1 65 4.94 0.0761 100 334
1 130 6.77 0.0521 200 458
1 195 8.32 0.0427 300 563
1 390 12.6 0.0324 600 855
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Table C.13: MCR viscometer data of 0.1 weight% of titania-based mud at 25°C.

I\/llaiz's. S;\aiaer g:iiz Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [UNm]
1 1.95 1.67 0.855 3 113
1 3.9 2.13 0.547 6 144
1 65 10.1 0.155 100 680
1 130 17.1 0.131 200 1,160
1 195 23.7 0.122 300 1,610
1 390 42.4 0.109 600 2,870

Table C.14: MCR viscometer data of 0.1 weight% of titania-based mud at 50°C.

NIID:.S' S;::caer g’:]rzasg Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min] [uNm]
1 1.95 1.41 0.723 3 95.3
1 3.9 1.77 0.454 6 120
1 65 6.49 0.0999 100 439
1 130 10.2 0.0787 200 692
1 195 13.7 0.0702 300 926
1 390 23.8 0.061 600 1,610

Table C.15: MCR viscometer data of 0.1 weight% of titania-based mud at 100°C.

N:f(:.s' S;waiaer :Frzi; Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min] [uNm]
1 1.95 1.63 0.838 3 110
1 3.9 1.93 0.495 6 130
1 65 4.57 0.0703 100 309
1 130 6.18 0.0476 200 418
1 130 6.18 0.0476 200 418
1 390 11.4 0.0291 600 769
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Table C.16: MCR viscometer data of 0.25 weight% of titania-based mud at 25°C.

I\/llaiz's. S;\aiaer g:iiz Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [UNm]
1 1.95 1.66 0.85 3 112
1 3.9 2.12 0.543 6 143
1 65 9.93 0.153 100 672
1 130 16.9 0.13 200 1,140
1 195 23.6 0.121 300 1,600
1 390 42.3 0.108 600 2,860

Table C.17: MCR viscometer data of 0.25 weight% of titania-based mud at 50°C.

NIID:.S' S;::caer g’:]rzasg Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min] [uNm]
1 1.95 1.44 0.737 3 97.1
1 3.9 1.82 0.466 6 123
1 65 6.67 0.103 100 452
1 130 10.5 0.0809 200 711
1 195 14.1 0.0722 300 952
1 390 24.4 0.0627 600 1,650

Table C.18: MCR viscometer data of 0.25 weight% of titania-based mud at 100°C.

N:f(:.s' S;waiaer :Frzi; Viscosity Speed Torque
- [1/s] [Pa] [Pa-s] [1/min] [uNm]
1 1.95 1.7 0.872 3 115
1 3.9 1.95 0.501 6 132
1 65 4.77 0.0734 100 323
1 130 6.52 0.0502 200 441
1 195 7.98 0.041 300 540
1 390 12.1 0.031 600 816
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Table C.19: MCR viscometer data of 0.5 weight% of titania-based mud at 25°C.

I\/llaiz's. S;\aiaer g:iiz Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [UNm]
1 1.95 1.76 0.901 3 119
1 3.9 2.31 0.592 6 156
1 65 11.1 0.17 100 748
1 130 18.8 0.145 200 1,270
1 195 26.1 0.134 300 1,760
1 390 46.2 0.119 600 3,130

Table C.20: MCR viscometer data of 0.5 weight% of titania-based mud at 50°C.

l\/llj'[zs. S;aiaer :tri‘:z Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [uUNm]
1 1.95 1.5 0.771 3 102
1 3.9 1.84 0.472 6 125
1 65 6.82 0.105 100 462
1 130 10.7 0.0826 200 726
1 195 14.4 0.0738 300 973
1 390 24.9 0.064 600 1,690

Table C.21: MCR viscometer data of 0.5 weight% of titania-based mud at 100°C.

Nll)i:s' S;aetaer grriig Viscosity Speed Torque
- [1/s] [Pa] [Pa:s] [1/min]  [uNm]
1 1.95 1.7 0.871 3 115
1 3.9 1.98 0.508 6 134
1 65 4.76 0.0733 100 322
1 130 6.45 0.0497 200 437
1 195 7.89 0.0405 300 534
1 390 11.9 0.0305 600 804
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