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ABSTRACT.

Properly designed drilling fluid is one of the key factors for efficient and safe drilling operations.
Oil-based muds (OBMs) are more extensively used to drill in deeper and harsher environments,
where the fluid stability and properties are of major importance. However, economic and
environmental considerations limit competitiveness of OBMs. Consequently, there is a current

demand to customize the properties of water-based mud by introducing innovative additives.

Due to unique mechanical, chemical, thermal and tribological features, nanoparticles
revolutionized the number of conventional technologies of energy industries including Petroleum
industry. Among other contributions to the upstream domain, the nano-sized particles can
enhance drilling fluid properties and hence reduce problems associated with excessive torque and

drag, insufficient hole cleaning, borehole instability and fluid loss.

The thesis evaluates the performance of micro-sized (150-300nm) Boron nitride (BN) particles in
the laboratory formulated WBM. The effect of mentioned additives on the drilling fluid was
examined in the dry state as well as in oil grafted condition and coupled with oil lubricant. Results

obtained from the experimental and simulation investigation are highlighted as:

+» 0.03 wt.% of dry BN reduced the coefficient of friction (CoF) of Duovis-based fluid by 24%.

s 0.2 wt.% of grafted BN reduced CoF of Xanthan Gum (XG)-based fluid by 44%.

+ 0.3 wt. % of BN along with a lubricant reduced the CoF of XG-based fluid by 54%.

< 0.3 wt.% of BN along with a lubricant improved the lubricity of the Duovis-based fluid
containing 0.02 wt.% of MWCNT-OH by 53%.

+» Grafted BN and BN along with a lubricant increased the plastic viscosity.

+ BN along with a lubricant at the concentration of 0.3 wt.% reduced filtrate volume by 12%.

%+ Sonication had an adverse effect on the lubricating properties of nanofluids.

++ High pH yielded lower coefficient of friction of the nanofluids.

+» The addition of 0.3 wt.% of dry BN in the Duovis-based fluid reduced the pressure loss in
circulating loop by average 32%.

+» The addition of 0.3 wt.% of BN along with a lubricant in XG-based fluid allowed to extend the
well length by 18%.

++ The addition of 0.2 wt.% of grafted BN Duovis-based fluid decreased the flow rate required for

cuttings carriage in the horizontal section by 31%.
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W
B

6600,300,6,3

Hy
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Pump pressure
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1. INTRODUCTION.

This thesis aims to evaluate the effect of nanoparticles on properties of water-based drilling
fluid. The paramount goal of the study was to enhance the characteristics of the fluid system
by introducing nano-sized additives. The performance of the fluids was characterized through
experimental study where lubricity, rheology, filtrate volume, pH and viscoelasticity were
measured and compared to the nano-free system. Furthermore, the best fluid systems,
regarding tribology and rheology, were selected and evaluated through a performance
simulation study, which covers rheological modeling, drill string mechanics and hydraulic

simulations.

1.1. Background.
Drilling fluids are a vital part of the well construction phase, in which that fluid is pumped from
the surface, down the drill string exiting at the bit and back to the surface through the annular
space [1]. Drilling fluids are composed of natural and artificial chemicals such as viscosifiers,
weighing additives, fluid loss and swelling control additives. The composition of the mud
should be adequately designed and formulated to perform effectively under certain well

conditions [2]. The primary functions of drilling fluids can be addressed as [3]:

e Bring cuttings from bottom to surface.

e Maintain well pressures.

e Cool and lubricate the drill bit.

e Support the stability of the walls in a wellbore until casing is run or completion
equipment is set.

e Minimize the damage of producing zones.

e Transmit hydraulic power to the downhole tools and bit.

e Control corrosion.

e Transmit the signal containing information about the formation.

To fit the purpose, drilling fluids are required to possess particular rheological and lubricating

properties, adequately prevent fluid loss, exhibit stable behavior under extreme temperature
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and pressure conditions, prevent fluid contamination and comply with HSE requirements [3]

[4].

Drilling fluids are commonly categorized as either water-based mud (WBM) or oil-based mud
(OBM), according to their foundation [2]. WBM is the most broadly used system (applied in
approximately 80% of all wells worldwide [5]) owing to cost availability and environmental
friendliness. On the other hand, OBMs are more sustainable to high pressure and high
temperature conditions, where WBM can break down and eventually cause viscosity
reduction and the decline in fluid loss control [6]. Other advantages of OBM can be mentioned
as shale stability, faster penetration rates, maintaining the hole in gauge and superior
corrosion protection. In addition, oil-based mud possesses high lubricating properties what
minimize the possibility of differential sticking and can potentially increase the length of the
wellbore due to reduced torque and drag [6]. At the same time, there are some environmental
and economic limitations, which make the utilization of OBM not always feasible. High initial
cost and restrictions associated with cuttings discharge and disposal of mud itself led to rising

demand for WBM utilization in applications where OBM was previously more preferential [7].

In the last few years, there has been a growing interest in the development and
implementation of additives to enhance the properties of water-based mud and develop a
fluid which is capable of fulfilling the same characteristics and reliability as oil-based mud

does; without compromising environmental concerns [8].

Nanotechnology is a revolutionary concept presented in the Twenty-first century that has
been qualified to improve the properties of materials in many fields. Due to the size ranges
from 1 to 100 nm, nanoparticles demonstrate particular and novel characteristics [9].
Introducing of nanoparticles to the petroleum industry is considered as a promising
application to solve a number of problems in areas such as exploration, drilling, production,
EOR, refining and distribution [10]. In the field of drilling fluids, nanotechnology is capable of
improving lubricating properties, strengthen the wellbore, reduce the fluid loss, stabilize shale

formations, enhance filtrate characteristics at HP/HT conditions [11], [12], [13], [14], [15].

This research is intended to design and provide a comprehensive characterization of nano-

enhanced water-based drilling fluid. The effect of Boron nitride nanoparticles on the mud
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design was examined in the commercially affordable form as well as in the presence of a
lubricant. Furthermore, a novel method was used to functionalize the BN nano powder. This
approach holds a promise of being able to improve the lubricating and rheological effect of
conventional BN. The properties of the formulated nanofluids were assessed through
experimental and simulation studies. The study is to propose the concentration of certain type
nanoparticles alone or with accompanying substance that has the ability to perform at

conditions where usage of oil-based mud was previously feasible.

1.2. Problem formulation.

As mentioned earlier, the performance of OBM is superior except with the cost and
environmental issues. Moreover, nanotechnology showed remarkable results in EOR,
cementing and drilling operations, what has attracted much attention from the oil industry.
Nanotechnology is therefore believed to have a great potential in solving conventional
technology related challenges. The Boron nitride nanoparticles are documented to be a
lubricant for solids in contact. This thesis investigates the effect of BN in water-based drilling

fluids. The primary issues to be addressed were:

Effect of commercial Boron nitride nanoparticles.
Effect of grafted BN nanoparticles.

Effect of BN nanoparticles together with a lubricant.

RN NN

Compare the performance of aforementioned additives in the fluids with Duovis

polymer and Xanthan gum polymer.

1.3. Scope and objective.
The paramount objective of this thesis is to evaluate the performance of Boron nitride
nanoparticles on the properties of the water-based mud as well as to find a method to

reinforce the impact. The scope of the work includes following activities:

e Review of the theory, which underlies experimental and simulation studies.
e Literature study of the nanoparticles, their application in the petroleum industry and

chemical constituent making up the tested drilling fluids.
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e Experimental work to investigate the effect of dry BN, grafted BN and BN with oil on
the properties of a conventional laboratory formulated water-based mud.

e Simulation study to assess the performance of the most appealing samples.

1.4. Research methods.
Flowchart 1-1 summarizes the methodology of this research. The first part includes the review
of the theory for the drilling fluids analysis, introduction to the Nanotechnology, possible
applications of it in the Petroleum sector and description of the chemicals making up the
experimental samples. The second part implies the experiments to assess the effect of nano-
additives on the formulated drilling fluids. Whilst, the last section contains the performance

simulation study.
Research
methods
Literature review
I Experimental

. ] [ [ : . . 7 |
Theory behind Drilling Rheological Torque&Drag
the fluid's modelling
experiments A J k J
d

components

an | : .
| simulations | ’ ‘ Rheology ‘ o ‘ P = ; 1
4 | ribology _
/ J ‘ Hydraulics ‘ ‘ Hole cleaning ‘
Nanatechnology | e = - L
| A
& ‘ Viscoelasticity | l Filtration
Petroleum Industry | \ | and pH

Figure 1-1: Research methodology
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2. THEORY.

This chapter outlines the theory used to analyze the experimental data presented in Chapter

4 as well as interpret the results of simulations in Chapter 5.

2.1. Fluid Rheology.
Rheology is a term used to define the flow behavior of liquids as well as deformation behavior
of solids. These two physical concepts are referred to the same branch of science because
many materials start to flow under high deformation caused by shear forces [16]. Prediction
of the right rheological properties is crucial for drilling fluid. An appropriately selected
rheological model accurately evaluates wellbore hydraulics, characterizes a flow regime under
a variety of conditions, estimate swab and surge pressure, estimate the efficiency of hole

cleaning, calculate the settling velocity of cuttings [17], [18].

The Two-Plates-Model (Figure 2-1) can be deployed for the better understanding of

fundamental rheological parameters. Assumptions behind the model [16]:

e The upper plate with surface area A is moving with velocity V under applied force F
e The lower plate is stationary

e The distance between plates h

e The fluid shows adhesion to plates without wall-slip effect

e The flow is laminar

v=0

Figure 2-1: The Two-Plates-Model to illustrate the velocity gradient [16]
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Shear stress (t). The shear stress is defined as an applied force acting per unit surface area.
d @1
T=-— .
A

The unit of the shear stress is [Pa], (“Pascal”). However, in the industry often used
[Ibf /100 ft?]

Shear rate (y). The shear rate is the gradient of velocity, i.e. change in velocity (dv) between
two moving layers per difference in distance between that layers (dh). Mathematically it can

be presented as:

dv

v=- (2.2)

The unit of the shear rate is [1/s] or [s71].

Viscosity. Viscosity is a rheological term used to define resistance of a fluid to flow. The origin
of the resistance is the internal forces between the molecules of the liquid. The small particles
in the fluid move relative to each other and this movement always leads to internal friction.
In addition, there are some other mechanical and electrostatic forces involved in a process.
Hence, any fluid generates a certain resistance to flow, which is regarded as viscosity. For
drilling fluids, this parameter is not constant but is the function of temperature, pressure, time

and shear stress [16].

Plastic viscosity (lt,,). The plastic viscosity (PV) is a component of the fluid resistance emerged
solely due to mechanical friction. This friction is caused by solid-to-solid, solid-to-fluid and
fluid-to-fluid interactions. The PV is dependent on the number of solid particles in the fluid

system, their size, distribution and shape [19]. The unit of PV is centipoise[cP].

Yield stress (t,). The yield stress (YS) is a component of flow resistance occurred due to
electrochemical forces. High YS value is associated with strong intermolecular forces. The yield
stress presents a minimum value of applied pressure to launch the flow. The field unit is

[lbs/100£t2] [20].
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Gel strength (T ;). The gel strength presents electrochemical forces within the system when
the sample is at rest. This property is essential for the drilling fluid since the gel strength
determines the ability of the mud to hold the cuttings in suspension when the pumps are
turned off. The fluid with adequately designed gel structure minimizes lost circulation issues

[21].
2.1.1. Rheological models.

Rheological behavior of the fluids is categorized into two basic type, namely Newtonian and
non-Newtonian. There are several models proposed in the literature to delineate the rheology
of non-Newtonian fluids. Some of those models along with the Newtonian model are depicted

in Figure 2-2.

T ‘ Bingham model

< Herschel Bulkley model
Newton model

Power law model

05 >y

Figure 2-2: Illustration of typical rheological behavior of fluids

2.1.1.1.  Newtonian Fluid.
A Newtonian model describes the fluids, which exhibit the linear relationship between shear
rate and shear stress. The flow behavior is determined by a single term — viscosity, which
remains constant for a set temperature and pressure, regardless of applied shear rate.
Common Newtonian fluids can be listed as water, gases and light oils. The equation below

expresses the rheological behavior of Newtonian fluids [19]:
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T=uy (2.3)
Where:

e Yy =shearrate
e T =shear stress.
e L =viscosity, which is determined from the slope of the shear stress - shear rate graph

as illustrated in Figure 2-3.

Shear Stress, ©

Slope of line = viscosity = p = 3—;

Shear Rate,
Figure 2-3: Viscosity profile of Newtonian Fluid [19]

2.1.1.2.  Non-Newtonian Fluids.
Behavior of the fluid, which does not exhibit constant viscosity, is described by the non-
Newtonian model. The viscous properties of non-Newtonian fluids are a function of shear
stress and/or the prevailing shear rate or shear history. The rheological behavior of Non-

Newtonian Fluids can be either time-dependent or time-independent.

The Non-Newtonian fluids, which do not have a memory of their past history (time-
independent), can be categorized regarding dependency of the viscous parameter on the
shear rate (Figure 2-4). The class of fluids, which shows a decrease of apparent viscosity with
increasing shear rate, is categorized as pseudoplastic or shear-thinning. The fluids are
classified as being dilatant or shear-thickening if increased shear rate yields an increase of

apparent viscosity [22].
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4 Shear Thinning
Mewtonian
™
- Shear Thickening
@
g
o
T
T
&
Shear Rate (Y)

Figure 2-4: Time-independent rheological behavior

The time-dependent Non-Newtonian Fluids can be divided into two types, depending on the
response over a period of time when the sample is sheared at a constant rate (Figure 2-5).
When the apparent viscosity of the fluid decreases with time, the fluid is categorized as
thixotropic. On the other hand, the behavior is termed as negative thixotropy or rheopectic,
when apparent viscosity becomes higher with time [23]. Cement and most of the drilling fluids
are examples of Non-Newtonian fluid and mainly exhibit thixotropic and shear-thinning

behavior [24].

Rheopectic

MNewtonian

Shear Stress

Thixotropic

Constant shear velocity

Time

Figure 2-5: Time-dependent rheological behavior

Nevertheless, for Non-Newtonian Fluids, there exist a section at high shear rates (“Upper
Newtonian region”) and low shear rates (“Lower Newtonian region”) (Figure 2-6) whereby
viscosity does not depend or depends insignificantly on shear rate, and a region of strong

dependency between those sections [25].
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'f Upper Newtonian
region

Log
Viscosity

Lower Newtonian
region

Log Shear rate

Figure 2-6: Viscosity profile of non-Newtonian fluid [25]

The following models are the most suitable to describe the rheological behavior of non-

Newtonian fluids:

Bingham Plastic
Power Law
Herschel-Bulkley model

Robertson-Stiff model

A

Unified model

2.1.1.2.1. Bingham Plastic Model.
This model assumes minimum shear stress, defined as yield point (ty), which needs to be
surpassed to launch the flow. Beyond this point the behavior is in accordance with Newtonian
fluid, i.e. shear stress and shear rate are directly proportional, with the constant of

proportionality known as the plastic viscosity, yp. The model can be represented as [17]:
T=Tyt Uy (2.4)

The plastic viscosity (u,) and yield stress (7,)) are obtained from viscometer readings using

following equations:
tp = PV[cP] = O600 — B300 (2.5)

Ty, = YS[Ibf/100sqft] = 6300 — Hp = 2 O300 — 600 (2.6)
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2.1.1.2.2. Power Law Model.
The Power Law or the Ostwald-de Waele model is a two-parameter model that describes a
fluid without yield stress. It assumes that the flow initiates immediately after the shear stress

has been applied. Mathematically model can be expressed as [17]:
T=k-y" (2.7)

Where, the viscosity index is replaced by the coefficient of consistency, k [Ibf-sec”/100ft?]; and
shear thinning tendency is expressed by flow behavior index, n [25]. The parameters can be

calculated from the linearized general equation, which takes the following form:
logt =logk +n-logy (2.8)
Where n is measured from the slope and k is intercept.

These parameters can also be estimated from the Fann viscometer data using the following

equations:
_ 8600
n =332 log(— (2.9
9300
T 600
k=—= 2.10
yr 10227 ( )

Almost all non-Newtonian fluids are shear thinning (n<1) meaning that effective viscosity
decreases with the growth of shear rate. However, for some concentrated suspensions,
effective viscosity increases with increasing shear rate. As mentioned earlier, they are
regarded as shear thickening and can be distinguished by flow behavior index larger than one

(n>1). When n=1, the liquid behavior corresponds to the Newtonian fluid [26],[27].

The Power Law model does not take into account the yield stress what adds more

uncertainties in rheological calculations of a real fluid [17].

MSc Thesis, Tofig Zeynalov, 2018 23




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

2.1.1.2.3. Herschel-Bulkley model.
The Herschel-Bulkley (H-B) model is a three-parameter model, which is yielded Power Law
model. Drilling fluid have yield stress, and exhibits shear thinning behavior. Therefore, H-B
model describes the drilling fluid behavior better than the Power Law and the Bingham

plastic models. Mathematically the model is given as [28]:
T=1,+k-y" (2.11)

The k and n parameters can be measured by converting Equation 2.11 into the logarithmic
form (Equation 2.12) and plotting log(t — 7,) versus logy what gives a straight line with

intercept log k and slope n [25].
log(t —1,) =logk + n-logy (2.12)

The yield stress is calculated from the equation below [29]:

*2 _ )
T Tmin * Tmax

(2.13)

Ty = "
2t — Tmin — Tmax

Where 7* is linearly interpolated from the corresponding shear rate value, y*:

Yy = v Ymin " Ymax (2-14’)

2.1.1.2.4. Robertson-Stiff model.
The Robertson-Stiff model adequately characterizes the rheological behavior of the most
drilling fluids and cement slurries; however, it is not widely used in the industry due to

complexity. The model is represented by the equation below [30]:
T=A-(y+C)B (2.15)

The parameters A and B can be regarded as similar to the parameters k and n of Power Law
model. The term (y + C) is addressed as “effective shear rate”; where the C parameter is

considered to be a correction factor to the shear rate and obtained from the equation below:
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®2

_ Ymin " Ymax — Y
2 Y* = Ymin — Ymax

(2.16)

Where y* is the shear rate value, which corresponds to the geometric mean of shear stress,

T*:
T = V Tmin * Tmax (2.17)
The modified version of Equation 2.15 is given as:
logt =logA + B-log(y + C) (2.18)

The abovementioned equation is simplified by replacing log(y + C) and logt with X and Y

respectively, which yields:
Y=logA+B-X (2.19)

Thereby, the remaining two parameters (A and B) are read from X vs. Y plot. The obtained

straight line has a slope equal to B parameter, whereas A is an intercept [29].

2.1.1.2.5. Unified Model.
This model is an advanced combination of Power Law model what, in its turn, is the
determination of the Herschel-Bulkley as well, but the difference between those two is in the
estimation of k, n parameters and minimum stress to launch a flow. The general form of the

model is [28]:
T=1T,+k-y" (2.20)
Where t,, is termed as lower shear yield stress and can be computed as:
Ty, = (2-03 — 66) - 1.066 (2.21)

The k and n parameters are calculated differently for the annular and pipe flow:
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2 +7 o
n, = 3.32 - log (M> (2.22)
Hp + Ty
—  Pipe flow
_ . M)
k, = 1.066 ( T B (2.23)
2 +7,—7 o
ng = 3.32- log( B T Ty °> (2.24)
Up T+ Ty —Tp
— Annular flow
+17,—7T
k, = 1.066 - (%) (2.25)

2.2. Viscoelasticity.

This section introduces the general theory of viscoelasticity what will be beneficial for the data
interpretation during the experimental study.

Viscoelasticity is the feature of matter, which shows both viscous and elastic properties when
exposed to deformation under applied stress. Drilling fluids are categorized as time-
dependent and viscoelastic materials. Although during normal operations, the viscous
component prevails over the elastic, under infinitesimal deformation, the gel structure
exhibits viscoelastic properties. Therefore, the viscous models, like Power Law, Herschel—
Bulkley and Unified, may not cover all range of strain, and a viscoelastic model should be
implemented for proper evaluation of gel strength and structure, barite sag, solid suspension
[21].

The viscoelastic behavior of materials can be assessed by implementing the oscillatory tests
(Figure 2-7). The fundamentals behind these tests can be explained based on Two-Plates-
Model where the specimen is placed between the lower stationary plate and the upper plate,

which produces oscillatory motion, thereby inducing shear in the sample [16].
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MOVING PLATE

Figure 2-7: lllustration of the Two-Plates-Model for the oscillatory test (Redrawn from Mezger (2006) [16])

During the test, the applied shear causes the sinusoidal deformation, and arising stress in a
sample is measured. The figure below depicts stress () and strain (y) curves plotted against

time. The lag time between sine curves is regarded as the phase shift angle or loss angle (§)

[16].

Figure 2-8 Plot of the stress and strain curves versus time (Redrawn from Mezger (2006) [16])

The following equations are used to calculate shear strain and shear stress [21]:
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y(t) = v, sin(wt) (2.26)

(t) = 7, sin(wt + &) (2.27)

7(t) = 7, [sin(wt) cos § + cos(wt) sin(F)] (2.28)
(t) = v, [(}T/—o cos 5) sin(wt) + <)T/—O sin 5) cos(wt)] (2.29)
7(t) = [G' sin(wt) + G"' cos(wt)] (2.30)

The shear storage modulus (G’) measures the ability of a test sample to store the deformation
energy and quantifies the elastic behavior of the specimen. On the other hand, the loss

modulus (G”’) measures the deformation energy and quantifies the viscous behavior [16] :

TO

G' =—cosd (2.31)
Yo
TO .

G" =—sind (2.32)
Yo

The ratio of the viscous component and the elastic component is called the loss factor or

damping factor (tan §) and defined as:

Gl’
tand = (?> (2.33)

The loss angle (&) can be obtained by modifying abovementioned equation:

GI’
§ =tan™?! <?> (2.34)

For viscoelastic materials, the loss angle ranges between 0° (perfectly elastic material) and
90° (perfectly viscous material). At the point where the shear storage modulus and the loss
modulus are equal (6 = 45°), the material has the even fractions of viscous and elastic
properties. This is the transition point or may also be termed as flow point [16]. Table 2.1

outlines the behavior characterization of liquids according to the viscoelastic response.
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The viscoelastic
The behavior of The ideal-elastic
The ideal-viscous The behavior of a behavior showing 50/50
viscoelastic gel or deformation
flow behavior viscoelastic liquid ratio of the viscous and
solid behavior
elastic portions
4 =90° 90° > 6 > 45° 0 = 45° 45° > 6 > 0° 0 =0°
tané - o« tand > 1 tand =1 tand < 1 tand - 0
G -0 G" > G G =G" G >G" G'-0

Table 2.1: Behavior classification from oscillatory test [16]
There are several available techniques to perform an oscillatory test, such as amplitude sweep
test, frequency sweep test, time sweep test, temperature sweep test. However, in this thesis,

the drilling fluid is subjected only to the oscillatory amplitude sweep test.

2.2.1. Oscillatory amplitude sweep test.

The amplitude sweep test is performed at a ramping amplitude of oscillation whilst holding
the frequency and the temperature constant. Figure 2-9 shows the typical output curves from
the viscoelastic test of the fluids showing gel-like character. One can distinguish the low shear
strain region where the storage and loss modulus exhibits unaltered behavior at different
levels. This region is given as straight horizontal lines on the graph and called linear viscoelastic
range (LVER). The gradually increased strain results in deviation of these lines from horizontal,
and the stress associated with this point is termed as the shear yield stress (Ty). The point
where the lines cross each other (G’ = G"') is a flow point(rfp), beyond which the behavior

is dominated by viscous forces [16].
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Figure 2-9: Common output from the stress amplitude sweep test showing gel-like behavior.

2.3. Drill string mechanics.

Drill string loads are one of the critical limitations for wellbore trajectory and length. Torque
and drag loads are a crucial consideration prior to any drilling operations, which assess the

possibility to reach the desired target successfully.

A thorough investigation of torque and drag is an essential basis for well trajectory
optimization, calculating the possible well length, selecting the rig with proper hoisting and
rotating capabilities, etc. Various reasons can lead to excessive torque and drag, some of
which can be listed as differential sticking, tight hole conditions, insufficient hole cleaning
leading to cuttings build up, high sliding wellbore friction [19], [31]. However, in the wells,
which do not experience any problems related to the hole condition, the sliding friction
appears to be the primary source of excessive torque and drag. The sliding friction coefficient
is a function of friction force and the normal contact force. In practice, this factor depends on
the material and structure of contacting surfaces, as well as on lubrication degree between
them [32]. Thus, one of the fundamental functions of drilling mud identified as a reduction of

friction to avoid excessive torque and drag, and minimize the wear of equipment [19].

In this section, a general theory of torque and drag will be presented, which underlies further
simulation studies. The most popular models for torque and drag prediction consider a
division of a drill string into small segments, as shown in the figure below. Each segment is
exposed to axial and torsional loads at the ends and transmits increments of these loads to

the upper segment, as calculation goes from bottom to the top [19].
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Figure 2-10: Loads on the segmented drill string (Redrawn from[33])

2.3.1. Torque.

Torque is a rotational force required to twist a body. In drilling, torque may be defined as a
moment applied to the pipe to transmit rotation to the drill bit. Besides insignificant loss due
to viscous forces in drilling fluid, there would not be any torque loss in a perfectly vertical well
where there is no contact between the drill string and the surface of formation or casing. On
the other hand, in inclined wells, the drill pipe can partially or fully lie on the borehole wall
causing great frictional forces. In this case, the torque loss is noticeably high and can seriously

affect the drilling program [31].

The value of the torque is affected by rotation radius, normal force over the pipe and
coefficient of friction. The increment of each segment to overall torque can be estimated as

[34]:
AT = usN;TrAS (2.35)
Where:

e u, = coefficient of friction
e N; =normal force
e 1 =rotation radius

e AS =changein length
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The torque loss per unit length for buckled and non-buckled string is given as [33]:

n
Ty =T + Z ety Ni(Sisq — Si) (2.36)

i=1
2.3.2. Drag.

Drag is defined as the cumulative axial force needed to run the drill string in or out of the hole.
Generally, this force is parallel to the gravitational force of the string and depends on the static
weight, friction-drag force and direction of the motion. The drag force is given by the following

equation [33]:

n

_ 0i+1 + 0

Fiya=F+ Bw; cos — ) Tl (Siv1 — S0 (2.38)
i=1

Where, F; is a weight on bit applied on the lowest segment; u is coefficient of friction; S is

buoyancy factor; w; is a weight of each segment and N; is a contact force.

High drag and high torque are associated with each other and normally occurs simultaneously.
As was mentioned earlier, the root of excessive torque and drag is considered to be the
troublesome wellbore. However, if a good wellbore condition is considered, the origin of
excessive torque and drag will be sliding friction, which, in turn, is affected by the normal
contact force and coefficient of friction. Therefore, one of the driving forces behind this thesis

was to improve the frictional characteristics of drilling muds.

2.4. Hydraulics model.
Drilling hydraulics is mainly associated with the pressure exerted by the drilling mud on
different components of the system while circulating. The magnitude of pressure induced by
a mud depends on the true depth, fluid characteristics, borehole geometry and whether the

liguid in the system is in dynamic or static condition [35].

When the drilling mud is in the static condition, the hydrostatic weight of the fluid column
(often termed as bottom hole pressure) is the only component that creates a pressure against
the formation. However, while circulating, the fluid generates dynamic friction acting against

the direction of the flow and creating additional effective pressure in the annulus. This
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pressure increment can be regarded in terms of mud weight and resulted effective density is

called equivalent circulating density (ECD) [36]:

AP, annulus [ps i]
ECD = MW + ——2Tuus_. =
+ 50527V [ppg] = [ppgl + 1]
Or
AP annulus [bar]
ECD = MW + —2nws . =
*0.0081-TVD’ lsgl = lsgl + 5

Where

o AP, nuius = pressure drop in the annulus,
e MW = static mud weight and

e TVD =true vertical depth to the point of interest.

(2.39)

(2.40)

The wellbore annulus is not the single part of a circulation system where pressure drops occur,

even though it is the only component used for ECD calculations. For a visual representation of

main components where losses occur, the reader is referred to Figure 2-11.

APy,

Figure 2-11: Frictional pressure losses in circulating system
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In circulation loop, the pump is to overcome frictional drops in the whole drilling arrangement,
and the total pump pressure (Pp) is defined as the sum of friction pressure loss, which is given

as [19]:
Pp = APfS + APfdp + APde + APb + APfadc + APfadp (241)
Where:

e APy =friction pressure loss in surface connections

o APsqy = friction pressure loss inside a drill pipe

o APsq. =friction pressure loss inside a drill collar

e AP, = friction pressure loss across a bit

® APsqq = friction pressure loss in the annulus around a drill collar

® APsqqp = friction pressure loss in the annulus around a drill pipe

The performance of formulated fluids, in terms of pump pressure and equivalent circulating
density, has been evaluated in the simulation part. Despite the diversity of hydraulic models
available in the literature, the Unified model was chosen for the study. A reference point in
this choice was the study carried out by Sadigov [37] who performed the analysis of field and
experimental records and showed that Unified model complies better with the measured

data. A summary of equations used in the selected model is given in the table below.
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Unified model
Pipe Flow Annular flow
Hp = Reoo — R300,[cP] Ty = R3p0 — pp, [Lbf/100ft*] 79 =1.066" (2R3 — Rs)
2-u +1 2o, +T,
n, =3.32-log (M) ng = 3.32-log (M)
Hp + Ty Hp+ Ty g,
— #P+tf np+ty_tﬂ
k, = 1.066( =11 ) k., = 1.066 (—511% )
k = [Ibf - sec™/100ft?]
B—-amn+1 a
G_( (4 —a)n (1+§)
a = 1 for pipe a = 1 for annuli
24.51q 24.51-q
DR " T bi-p%
v = [ft/min]
“16Gv_
Yw=——p — = [sec”’]
4 —a\" .
tw=|(3—2) 7o+ k- vi)|= [tbf/100fe%)
2 2
Py P Va
= — N - =
Nee = 19 36- T, e 19361y
_ 16 _ 24
f!ﬂminnr = Nge flam.lnnr = Nge
_ 16 Nge B 16 - Nge
feransient = (3470 — 1370 - n,)? feransient = (3470 — 1370 - n,)?
a a
Feurtratent = o3 fturbutent = =5~
Nlte Nne
_ log(n) +3.93 - 175-log(n) | _ log(n) + 3.93 - 1.75 — log (n)
- 50 ~ 7 50 7
fpurrial = (frransiem_ﬂ + frurhu!enr_s)_ua
fP = (fﬂarﬁn!lz + f!amiuﬂrlz)lnz fn = [fparﬂn!lz + f!nmimrlz)lnz
dp) fovpp ) (dp) fa'vap )
—1=1.076 - ——— = [psi/ft — | =1.076————— = [psi/ft
(dr, ) 105, _ [PSi/T] dL 105 (D - D) pst/ft]
P .
Ap = (d—i) <AL = [psi] Ap = (ﬁ) *AL = [psi]
156-p-¢° .
AProzzies = 2 2 242 = [pSI'.]
(Dy1” - Dy2” — Das®)

Table 2.2: Summary of equations used in the Unified model [37]
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3. LITERATURE STUDY.

In this chapter, an overview of nanoparticles, their application in the petroleum industry and
brief information about the chemical components making up the experimental drilling fluids

are given.

3.1. Nanoparticles.

Nanoparticles (NPs) are microscopic materials with a size diapason from 1 to 100 nm. Due to
the nano dimensions and the ability to control their behavior, these particles allow to produce
the new generation of lightweight materials with ultrahigh strength, improved mechanical,
thermal, electronic, optical and magnetic properties [38]. The scale of NPs is in the contiguous
area between the clusters and the macroscopic materials. Thus, they exhibit one of a kind
effects, such as surface effect, small size effect and quanta size effect, rather than directly
exhibit atomic and macroscopic properties [39]. Consequently, nanomaterials possess unique
characteristics and have become a field of keen interest for scientific study and commercial

exploration [40].

NPs can exist in the form of crystals, powders or clusters and classified based on morphology,
size and chemical properties. Some of the most popular categories based on physical and
chemical properties can be listed as carbon-based NPs, metal NPs, ceramics NPs,

semiconductor NPs, polymeric NPs and lipid-based NPs [41].

In recent years, the application of NPs has gained instant popularity in different fields such as
aerospace, medicine, manufacturing and materials, refining, electronics, photography and
energy industries. Nanoscience and nanotechnologies have enormous potential in future
technologies and are attracting significant and rising investments from governments and

industrial companies all over the world [38], [42], [43].

3.1.1. Application of Nanoparticles in Petroleum Industry.

Nanotechnology has found its application in almost all branches of industry, from consumer
electronics to healthcare and telecommunications. Even though nanoparticles are not a novel
product and have been used for many years in different sectors, many nanomaterial-based

products are still in the investigation and lab developmental phase and newly found field
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application in oil and gas activities. In recent past, a large number of research and studies have
been conducted and proved that nanomaterial-based products can facilitate more efficient,
cost-effective and environmentally friendly operations of the petroleum industry [42],[44]. In
this section, some applications of nanotechnology in different areas of oil and gas sector will

be discussed.

3.1.1.1.  Exploration.
As the oil and gas reservoirs becoming shrink and mature, there is a need to conduct
exploration activities in more hostile and deep environments. Nanoparticles have superior
optical, magnetic and electrical properties, what turns them into an excellent material to
implement in nanosensors and imaging contrast agents [45]. A new generation of
nanosensors, called “nanodust,” has been deployed in pore space to improve reservoir
characterization, fluid-flow monitoring and fluid type recognition [46]. Hyperpolarized silicon
NPs are a modern tool for measuring and imaging, claimed by Song and Marcus (2007) [47].
Nano-based Computerized Tomography (CT) is able to reflect the tight gas sands, tight shales,
and tight carbonates formations where the pore structure is below the “vision” of micro-CT.
Moreover, nanomaterials can be applied for geothermal production, due to the high thermal

conductivity of nanoparticles [10].

3.1.1.2.  Production.
Advantages of nanotechnology during the production phase of the well have been studied by
different scientists. Bhatia and Chacko (2011) proposed utilization of nanoparticles for
recovery of gas from hydrate. They reported that injection of air-suspended self-heating Ni-
Fe nanoparticles, at very low concentrations, increases the temperature of formation by 42°C,
what leads to decomposition of water cage and release of methane [48]. Huang et al. (2008)
studied the effect of nanoparticles in the stimulation operation. The results showed that
nanoparticles along with conventional viscoelastic surfactant (VES) stabilized fluid viscosity at
high temperatures, decrease fluid loss and improve fluid efficiency. Due to nanometer size,
nanoparticle modified VES fluid efficiently and entirely cleans up and flows back through pore
throat without any damage [49]. Another application of nanotechnology in this stage of well

life can be described as protection of production tubing against scale deposition, which is
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performed by creating a hydrophobic nano-surface using nano-silicate particles. This surface
effectively increases contact angle for water, what reduces the probability of scale formation

significantly [50].

3.1.1.3.  Reservoir characterization.
The advantage of nanotechnology in enhanced oil recovery (EOR) becoming an important
topic, as reservoirs moving towards depletion. Nanoparticles can affect the properties of the
reservoir by improvement of surface tension as well as reserves themselves. The viscosity of
injected liquid often is lower than the viscosity of the displaced oil. Injection of nanoparticles
along with conventional fluid can set the viscosity of the mixture to the desired level,
improving by thus the mobility [10]. Ogolo et al. (2012) analyzed the application of nano-sized
particles of magnesium oxide, aluminum oxide, zinc oxide, zirconium oxide, tin oxide, nickel
oxide, hydrophobic silica oxide, silica oxide treated with silane and silica oxide with regard to
EOR. The study showed that diesel as a base fluid along with above-mentioned NPs proved to
be a valuable nano-agent for enhanced oil recovery, which reduces viscosity and interfacial
tension and modifies permeability [51]. Moradi B. et al. (2015) carried out an experimental
work to see how silica nanoparticles can affect the performance of water alternating gas
(WAG) in terms of EOR. The results revealed 20% improvement in recovery factor in
comparison with conventional WAG method. The increase of recovery can be regarded in
terms of wettability. It was documented that silica NPs altered the wettability of the bulk from

oil-wet to water-wet what influence the recovery [52].

3.1.1.4.  Drilling Fluids.
Drilling fluid is considered as a crucial aspect of smooth and efficient drilling activities.
Performing these operations in previously unreachable locations, under severe temperature
and pressure conditions became possible nowadays due to improved characteristics of drilling
fluids. Water-based muds are more popular because of being less expensive and less
hazardous to the natural environment as compared to oil-based or synthetic-based muds.
Nevertheless, the properties of water-based muds are impaired strongly under harsh

conditions, and there is a demand to improve characteristics and enhance their usage at new
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locations by adding new-generation additives [53]. This section contains a review of some

papers where different nanoparticles were used to improve the performance of drilling fluids.

Caldarola et al. (2016) studied the use of barite nanoparticles in water-based drilling fluids
and how it can affect the potential horizontal penetration. They conducted the lubricity test
of three different mixtures, two of them containing 3 wt.% barite nanoparticles made by
different means and one base fluid. Nanofluid prepared through a chemical reaction exhibited
better performance in terms of friction as compared to the sample generated using
mechanical ball-grinder. Considering the pulling out load with the base fluid as maximum
available capacity, it was found that horizontal section could be prolonged to 1124 meters
using the mechanically synthesized nanoparticles, while the extension of the well was 1841
meter when the chemical barite NPs were used. Moreover, it was reported an average
decrease of rotational torque by 34% and 15% for the fluid with Chemical NPs and Mechanical
NPs, respectively. The paper concluded that usage of nanoparticles in WBM could generate a
smooth nanofilm on the surface of the metal what decreases the friction. As a result, the
reservoir may be penetrated deeper, and better drainage strategy can be achieved, as well as

reduction of applied torque leads to decrease in tubular wear [54].

Aforementioned nanoparticles were investigated by Cedola et al. (2016) regarding the effect
on the loss gradient. In-situ stresses were recreated by hydraulic fracturing cell where the core
samples placed and sealed by a rubber sleeve. The fluid was injected in 2 cycles with a ten-
minute lag between allowing the fracture to be sealed. The pressure variation curve was
plotted against the time curve for each liquid, and readings of breakdown pressure and
reopening pressure were documented. Examination of the data revealed that the breakdown
pressure for the three cases was about the same value; however, reopening pressure of the
sample tested with the fluid containing mechanically generated nano barite was 13% as much
as the sample tested with the base fluid. The mud with chemically created particles did not
show any vast improvement in fracture sealing ability. The paper found out that by adding
barite nanoparticles the number of casing strings may be lessened since there would be a
larger area for a casing program; fractures get sealed better allowing more substantial

pressures without reopening the crack [55].
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Iron oxide (Fe,03) and silica (Si0,) nanoparticles at different concentrations were also added
to the water-based drilling fluid to examine the rheology and the properties of filter cakes at
different temperature conditions. Rheological measurements for the fluids containing
different concentrations of iron oxide demonstrated that increased amount of these
nanoparticles leads to increased yield stress compared to the base fluid; however, this effect
is more significant at high temperatures. Besides, samples containing Fe,0; nanoparticles
diminished the fluid loss, even at the weak concentration of 0.5% wt. On the other hand, silica
nanoparticles added to the mud exhibited an unstable behavior regarding the yield stress

fluctuations and had an adverse effect on filtration characteristics [56].

Another iron oxide’s nanoparticles, magnetite Fe;0,, were used as an additive to the
bentonite-based fluid by Z.Vryzas et al. (2016). The study revealed that the experimental fluid
with nanoparticles concentration of 0.5% by weight showed a linear relationship between
yields stress and temperature, up to 250°F. Apparent viscosity showed growth with the
increased temperature in the whole diapason of shear rates. Nanofluid conserved good
rheological characteristics at high temperature, what is opposite to the base fluid, and
exhibited a significant decline in fluid loss. Use of Fe; 0, nano-additives proved to be favorable

at HP/HT in terms of filtration losses and ability to create a fine filter cake [53].

Y. Kang et al. (2016) studied the effect of silica nanoparticles on a shale wellbore strengthening
both for oil-based mud (OBM) and water-based mud (WBM). The research comprised three
separate tests, namely spontaneous imbibition, swelling rate and acoustic transit time. It was
documented the significant reduction in imbibition amount and swelling rate when WBM was
used. They also observed a decline in Young’s-modulus reduction of shale caused by filtrate
invasion, what indicates that using WBM in combination with silica nanoparticles can
strengthen the shale formations and lower wellbore instability issues. On the other hand, the
observations for OBM in combination with these nanoparticles were counterproductive,
showing negative results concerning filtration, crack propagation and lower Young’s modulus
of formation as compared to the base fluid. The reason for such phenomena was the better
dispersion of particles in WBM and easy plugging of pore throats what prevents filtrate

invasion into the formation [57].
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3.1.1.5.  Refining and processing.
The refining and petrochemical processes are the first areas where nanotechnology has found
its practical application and contributed significantly for almost 100 years. Nano-based filters
have the ability to exempt a vapor from toxic matters such as oxides of sulfur and nitrogen,
related acids and acid anhydrates as well as release mercury from soil and water [46]. A new
generation of nanomembranes provides the means for improved separation of tight gas from
gasses, removal of metal grains from heavy oil, and GTL (gas-to-liquids) production [45].
Nanocatalyst allowed for the possibility to facilitate difficult transportation and handling of
dense and viscous substances such as bitumen and heavy crude oil, by introducing an on-site
upgrading [58]. Currently, there is a high focus on designing and development of nanocatalyst

for on-site field upgrading in combination with hydrogen/methane production [59].

3.2. Chemicals ingredients used in this thesis.
This section presents the review of chemical components used to prepare experimental
drilling fluid. The fluid used in this thesis contains fresh water, nanoparticles, bentonite,

polymers and salt.

3.2.1. Nanoparticles.

3.2.1.1.  Nano boron nitride.
The crystal structure of boron nitride (BN) is very similar to diamond, graphite, fullerene and
other carbon materials. Due to superior properties such as heat resistance, high oxidation
resistance, corrosion resistance, low coefficient of thermal expansion and friction reduction
abilities, boron nitride found its application in different fields of industry, science and
technology. They are considered as potential material for electronic devices, insulator

lubricants, gas storage materials, nanocables, heat resistant semiconductors [60], [61].

As can be seen from the SEM image (Figure 3-1 (a)), the size range of BN varies from 150 nm
to 300 nm. The crystalline structure of these particles can be listed as hexagonal-BN, cubic-

BN, BN-nanotubes, rhombohedral-BN, wurtzite-BN and BN-cages [62].

MSc Thesis, Tofig Zeynalov, 2018 41




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Figure 3-1: (a) SEM image of BN, (b) Structure models of hexagonal BN, rhombohedral BN, wurtzite BN, cubic BN

Several papers reported excellent tribological properties of BN powder nano-additives,
thereby, mentioned nanoparticles seem to be an appealing additive to a drilling fluid capable
of serving as a lubricity agent. At the University of Stavanger, Awais et al. (2018) have tested
the performance of BN in CMC polymer. Results showed that the addition of 0.0095% by
weight BN reduced the friction coefficient with 37% [63]. In the thesis work, the performance
of dry BN nano-powder was experimentally investigated in Duovis and Xanthan gum polymers
based drilling fluids. Moreover, there was an intention to enhance the effect of BN
nanoparticles by grafting with oil since the first dry BN trial in the selected polymers was not
satisfactory. The idea of grafting procedure was obtained from the ongoing PhD work, and the

process of grafting was accomplished together with my supervisor.

\-—J N—

Dispersion of BN after mixing Dispersion of BN after 12hr Dispersion of BN after 72hr
Figure 3-2: Dispersion of Boron nitride nanoparticles [63]
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3.2.1.2.  Nano boron nitride grafted with oil.
As mentioned earlier, in addition to dry BN, an attempt was made to modify the surface
chemistry of BN nanopowder. The grafting was carried out with the environmentally friendly
oil with the objective of reinforcing the lubricity effect. The procedure of grafting consisted of
several steps. First, 8g of dry BN nanoparticles were mechanically mixed with 250 ml of oil.
Afterwards, the mixture was sonicated for 1:30hr (Figure 3-3 (a)). The procedure was followed
by the washing and drying of the mixture. During the washing process, the suspension was
mixed with acetone and centrifuged twice at 3000 RPM to separate different phases according
to their densities (Figure 3-3 (b)). After centrifugation, the oil phases have been poured out.
Then, the solution was again centrifuged with distilled water to clean out the residual oil.
Finally, wet nanoparticles were poured on the flat surface and kept at room temperature to
let the liquid to evaporate. The condition of the particles was assessed by visual inspection,

and the particles were collected when they lost its moisture. It took a couple of days to get

dry nanoparticles. Associated photographs can be find in Appendix A.

_b) M

Figure 3-3: (a) BN-Oil sonication; (b) Centrifuge used for BN cleaning
3.2.1.3.  Hydroxyl functionalized multi-walled carbon nanotube (MWCNT-OH).
Multi-walled carbon nanotubes (MWCNT) belong to the carbon nanotube (CNT) family of
nanomaterials. The structure of MWCNT consists of multiple graphite layers, which are rolled
up to form a tubular shape [64]. CNTs find their application in different fields of the industry
due to valuable properties such that tensile strength, elastic modulus, electrical and thermal

conductivity [65].
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Ultrasonication is considered as the most effective and conventional method for better
dispersion of CNTs in a mixture. However, this often results in particles split up resulting in
deterioration of electrical and physical properties. The defects of sonication can be reduced

by surface modification (functionalization) of nanotubes [66].

Functionalized multi-walled carbon nanotubes are used in petroleum industry, especially in
cementing operations. They have been proven to be capable of developing strength cement
[67]. Rheological effect of functionalized MWCNTSs in water-based mud was described by
Abduo et al. (2016). Generally, the shear stress of MWCNT’s containing mud increased
compared to the conventional WBM. The viscosity of the drilling fluid showed directional
proportionality to the concentration of these particles, i.e. increased concentration of
nanoparticles led to increased viscosity [7]. This type of response is common for the nanofluids
can be explained in such a way that high concentration of particles creates agglomeration in
the system. Therefore, a greater force required to disperse the agglomeration resulting in

higher internal shear stress in nanofluid what leads to increased viscosity [68].

In one of the frictional experiments performed in this thesis, hydroxyl functionalized multi-
walled carbon nanotubes (MWCNT-OH) were used as a basic chemical during the formulation
of the reference fluid. Then Boron nitride particles along with a lubricant were added ex-situ
to evaluate the performance of these nanoparticles’ composition. Figure 3-4 shows the
transmission electron microscopy of MWCNT and the structure hydroxyl (—-OH) functionalized

MWCNT.

Figure 3-4: (a) SEM image of MWCNT; (b) structure of MWCNT-OH
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3.2.2. Bentonite.

Bentonite is termed as any clay where smectite, usually montmorillonite, prevails the physical
properties [69]. The primary functions of bentonite in water-based drilling muds are to
increase the viscosity of suspension and to decrease fluid loss [19]. Bentonites can be split into
two categories depending on swelling rate when getting in contact with water. The first
category contains Na' as exchangeable ion and has an extensive absorption capacity, great
swelling properties and remains in suspension without settling down for a quite long time,
while the second group of bentonites does not swell at all and fall out of thin water dispersion.

This group contains Ca™ as the exchangeable ion and does not absorb any water [70].

A drilling class bentonite should readily disperse in water to contribute to thixotropic or shear
thinning properties with adequate gel strength and low fluid loss. If the characteristics of raw
bentonite are insufficient, it can be improved by ion exchange or adding an extender [71]. For
example, the blending of sheared and dried bentonite with sodium carbonate will improve
suspending and swelling properties. Acid treatment modifies the specific surface while

guaternary ammonia compounds can improve organophilic properties [72].

Structure and composition.
As noted above, the dominant mineral in bentonite is montmorillonite, which gives the unique
properties to the drilling fluid; however, the percentage of chemicals can vary greatly. Table

3.1 presents chemical composition of commercial bentonites available in different regions:

Chemical composition in %
Wroming Pg?i’;: Ponza,
“Volelay” | Italy
: Mississippi -

Silica. Si0, 64.32 64.00 67.42
Alumina, ALO, 20.74 17.10 15.83
Ferric oxide, Fe,0, 3.03 1470 ¢ 0.88
Ferous oxide, FeO 0.46 b -
Titanium dioxide, TiO, 0.14 1.50 -
Lime, CaO 0.50 3.80 2.64
Magnesia, MgO 2.30 0.50 1.09
Potash, K,O 0.39 0.20
Soda, Na,0 2.59 - 1109
Phosphoric anhydride,
P, ij ¥ 0.01 - -
Sulfuric anhydride, SO, 0.35 0.20 0.01
Other minor constituents 0.01 8.00 -
Combined water 5.14 64.00 10.88

Table 3.1: Chemical composition of commercial bentonites [73]

MSc Thesis, Tofig Zeynalov, 2018 45




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Most of the clay minerals containing smectite group have the similar structure. Their flakes
are made up of microscopic crystal platelets, which are arranged face to face. Each platelet
consists of either octahedral sheet or tetrahedral sheet, which are tied to each other by

covalent bonds through shared oxygen atoms as shown in Figure 3-5.

Tetrahedral —-
sheet

Silicon atoms -0 0

Aluminum or magnesium = @

Oxygen =0
Hydroxyls = (@)
(After Grim.2)

Figure 3-5: Different types of platelets and bonding between them [69]
Particle association.
The particle arrangement of clay minerals significantly influence the fluid properties such as

viscosity, yield point and the filtrate loss [74]. There is four common disposition of clay

particles which are described below and shown in Figure 3-6.

Flocculation
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Ca bentonite in fresh water Ca bentonite in 0.01 N CaCl,
stacked and deflocculated stacked and flocculated

Figure 3-6: Arrangement mechanism of clay particles [69]
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Deflocculated system.

When the particle arrangement is governed by repulsive forces, the system is called
deflocculated. Such system can be achieved if the constituent particles have the same charge
or if the particles were neutralized and dispersed by chemicals. The alkalinity of the system
can create a net negative charge. The yield point and filtrate loss of deflocculated system are

small.

Flocculated system.

A system is considered to be flocculated when net forces between the particles are attractive.
The particles are grouped and coupled to each other either end to end or end to the surface,
building a three-dimensional system. In such bentonite system, the viscosity and filtrate loss

will be high.

Dispersed system.

When the particles in the system are separated and exist in the form of an individual unit or a
small group, the system is dispersed. The pH of the solution govern the charge of particles.

The arrangement of particles in a dispersed system can be both flocculated and deflocculated.

Aggregated system.

In this system, the crystals are bound to each other and create aggregates. When the clay is

wetted, the sheets making up the platelets will split up causing an increase in viscosity.

3.2.3. Polymers.

A polymer is a chemical molecule where small and identical units, monomers, are joined
together and repeated [75]. The progress of polymer chemistry diversified their application in

drilling mud. Some examples of polymers and their function are listed below [76], [77]:

e Polysaccharide derivatives to control filtration
e Partially hydrolyzed polyacrylamides to encapsulation wellbore walls
e Xanthan gum to viscosify the fluid

e Carboxymethyl Cellulose Sodium (CMC) to control fluid loss and increase the viscosity
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Other functions of polymers can be indicated as keeping mud stabilized at high temperatures,
enhancing the yield of clay, flocculating or deflocculating some solids [19]. The structure of

the polymers is shown in Figure 3-7.

Linear Branched Crosslinked

Figure 3-7: Polymer structure

The performance of selected nanoparticles will be examined both in Duovis polymer and
Xanthan Gum polymer. Based on the experimental and simulation study, it will be concluded

how the polymers can alter the properties of the nano-containing fluid.

3.2.3.1.  Duo-Vis.
Duo-Vis is a dispersible biopolymer with high molecular weight. This polymer used in water-
based mud to viscosify the system for improved cutting transport and better suspension. Duo-
Vis affects the rheology of the drilling fluid making it highly shear-thinning and thixotropic to
refine hydraulics. One of the disadvantages of Duo-Vis is susceptibility to bacterial

degradation, which can be avoided by adding a biocide to the mixture.

3.2.3.2.  Xanthan Gum.
Xanthan gum (XG) is a water-soluble microbial exo-polysaccharide derived from the bacterium
Xanthomonas campestris [78]. Due to superior properties such as high viscosity at low
concentrations, stability at the temperature and PH variations, non-toxicity, XG are broadly
used in agriculture, nutrition products, pharmaceuticals, household and industry [79], [80]. In
drilling fluids, Xanthan gum is used to increase viscosity, provide better suspension of drilling
cuttings and stabilized the mud against the salt [76], [78]. It is most commonly applied in high
salt environments, where bentonite is not capable to viscosify the mud [76]. The molecular
structure of XG can be described as repeating monomer. Each monomer comprises two
linearly connected backbones, which are very similar to the ring of glucose. Every other

backbone has a trisaccharide side chain. The side chain is made of three rings: mannose
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acetate connected to the backbone, terminal mannose in the tail and glucuronic acid salt

between them. The graphical illustration is shown in Figure 3-8.

oom’ o-cH;
C\ / =] H OH
c H e
H o mat Wt st
/\ oH oH M"=Na", K, 2Ca
CH,
o

H

H H

Figure 3-8: Molecular structure of XG
The main advantage of such structure is that hydrogen bonds, connecting the rings, are easily
broken under high shear making the fluid thin. It gives low viscosities in bit nozzles, resulting
in increased penetration rate. On the other hand, when the shear rate drops, the proper

annular viscosity ensure proper hole cleaning [76].

3.2.4. KCI salt.

Potassium chloride (KCl) is a soluble salt, which is used in water-based drilling muds to
maintain the stability of water-sensitive shale regions. Prior to the revealing the effect of
potassium salts on shale formations, oil-based muds were suggested to drill such sections [81].
Theoretical and experimental studies showed that potassium ions at proper concentrations
used in WBM are incredibly efficient in environments where there might be problems

associated with swelling or dispersive tendencies of clay [82].

The process of shale inhibition is generated due to molecules exchange. The mechanism of
KCl protection against shale inhibition can be explained as follows: positively charged
potassium ions (K*) are attracted by the negatively charged clay surface. After the ions fit in
the tiny spaces between platelets, they are held together, preventing invasion of water

molecules [83].
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4. EXPERIMENTAL STUDY.

Several different mixtures of weighted water-based drilling fluid were formulated and tested
to investigate the effect of nano-sized additives. The chemical components making up the

drilling muds were presented in Chapter 3.

The primary objective of the research was to improve the properties of conventional water-
based drilling fluid by introducing nanoparticles to the system. The experimental fluids were
characterized with regard to rheological properties, coefficient of friction, filtration, pH and
viscoelasticity. Lastly, the parameters of formulated fluids were used as input data for

simulation setup to assess the performance regarding the important drilling functions.

In this thesis work, the experimental fluids were formulated using two different polymers,
namely Duovis and Xanthan gum. At first, the screening test was performed to establish the
most attractive concentration of nano-additives, capable of reducing the friction. Further
characterization was based on these results. The mass ratio between water, bentonite,

polymers and salt has been established by previous students [84].

4.1. Effect of dry BN powder in Duovis polymer.
This section presents the performance of the commercial dry Boron nitride nanoparticles.

Nanofluids were formulated in the Duovis-based fluid and tested with the wide range of BN

concentrations.

4.1.1. Drilling fluid formulation.

The experimental fluids were prepared and further tested to see how different chemical
compounds can affect each other and determine the best system regarding interested
parameters. Salt was added to improve inhibitive properties, polymers were used to viscosify
the system, and bentonite for filtrate loss and viscosity. The components of experimental
fluids and their functions were discussed thoroughly in Section §3.2. The mud systems were

formulated in the following sequence:

1) Water
2) Salt
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3) Polymer
4) Nano-additives

5) Bentonite

The weight of each chemical was measured with precision balance according to the required
concentration. The suspensions were mixed using Hamilton beach mixer with different
rotation speeds until it became smooth. It is of great significance to add polymers carefully;
otherwise, they would agglomerate and form lumps. After thorough mixing, the fluid system
was allowed to age for 48 hours before carrying out any experiments to ensure the proper

bentonite swelling.

The base fluid did not contain any nanoparticles and served as a reference to calculate the
relative changes of tested and simulated parameters. The concentration of nanoparticles was
gradually increased from fluid to fluid; however, other chemical compounds have the same

weight as in reference liquid.

Base fluid + Base fluid + Base fluid + Base fluid + Base fluid +

Base fluid
0.01 wt.% 0.02 wt.% 0.03 wt.% 0.04 wt.% 0.3 wt.%
Water 500 g 500 g 500 g 500 g 500 g 500 g
Bentonite 25¢g 25¢g 25¢g 25¢g 25¢g 25¢g
Kcl 5g 5g 5g 5g 5g 58
Duovis 05¢g 05¢g 05¢g 05¢g 05¢g 05¢g
BN (dry) 0 0.05g 01g 0.15g 0.2¢g 15g

Table 4.1: Formulation of drilling fluids containing dry BN (in Duovis)

4.1.2. Lubricity.

The tribological behavior of the fluids was studied using pin-on-disc tribometer from CMI
instruments (Figure 4-1). The equipment cooperates with the computer software showing
instant and average friction factors between the rotating disc and steel ball on the end of
tribometer arm. The rotating radius has been altered to catch the whole spectrum of possible
friction values with 5N normal force applied to the arm. The experimental muds were tested

at constant room temperature and constant rotation speed.

MSc Thesis, Tofig Zeynalov, 2018 51




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Each fluid sample was tested three times to eliminate uncertainties in the measurements and
get an averaged value. Prior to conducting any test, it is essential to fill the cup with sufficient
amount of tested fluid, ensure clear surface and inspect the condition of a steel ball and
rotating disc. If the rubbing elements were damaged, the computer would fail to show the
correct friction result. One should keep in mind that during this thesis work, the balls from
different companies were used and the data could be compared only to the fluids from the

same batch, but not to the fluids from other experiments.

TRIBOMETER

/-.

Figure 4-1: CMI tribometer at UiS

Figure 4-2 outlines friction measurements of five fluids containing dry BN nanoparticles along
with the reference system. The graph exhibits the mean values calculated from the several
tests for each fluid. The left axis represents average values of friction coefficient, whereas the

right one shows the change relative to the reference fluid in percentage.

The results from these experiments showed that increasing concentration of BN nanoparticles
does not show a constant decrease in a friction factor. The fluids with low concentrations of
BN (0.01 wt.% and 0.02 wt.%) showed around 8 percent friction reduction. The lowest friction
value was observed for a sample with 0.03 percent weight of dry BN, which corresponds to

23.6% reduction in comparison with the reference fluid. An interesting observation was made
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for the fluid with 0.04 wt.% of given nano. There was a sharp rise in the friction factor
compared to the fluid with slightly smaller concentration. The lubricity coefficient was
approximately the same as for the base fluid. In order to verify the validity of the data, the
fluid with the equal weight ratio of components was prepared and tested once more. The new
experiments showed the same average value. To study the effect of high concentrations, the
amount of BN particles was significantly raised up to 0.3 wt.%; however, the friction

improvement was 12.1% what is still not the best result documented in the batch.

0.35 10.0
0.30 5.0
5 0.25 0-0
E 5.0 o
£ 0.20 Ty
2 100 &
9 015 -12.1 o
kS -15.0 &
E 0.10
o= -20.0
0.05 -25.0
0.00 -30.0
Base fluid  Base fluid + 0.01Base fluid + 0.02Base fluid + 0.03Base fluid + 0.04 Base fluid + 0.3
(Duovis) wt% dry BN wt% dry BN wt% dry BN wt% dry BN wt% dry BN
Drilling fluids

B Friction esss==9% Change

Figure 4-2: Effect of dry BN (in Duovis) on the coefficient of friction

4.1.3. Rheology.

The rheological test was conducted using a Fann-35 viscometer with a rotating cylinder, which
allows to take the readings at 600, 300, 200, 100, 60, 30, 6 and 3 RPM. Before any
measurements, the fluid samples were mixed for 2 minutes to ensure even particle

distribution. The rheological test was performed at room temperature.

For the visual representation of the dependence of the rheology on the presence of BN
nanoparticles, the reader is referred to Figure 4-3. The minor changes were observed for all
nano-treated drilling fluids as compared to the base system. The curves exhibited inconsistent

behavior and intersected each other. The line corresponding for the rheological data of the
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fluid with 0.3% BN particles showed the lowest readings at slow rotation speed; however, at

high RPM, the shear stress had the maximum values among all the tested fluids.

40
35
—@— Base Fluid

L 30
&
g )
8 15 —@— Base Fluid + 0.01
had wt%
5
s 20 )
2 —@— Base Fluid + 0.02
.E wt%
« 15
©
2 —@— Base Fluid + 0.03
wv

10 wit%

by
5 Base Fluid + 0.3 wt%
0
0 100 200 300 400 500 600
RPM

Figure 4-3: Effect of dry BN (in Duovis) on the viscometer readings

Further examination was conducted by calculating and plotting the Bingham and Power Law

parameters, which are shown in Figure 4-4 and Figure 4-5.

25
20
15
10 I
PV (cP) YS (Ibf/100sqft) | LSYS ( Ibf/lOOsqft)
M Base Fluid 5 21 9.5
M Base Fluid + 0.01 wt% 5.5 19.5 6.5
M Base Fluid + 0.02 wt% 6.5 19 6.5
M Base Fluid + 0.03 wt% 6.5 19 5.5
Base Fluid + 0.3 wt% 8.5 17 6

Figure 4-4: Effect of dry BN (in Duovis) on the Bingham parameters

As shown in Figure 4-4, the Bingham parameters were affected by the presence of the nano-

additives. The plastic viscosity was directly proportional to the concentration of BN. On the
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other hand, the increased weight ratio of nanoparticles reduced the yield stress. The same
trend was observed for the lower shear yield stress (LSYS) values; however, there was a slight

increase in the fluid with the highest concentration of 0.3 wt.%.

Figure 4-5 represents the alteration of Power Law parameters for the systems with the
different weight percentage of BN in the system. The flow behavior index (n) was below 1.0
for all cases what depicts the shear thinning behavior of the fluids and drop of viscosity with
the increased shear rate. The flow index exhibited a rise when the concentration of
nanoparticles was increased. The most significant increase of 64% was observed for a system
containing 0.3% BN particles. In contrast, consistency index (k) reduced with the increased
amount of nanoparticles. 64% reduction was documented when the fluid was diluted with

0.3 wt.% of nano-BN. Lower consistency index describes a fluid with lower viscosity.

6.0
5.0
4.0
3.0
2.0
1.0 i -
0.0 . — % ¥ §F |
k(Ibf.sec”n/100sqft) n]
M Base Fluid 5.3 0.25
M Base Fluid + 0.01 wt% 4.2 0.29
M Base Fluid + 0.02 wt% 33 0.33
M Base Fluid + 0.03 wt% 3.3 0.33
Base Fluid + 0.3 wt% 1.9 0.41

Figure 4-5: Effect of dry BN (in Duovis) on the Power Law parameters

4.1.4. Filtration and pH.

API static low-pressure filter press (Figure 4-6) was used to measure the filtrate loss of the
samples and estimate the thickness of the filter cake. The equipment consisted of a cylinder,
which was filled with an experimental fluid. The base of the cylinder was fitted with the sieve

and paper filter. The pressure of 7 bar (100psi) was exerted to the top of the cylinder, and the
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filtrate was gathered from the bottom. The filtrate was collected for 7.5 minutes, and the

volume of loss was recorded.

Figure 4-6: Low-pressure filter press

Table 4.2 reports the filtrate values along with percentage change relative to the Base fluid.
The filtrate loss increased for all the nano-enhanced drilling fluids, other than for the fluid with
0.03% BN, where the filtrate value remained equal to the reference. The most substantial
increment of 33.3% was documented for the specimen with 0.3% additives. The remaining

samples exhibited a slight increased up to 8.9%.

Base Fluid Base Fluid + Base Fluid + Base Fluid + Base Fluid +

0.01 wt.% 0.02 wt.% 0.03 wt.% 0.3 wt.%
Filtrate (ml) 9 9.8 9.3 9 12
% Change 8.9% 3.3% 0.0% 33.3%

Table 4.2: Effect of dry BN (in Duovis) on the filtration

The pH of drilling fluids is an important parameter, which can influence the performance of
filtration agents, affect corrosion rates, improve thermal stability, etc. The pH of the fluids can
be determined either by the colorimetric method or electrometric method. In this thesis, the
latest method was used as it is more accurate and reliable. The pH-meter is shown in Figure

4-7.
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Figure 4-7: pH meter

The change in pH values was documented in Table 4.3. In general, there was a decreasing
trend in pH of nano-containing fluids; however, the variations were barely noticeable (less
than one percent). The fluid with 0.02 wt.% of dry BN nanoparticles did not show any deviation

from the reference value.

Base Fluid Base Fluid + Base Fluid + Base Fluid + Base Fluid +

0.01 wt.% 0.02 wt.% 0.03 wt.% 0.3 wt.%
pH 8.7 8.62 8.7 8.63 8.65
% Change -0.9% 0.0% -0.8% -0.6%

Table 4.3 Effect of dry BN (in Duovis) on the pH

4.2. Effect of oil grafted BN in Duovis polymer system.

This subchapter analyzes the effect of oil grafted Boron nitride nanoparticles. The procedure

of surface modification has been covered in Section §3.2.1.2.

4.2.1. Drilling fluid formulation.

In order to investigate the effect of modified nano-BN, four fluids along with the base fluid
were formulated and tested. In this case, two fluids with low and two with relatively high
concentrations were subjected to the analysis. The nanoparticles were added ex-situ meaning

that first the reference fluid was prepared, and then the particles were mixed in the required
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amount to get the desired concentration. The procedure and sequence of the mixing were the

same as the one described in Section §4.1.1.

Base fluid + Base fluid + Base fluid +  Base fluid +

Base fluid
0.01 wt.% 0.03 wt.% 0.2 wt.% 0.3wt.%
Water 500 g 500 g 500 g 500 g 500 g
Bentonite 25¢g 25¢g 25¢g 25¢g 25¢g
Kcl 5g 5g 5g 5g 58
Duovis 05g 05¢g 05g 05g 05¢g
Grafted BN 0 0.05g 0.15g 1.0g 15g

Table 4.4: Formulation of drilling fluids containing grafted BN (in Duovis)

4.2.2. Lubricity.

This section presents a friction analysis of the fluids containing different ratios of modified
Boron nitride nano-additives. The friction values and changes relative to the base system are
plotted in Figure 4.8. In general, the lubricating properties were enhanced with increasing
concentration. A small volume of additives showed a minor improvement up to 13.1% (the
fluid with 0.03 wt.% of modified BN). The presence of grafted BN at the concentration of 0.01%
improved the lubricity by 9.7%.

The best lubricity value in the batch was observed for the fluid with 0.2 wt.% of grafted BN
particles, which reduced the friction by 35.4% as compared to the base fluid. Further increase
in percent weight of additives resulted in a deviation from the trend. The grafted BN at the
concentration of 0.3% exhibited higher friction value than the previous result (28.4%

reduction in comparison with the reference fluid).
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Figure 4-8: Effect of grafted BN (in Duovis) on the coefficient of friction

4.2.3. Rheology.

Figure 4-9 presents the viscometer response on the addition of grafted nanoparticles to the
reference fluid. The visual inspection of the graph did not reveal any particular relationship
between the concentration of the NPs and the viscometer readings. The lowest shear stress
values were observed for the fluid with 0.01 wt.% of grafted BN; whereas, the pick readings
were depicted by the fluid with 0.03 wt.% of additives. The sample containing 0.2 wt.% of
additives yielded approximately similar shear stress values to the reference fluid; however, at
high RPM the readings slightly deviated. The additives at the concentration of 0.3 wt.%

increased the readings, which almost approached the maximum values in the spectrum.
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Figure 4-9: Effect of grafted BN (in Duovis) on the viscometer readings

Bar chart 4-10 illustrates the Bingham parameters calculated from the viscometer data. The

lowest concentration of grafted BN particles slightly decreased the PV followed by the

increasing trend for the higher concentrations. The yield stress value considerably fluctuated,

exhibiting a pick value for the fluid with 0.03 wt.% and the minimum value for the fluid with

0.01 wt.% of known additives. The LSYS also behaved inconsistently; however, no severe

variations were observed.
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Figure 4-10: Effect of grafted BN (in Duovis) on the Bingham parameters
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The Power Law parameters are summarized in Figure 4-11. The consistency index showed a

random behavior without any relation to the percentage of additives. The maximum value

was documented for the fluid at the concentration of 0.03% of grafted particles; whereas the

fluid with 0.2 wt.% had the lowest k-value in the batch. The flow behavior index remained

unchanged when the small amount of grafted BN was used; however, the increased weight of

additives led to the rise in the flow index.

k(Ibf.secAn/100sqft)
M Base Fluid 5.3
M Base Fluid + 0.01 wt% 49
M Base Fluid + 0.03 wt% 7.3
M Base Fluid + 0.2 wt% 3.6
Base Fluid + 0.3 wt% 4.8

Figure 4-11: Effect of grafted BN (in Duovis) on the Power Law parameters

4.2.4. Filtration and pH.
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The filtration characteristics of the drilling muds are depicted in the table below. The lowest

concentration of grafted particles improved the filtrate loss by 4.4%; however, other

concentrations revealed an increase of filtrate volume relative to the reference fluid. The

maximum increment in the whole batch (7.8%) corresponded to the sample with 0.2 wt.% of

modified BN.
Base Fluid Base Fluid + Base Fluid + Base Fluid + Base Fluid +
0.01 wt.% 0.02 wt.% 0.2wt.% 0.3 wt.%
Filtrate (ml) 9 8.6 9.5 9.7 9.5
% Change -4.4% 5.6% 7.8% 5.6%
Table 4.5: Effect of grafted BN (in Duovis) on the filtration
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Table 4.6 outlines the pH measurements of the fluids having modified BN nanoparticles as
additives. Overall, the presence of grafted particles had a reducing tendency on the alkalinity
of the mixtures. The most evident decrease of 2.8% was documented for the sample having
BN-modified at the concertation of 0.02 wt.%. The remaining proportions barely affected the

pH value or did not affect it at all.

Base Fluid + Base Fluid + Base Fluid + Base Fluid +

e ] 0.01 wt.% 0.02 wt.% 0.2 wt.% 0.3 wt.%
pH 8.55 8.55 8.51 8.31 8.48
% Change 0.0% -0.5% 2.8% -0.8%

Table 4.6: Effect of dry BN (in Duovis) on the pH

4.3. Effect of BN/lubricant in Duovis polymer.

In this section, the effect of Boron nitride nanoparticles was studied in the presence of a
lubricant. Miji¢ et al. (2017) stated in their paper that addition of a small amount of oil
together with SiO; and TiO2 nanoparticles could improve lubricity performance of the fluid
[85]. In their case, nanoparticles alone did not improve the friction regardless of their
percentage in the base fluid. However, as was observed from the previous experiments, dry
BN nanoparticles can improve lubricity up to 25%. Another observation the authors
mentioned was increased plastic viscosity, yield point and gel strength when nanoparticles
were added with the lubricant as compared to the muds containing only nanoparticles. The

section covers the review of tribology, rheology, filtrate loss and pH measurements.

4.3.1. Drilling fluid formulation.

The experimental fluids were formulated with a wide concentrations range of BN
nanoparticles mixed with oil. Oil was mixed with the nanoparticles using magnetic stirrer for
24 hours. There was not any certain ratio between oil and nanoparticles established; thereby
it was not possible to calculate the separate mass percentage of nano-additives and oil in the
suspension. The weight of BN/oil (BN/lub) mixture was counted to calculate the
concentrations of the tested fluids. Seven base fluids were prepared first, then six of them
were blended with the various amount of BN in oil. Duovis polymer was used in the

formulation of this batch of experimental muds.
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Base fluid Base fluid Base fluid Base fluid Base fluid Base fluid

Base
+0.08 +0.12 +0.16 +0.2 +0.25 +0.3
fluid
wt.% wt.% wt.% wt.% wt.% wt.%
Water 500 ¢g 500 ¢g 500 g 500 g 500 ¢g 500 ¢g 500 g
Bentonite 25¢g 25¢g 25¢g 25¢g 25¢g 25¢g 25¢g
KCI 5g 5g 5g 5g 5g 5g 5g
Duovis 05g 05g 05¢g 05¢g 05g 05g 05¢g
BN/oil 0 04g 06g 0.8g 1.0g 1.25¢g 15¢g

Table 4.7: Formulation of drilling fluids containing BN along with oil (in Duovis)

4.3.2. Lubricity.

Figure 4-12 displays the mean values of tribometer readings for the fluids with BN
nanoparticles mixed in lubricant. The change in friction coefficient relative to the base fluid
was also plotted on this graph. Generally, there was reducing trend in friction coefficient when
the concentration of BN in lubricant was increased. The 0.08 wt.% of BN/oil showed 22%
friction reduction, what can be compared to the 0.03 wt.% of dry BN which showed about 25%
reduction. Subsequent increase in concentration up to 0.2 wt.% showed only slight
improvement in friction result. Presence of nano along with a lubricant at the concentration
of 0.25% by weight reduced the friction by 39%. The friction coefficient had its lowest number
for the sample with the highest concentration of additives (0.3 wt.%), which corresponded to
45% decrease in friction value. Comparing this value to the case where fluid was modified with
dry BN particles, 0.3 wt.% of dry Boron nitride nanoparticles improved lubricity parameters by

only 19%.
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Figure 4-12: Effect of BN/lubricant (in Duovis) on the coefficient of friction

4.3.3. Rheology.

Consider Figure 4-13, which presents the rheological records for the fluids with lowest, highest

and medium concentration of additives along with the data for the reference fluid. The overall

observation can be made that increased concentration of Boron nitride nano-additives in oil

led to the increased shear stress for all ranges of RPM. The fluids with the small weight of

additives showed minor changes in the readings, whereas the highest concentration displayed

a noticeable increment.
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Figure 4-13: Effect of BN/lubricant (in Duovis) on the viscometer response

For further examination, the Bingham and Power Law parameters were calculated and plotted

(Figure 4-14 and Figure 4-15).

The Bingham

25
20
15
10
PV (cP) S (Ibf/100sqgft) | LSYS (Ibf/100sqft)
M Base Fluid 5.5 17 7.5
M Base Fluid + 0.08 wt% 6 17 7
M Base Fluid + 0.16 wt% 5.5 20 8
Base Fluid + 0.3 wt% 6.5 22.5 10.5

Figure 4-14: Effect of BN/lubricant (in Duovis) on the Bingham parameters

parameters showed an increasing trend in plastic viscosity when the

concentration increased, except for the fluid with 0.16% additives where PV was identical to

the reference fluid. Regarding yield stress, the fluid with low content of BN in oil does not

show any differences with the base fluid. On the other hand, the increased mass of selected
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additives raised the YS of nanofluid from 17 Ibf/100ft? up to 22.5 Ibf/100ft%. The value of the
lower shear vyield stress (LSYS) also rose when the weight of BN/lubricant was increased;

however, the lowest concentration of nano/lubricant slightly decreased the parameter.

5.0
4.5
4.0
3.5 1 H r
3.0 1 H r
2.5 1 2 H r
2.0 1 H r
1.5 1 i
i I -
0.5 1 [
0.0 I B .
k(lbf.secAn/100sqft) n ]
M Base Fluid 3.1 0.32
M Base Fluid + 0.08 wt% 2.9 0.33
M Base Fluid + 0.16 wt% 4.4 0.28
Base Fluid + 0.3 wt% 4.7 0.29

Figure 4-15: Effect of BN/lubricant (in Duovis) on the Power Law parameters
The consistency index slightly decreased when the base fluid was mixed with 0.08 wt.% of
BN/lubricant. Higher concentrations showed a rise of k-value by average 47%. The response
of the exponent law index on the presence of known additives was trivial, showing a maximum

deviation of 12% for the fluid with 0.16 wt.% of BN/lubricant.

4.3.4. Filtration and pH.

Table 4.8 illustrates the effect of BN/lubricant mixture on filtrate loss. Low concentrations of
additives did not affect the filtrate properties; while, the addition of BN in oil at the

concentration of 0.3% by weight decreased filtrate loss by 11.8 percent.

Base Fluid + Base Fluid + Base Fluid +
Base Fluid
0.08 wt.% 0.16 wt.% 0.3 wt.%
Filtrate (ml) 8.5 8.5 8.5 7.5
% Change 0.0% 0.0% -11.8%

Table 4.8: Effect of BN/lub (in Duovis) on the filtration
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The pH response on BN/lubricant additives is shown in Table 4.9. As concentration was

increased, the pH value declined. The maximum fall of 3.6 was documented for the “Base Fluid

+ 0.3 wt.%".
Base Fluid + Base Fluid + Base Fluid +
Base Fluid
0.08 wt.% 0.16 wt.% 0.3 wt.%
pH 8.59 8.45 8.35 8.29
% Change -1.6% -2.8% -3.6%

Table 4.9: Effect of BN/lub (in Duovis) on the pH

4.4, Effect of Dry BN powder in Xanthan gum polymer.
From this section onwards, the polymer making up the foundation for the experimental fluids
was changed from Duovis to Xanthan gum. By doing this, it was investigated how the
performance of given additives varies in the fluids with different polymers. This section covers
the analysis of dry BN in said polymer. Nanoparticles were used mostly in low concentrations;

however, one of the specimens was prepared with the high amount of BN.

4.4.1. Drilling fluid formulation.

The selection of nanoparticle’s concentration was based on the most appealing tribological
results obtained from the experiments with the Duovis polymer. The mass ratio of water,
bentonite and polymer was preserved, but the weight of KCl was halved. It was previously
determined that such proportion of XG and KCl yields better stability of the fluid and reduce

the water phase. Table 4.10 illustrates the composition of experimental drilling fluids.

Base fluid + Base fluid + Base fluid + Base fluid +

Base fluid
0.01 wt.% 0.02 wt.% 0.03 wt.% 0.3wt.%
Water 500 g 500 g 500 g 500 g 500 g
Bentonite 25¢g 25¢g 25¢g 25¢g 25¢g
KCI 25¢g 25¢g 25¢g 25¢g 25¢g
XG 05¢g 05¢g 05¢g 05¢g 05¢g
BN (dry) 0 0.05g 01g 0.15g 15g

Table 4.10: Formulation of drilling fluids containing dry BN (in XG)

4.4.2. Lubricity.
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The averaged readings from the tribology measurements along with the percentage change
are shown in Graph 4-16. The friction coefficient decreased as the fluids were diluted with
nanoparticles; however, the fluids with 0.01 wt.% and 0.02 wt.% of dry BN exhibited an
insignificant drop. The maximum friction reduction of 16.9% was observed for the sample
having 0.03 percent weight of nano-additives. When the BN nanoparticles were added at the

highest concentration of 0.3 wt.%, the friction coefficient reduced by 10.3%.
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Figure 4-16: Effect of dry BN (in XG) on the coefficient of friction

4.4.3. Rheology.

The rheological data of the fluids formulated in this section was presented it Graph 4-17. The
viscometer readings showed some changes of the nanoparticle-treated fluid as compared to
the reference drilling mud. Shear stress values increased for all sample with nano-additives.
For high RPM, the increase in readings was proportional to the concentration; however, at low
RPM the fluid with 0.3% of nanoparticles exhibited the smallest shear stress value. The
viscometer data was used to calculate Bingham and Power Law parameters. The parameters

are plotted on Figure 4-18 and Figure 4-19.
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Figure 4-17: Effect of dry BN (in XG) on the viscometer response

Figure 4-18 presents the Bingham parameters of the fluid with dry BN particles is XG polymer.
The PV of the fluid with 0.02 wt.% of additives was similar to the reference fluid. The system
with 0.01 wt.% of BN showed an increase of 0.5 cP compared to the base mud; however, the
fluids with the concentration higher than 0.02 wt.% showed a decrease in PV. The YS of all the
nanofluids was higher than the value for the reference fluid. The LSYS of nano-treated fluids
with the low concentration of particles showed an increasing trend; however, the LSYS

parameter of the fluid with 0.3% BN dropped by 40% as compared to the base case.
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o HEEEm
PV (cP) YS (Ibf/100sqft) LSYS (Ibf/100sqft)
M Base Fluid 6 38 23.5
M Base Fluid + 0.01 wt% 6.5 44.5 26.5
M Base Fluid +0.02 wt% 6 43 27
M Base Fluid + 0.03 wt% 5.5 48.5 34.5
Base Fluid + 0.3 wt% 5.5 49.5 14

Figure 4-18: Effect of dry BN (in Duovis) on the Bingham parameters
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The Power Law parameters (Figure 4-19) showed that consistency index went up for all the
samples with BN compared to the reference fluid. The most noticeable growth was observed
for the fluid with 0.3 wt.% of particles. The trend of the flow index was opposite, i.e., the
values decreased for the nanofluids. The drop for the fluids having 0.01% and 0.02% BN was
only 6%; however, the n-value reduced by 22% for the fluids with 0.03% and 0.3% BN.

25.0

20.0

15.0

10.0

5.0 .

0.0
k(Ibf.secAn/100sqft) n]
M Base Fluid 13.9 0.18
M Base Fluid + 0.01 wt% 17.3 0.17
M Base Fluid + 0.02 wt% 17.3 0.17
M Base Fluid + 0.03 wt% 22.6 0.14
Base Fluid + 0.3 wt% 23.3 0.14

Figure 4-19: Effect of dry BN (in XG) on the Power Law parameters

4.4.4. Filtration and pH.

Table 4.11 shows the filtrate values for the experimental fluids and the percentage change
relative to the reference sample. Filtrate decreased by 5.8% for the fluid at the concentration
of 0.01% by weight. When the percent weight of nanoparticles was increased, the filtrate
values showed increasing trend. The most prominent increment of 14.5% was observed for a

sample with 0.3% of BN.

Base Fluid + Base Fluid + Base Fluid + Base Fluid +
Base Fluid
0.01 wt.% 0.02 wt.% 0.03 wt.% 0.3 wt.%
Filtrate (ml) 6.9 6.5 6.8 7.4 7.9
% Change -5.8% -1.4% 7.2% 14.5%

Table 4.11: Effect of dry BN (in XG) on the filtration
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The pH readings along with variations relative to the reference were presented in Table 4.12.
Generally, the addition of nanoparticles did not affect pH severely, and the values increased

up to 0.7%; besides the fluid with 0.03% of nano-additives where pH decreased by 1.4%.

Base Fluid + Base Fluid + Base Fluid + Base Fluid +
Base Fluid
0.01 wt% 0.02 wt% 0.03 wt% 0.3 wt%
pH 8.48 8.48 8.49 8.36 8.54
% Change 0.0% 0.1% -1.4% 0.7%

Table 4.12: Effect of dry BN (in XG) on the pH

4.5. Effect of oil grafted BN in XG polymer system.

This subchapter analysis the performance of oil grafted BN nanoparticles in the Xanthan gum
system. The experiments in the Duovis-based drilling fluids illustrated that surface modified
Boron nitride nanoparticles enhances the lubricating effect at high concentrations. The effect
of additives on tribology and rheology as well as on filtration and alkalinity was examined in
this study. Further viscoelasticity and simulation study has been carried out on the fluid with

the best lubricating properties.

4.5.1. Drilling fluid formulation.

The percentage ratio of grafted nanoparticles was selected similarly to those tested in the
Duovis polymer. This facilitated the comparison study between two systems. The nano-
additives were introduced to the solution after the base fluid was prepared and aged. The

matrix below depicts the formulation and the content of the experimental fluids.

Base fluid + Base fluid + Base fluid +  Base fluid +

Base fluid
0.01 wt.% 0.03 wt.% 0.2wt.% 0.3wt.%
Water 500 ¢g 500 g 500 ¢g 500 ¢g 500 g
Bentonite 25¢g 25¢g 25¢g 25¢g 25¢g
Kcl 5g 5g 5g 5g 58
XG 05¢g 05¢g 05¢g 05¢g 05¢g
Grafted BN 0 0.05g 0.15g 1.0g 15g

Table 4.13: Formulation of drilling fluids containing grafted BN (in XG)
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4.5.2. Coefficient of friction.

The mean values of the tribometer readings are summarized in Figure 4-20. The percentage
change relative to the reference system was also included in the graph. The friction coefficient
linearly dropped when the percent weight of nano-additives was increased. This trend was
observed until the lowest friction value, which showed the system with 0.2 wt.% of BN grafted.
At this point, the friction reduced by 43.9% compared to the base system. Higher addition of
known particles did not show a decreasing trend. The fluid at the highest concentration of
0.3 wt.% showed a drop of friction coefficient by 33.7%. The minor improvement of 6% and

13% was noted for the systems containing grafted BN at 0.01 wt.% and 0.03 wt.% respectively.
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Figure 4-20: Effect of grafted BN (in XG) on the coefficient of friction

4.5.3. Rheology.
Figure 4-21 outlines the rheological response of the drilling fluids on the presence of grafted
BN nanoparticles at various concentrations. Generally, the viscometer readings showed an
increase for the nano-enhanced fluids as compared to the reference system. The readings
surged when the base fluid was diluted with the little amount of BN grafted. However, the
subsequent rise of concentration gradually decreased the shear stress values. Further insight

was conducted by calculating and analyzing the Bingham and Power Law parameters.
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Figure 4-21: Effect of grafted BN (in XG) on the viscometer readings

As can be seen from Figure 4-22, the plastic viscosity and yield stress showed a step change

when the grafted nanoparticles were added at the lowest concentration. Further increase of

concentration resulted in a gradual decrease of the YS and a minor increase of PV. The LSYS

had a decreasing trend and showed the lowest value for the fluid of 0.3 wt.% grafted BN.
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Figure 4-22: Effect of grafted BN (in XG) on the Bingham parameters

Chart 4-23 represents the effect of given additives on the Power Law parameters. There was

observed a clear relationship between the parameters and the concentration. The k-value

dropped progressively with increasing concentration. The most significant decline of
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consistency index was documented as 35% for the fluid at saturation of 0.3% grafted BN. In
contrast, the flow index rose linearly when more particles were introduced to the mixture.

Again, the highest change (53%) was documented for the system with 0.3% of mentioned

additives.
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M Base Fluid 14.9 0.17
M Base Fluid + 0.01 wt% 14.8 0.21
M Base Fluid + 0.03 wt% 14.4 0.21
M Base Fluid + 0.2 wt% 12.2 0.23
Base Fluid + 0.3 wt% 9.7 0.26

Figure 4-23: Effect of grafted BN (in XG) on the Power Law parameters

4.5.4. Filtration and pH.

Table 4.14 reflects the effect of grafted BN nanoparticles on the filtration properties of the
drilling fluid. Similar to the case with Duovis polymer, the lowest concentration of known
additives slightly improved filtration. However, the increased percent weight of particles
uplifted the filtrate volume. The similar growth of 8.6% was noted for the fluids diluted with
0.2 wt.% and 0.3 wt.% of modified BN. The minor increase of 2.9% showed a system containing

0.02% of grafted BN.

Base Fluid + Base Fluid + Base Fluid + Base Fluid +

Ec 0.01 wt.% 0.02 wt.% 0.2 wt.% 0.3 wt.%
Filtrate (ml) 7.0 6.8 7.2 76 76
% Change 22.9% 2.9% 8.6% 8.6%

Table 4.14: Effect of grafted BN (in XG) on the filtration

The alkalinity of the experimental drilling fluids was presented in the table below. All the

samples other than “Base fluid + 0.3 wt.% grafted BN” lowered the pH value as compared to
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the reference fluid. However, the changes of the pH caused by the presence of nanoparticles

did not exceed 2%.

Base Fluid + Base Fluid + Base Fluid + Base Fluid +

SEER AR 0.01 wt.% 0.02 wt.% 0.2wt.% 0.3 wt.%
pH 8.58 8.41 8.57 8.46 8.72
% Change -2.0% -0.1% -1.4% 1.6%

Table 4.15: Effect of grafted BN (in XG) on the pH

4.6. Effect of BN/lubricant in Xanthan gum polymer.

According to the previous experiments with Duovis polymer, the best result concerning the
lubricity can be achieved when BN nanoparticles are introduced into the system together with
a lubricant. In this section, an attempt was made to check the performance of BN/lubricant

mixture in the system having Xanthan gum (XG) as a polymer.

4.6.1. Drilling fluid formulation.

The procedure of preparation of BN/lubricant was similar to the one described before, i.e.,
the nanoparticles were added to the oil and mixed mechanically for 24 hours using magnetic
stirrer. One should keep in mind that single concentrations of Boron nitride and lubricant
could not be calculated since these two additives were mixed at approximate mass
proportion. The most attractive results from the tribological tests with Duovis polymer served
as the basis for the concentration selection for this fluid batch. Nano-BN mixed in lubricant
was added to the mixture ex-situ. The composition and concentration of the tested fluid are

shown in the table below.

Base fluid + Base fluid + Base fluid +
Base fluid
0.12 wt% 0.25 wt% 0.3 wt%
Water 500 g 500 g 500 g 500 g
Bentonite 25¢g 25¢g 25¢g 25¢g
KCl 25¢g 25¢g 25¢g 25¢g
Xanthan gum 05¢g 05g 05¢g 05g
BN in lubricant 0 06¢g 1.25g 15¢g

Table 4.16: Formulation of drilling fluids containing BN/lub (in XG)
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4.6.2. Lubricity.

Figure 4-24 presents the tribological data of the fluids formulated in this section. As was
mentioned earlier, the concentration of additives was chosen on the basis of the frictional
readings from Section §4.3.2, where BN/lubricant was added to the base fluid with Duovis
polymer. All the samples exhibited good results in terms of friction reduction. The effect was
more significant when the concentration of the additives increased. The fluid with the lowest
content of additives (0.12wt.%) showed 32% friction decrease; however, the best value of 54%

lubricity improvement was recorded for the fluid with 0.3 wt.% percent weight of BN in

lubricant.
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Figure 4-24: Effect of BN/lubricant (in XG) on the coefficient of friction

4.6.3. Rheology.

Figure 4-25 shows the viscometer data for the mixture of BN/lubricant and the base fluid. The
readings revealed the consistent rise in shear stress values with increased concentration of
BN/lubricant. There was a noticeable difference between the readings for the reference fluid
and the fluids containing nano/lubricant. Calculating and analyzing Bingham and Power Law
parameters allowed to study the rheological effect of additives more thoroughly (Figure 4-26

and Figure 4-27).
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Figure 4-25: Effect of BN/lubricant (in XG) on the viscometer response
The Bingham parameters revealed a linear increase of PV, YS and LSYS for all the systems
having BN/oil mixture as an additive. The most significant effect showed the highest
concentration of additives. The addition of 0.3 wt.% of BN/oil increased the PV and YS by
63.6% and 30.4%, respectively. Yield stress value was less susceptible to the presence of

BN/oil, showing a maximum rise of 14.5%.
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M Base Fluid 5.5 38 23
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M Base Fluid + 0.25 wt% 8.5 42 27.5
i Base Fluid + 0.3 wt% 9 435 30

Figure 4-26: Effect of BN/lubricant (in XG) on the Bingham parameters

MSc Thesis, Tofig Zeynalov, 2018 77




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.

The consistency index values decreased for all samples with BN/oil additives as compared to

the base fluid. The reduction was the most dramatic for the fluid with 0.25% of additives. This

type of behavior was opposite as compared to the fluids with the same additives but having

the Duovis as a polymer, where high concentration increased k-value. The flow index

increased for all the systems in accordance with increased additive’s weight; however, the

fluids were still showing pseudo-plastic behavior.
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Figure 4-27: Effect of BN/lubricant (in XG) on the Power Law parameters

4.6.4. Filtration and pH.

The influence of BN/lubricant on the filtrate properties of Duovis-based fluid were presented

in Table 4.17. In general, the additives at all concentrations increased the filtrate volume. The

most significant effect showed the Nano/lubricant mixture at the concertation of 0.25% by

weight. The system with 0.12 wt.% content of BN/oil exhibited a slight increase of 4.3%. The

“Base fluid + 0.3 wt.%” percent weight of additives boosted the filtrate by 14.3%.

Base Fluid +

Base Fluid
0.12 wt.% 0.25 wt.%
Filtrate (ml) 7.0 7.3 8.7
% Change 4.3% 24.3%

Table 4.17: Effect of BN/lub (in XG) on the filtration

Base Fluid +

Base Fluid +
0.3wt.%
8.0
14.3%
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Table 4.18 shows the dependency of pH on the presence of BN/lubricant mixture. pH value
was not affected strongly by the presence of additives and showed slight changes from -0.7%

to 1.2% only for the fluids with high concentration.

Base Fluid + Base Fluid + Base Fluid +
Base Fluid
0.12 wt.% 0.25 wt.% 0.3 wt.%
pH 8.60 8.60 8.54 8.70
% Change 0.0 -0.7 1.2

Table 4.18: Effect of BN/lub (in XG) on the pH

4.7. Effect of nanocomposite (MWCNT-OH + BN/lubricant) in Duovis system.

The initial intention of this section was to test the effect of Hydroxyl functionalized multi-
walled carbon nanotubes on the lubricating properties of the water-based mud. The fluids
were formulated in the Duovis polymer following the same technique as described earlier.
The screening study was performed to identify the most feasible concentration of MWCNT-
OH capable of improving lubricity. However, the results (Figure 4.28) showed that the
improvement was achieved only at high concentration. Moreover, the low addition of

MWCNT-OH even deteriorated the original properties of the mud.
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Figure 4-28: Effect of MWCNT-OH (in Duovis) on the coefficient of friction

MSc Thesis, Tofig Zeynalov, 2018 79




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

The decision was made to take the specimen with the worst lubricating properties and
combine with the BN nanoparticles mixed with a lubricant. The thinking behind that was to
check the performance of the BN/lubricant additives in combination with other nanoparticles.
The three samples with 0.02% MWCNT-OH were formulated, and later the BN/lubricant was

added ex-situ.

It has been found that the addition of BN/lubricant to the system having the small
concentration of 0.02% MWCNT-OH increased the lubricating properties of the fluid
significantly. The graph below depicts the change in friction coefficient relative to the
conventional drilling fluid as well as relative to the fluid already having the MWCNT-OH in the
suspension. The presence of 0.14 wt.% BN/lubricant showed a decrease of around 30%
relative to the fluid with a small amount of MWCNT-OH. The maximum friction reduction was
observed when the “Base fluid + 0.02 wt.% MWCNT-OH” was diluted with 0.3 wt.% of
BN/lubricant. This proportion yielded a drop more than half as compared to the system having

MWCNT-OH nanoparticles as a single additive.
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Figure 4-29: Effect of nanocomposite (in Duovis) on the coefficient of friction
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4.8. Effect of mixing and pH on the lubricity.

This section evaluates the effect of different mixing techniques and pH on the friction
coefficient. The fluids selected for these experiments contained dry Boron nitride
nanoparticles, which were added in-situ. The weight ratio of nanoparticles in the mixtures was
selected to see the effect of pH and mixing on the fluids with the highest and lowest

concentrations.

4.8.1. Effect of mixing.

Strong intermolecular forces between nanoparticles facilitate agglomeration causing the
stability problems in nanofluids [86]. Several publications have appeared in recent years
documenting the effect of ultrasonic waves on the dispersion of solid dry nanoparticles. W.U.
Rehman et al. (2016) carried out experimental work on Kapok Seeds oil (KSO) and Multi-
Walled Carbon Nanotubes (MWCNTSs) nanoparticles. They figured out that sonication has a
significant effect on the dispersion of mentioned nanoparticles and reduce instability issues

of the nano-containing mixtures. [87].

The purpose of these experiments was to determine the effect of sonication on the tribology
of the fluids containing BN nanopowder. Three pairs of fluids were formulated and mixed
mechanically, as was described in the previous sections. After mechanical blending, one fluid
from each pair was subjected to a sonic bath for better agitation of particles. Sonication has
been done for 1.5 hours at room temperature using the same sonicator as for the grafting
(shown in Figure 3-3 (a)). One of the sets was tested with pH adjusting to evaluate the

tribological response of sonicated fluids with high pH.

Figure 4-30 depicts the mean values of the lubricity coefficient for the fluids mixed
mechanically and sonically. The friction values increased for all the samples subjected to the
sonication, as compared to the fluids mixed in a traditional way. The rise in the coefficient of
friction was marginal for the fluids with low concentrations of BN. The 7% increase was
documented for the specimen with low pH and 5% increase in the fluid with adjusted pH. On

the other hand, deterioration in tribological data was more noticeable for the sample with
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high concentration of nanoparticles, where the friction for the sonicated fluid increased by

17% compared to the fluid mixed mechanically.
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Figure 4-30: Effect of mixing on the coefficient of friction

4.8.2. Effect of pH.

Bar chart 4-31 shows how the pH of the mixture can influence the lubricating properties of
the drilling mud. Two batches of the fluids, both having the low concentration of BN
nanoparticles, were formulated for this experiment. The first fluid batch was mixed only with
a mechanical mixer, whereas the second one was sonicated in addition. For both pairs, the
fluids with high pH exhibited better lubricity values as compared to counterparts having low
pH. 7% and 9% improvement was observed for the systems mixed in a mechanical and sonic

way, respectively.

_ 024
.g 0.20
S 016
‘S 0.12
k5 0.08
)
& 0.04

8
o 0.00 — == — ==

Base fluid + 0.01 wt% Base fluid + 0.01 wt%
(mech) (sonicated)
M low pH 0.190 0.203
m high pH 0.176 0.184
% Change -7% -9%

Figure 4-31: Effect of pH on the coefficient of friction
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4.9. Effect of temperature on the rheology of BN nanoparticle treated fluids.

This section aims to study the rheological stability of the nano-enhanced drilling fluids against
the elevated temperature. The base fluid along with the fluids containing various
concentrations of dry BN nanoparticles was subjected to the analysis. The experimental
samples were formulated in the presence of 0.04wt.% of Lignosulfonate, which serves as a
thinner agent. The nanoparticles were added in-situ, and the Duovis polymer was used in the
mixture. To investigate the temperature effect on the rheology, the viscometer data of the
fluids were recorded at different temperatures. The samples were tested in the heating cup
(Figure 4.32) where the temperature was gradually increased, and the readings were

documented at 70 °F, 130 °F and 180 °F.

Figure 4-32: Viscometer along with the heating cup
Figure 4-33 shows the rheological response of the fluid with 0.01 wt.% dry Boron nitride
nanoparticles at different temperatures. In general, the viscometer readings reduced with
increasing temperature; however, the values for small RPM were almost identical. Further

analysis was conducted by studying the Bingham and Power Law parameters.

The relationship between temperature and rheology of other experimental fluids is provided

in Appendix C.
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Figure 4-33: Effect of temperature on the viscometer readings of the nano-containing fluid

The Bingham parameters decreased when the temperature was raised (Figure 4-34). The
reduction trend was fairly consistent for the plastic viscosity and yield stress; however, the
values for the lower shear yield stress were constant at 70°F and 130°F. Further heating

decreased the LSYS by 33%.
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Figure 4-34: Effect of temperature on the Bingham parameters

The Power Law parameters are shown in Graph 4-35. The exponent law index (n) exhibited a

constant behavior at all tested temperature ranges. On the other hand, the consistency index
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slightly decreased when the fluid was heated to the maximum temperature. At lower

temperature ranges the k-value remained unchanged.
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Figure 4-35: Effect of temperature on the Power Law parameters

4.10. Viscoelasticity.

This subchapter provides information about the effect of nano-additives on viscoelastic
properties of the drilling fluids. The flow regime and pressure loss in circulation system are
affected by the elastic properties of the mud. The gel strength, which defines the ability of the

fluid to suspend the cuttings in a static condition, can be assessed by the viscoelastic test.

Based on the best tribological results, the nano-containing fluids with both Duovis and
Xanthan Gum polymers were evaluated in this section and compared to the corresponding
reference system (“Base fluid”). Only one fluid for each polymer was analyzed in details,
whereas the remaining test results can be found in Appendix B. The selected drilling muds are

presented in Table 4.19.
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Polymer Fluid System

Base fluid

Base fluid + 0.03 wt.% Dry BN

Duovis Base fluid + 0.2 wt.% Grafted BN

Base fluid + 0.16 wt.% BN/Iubricant

Base fluid + 0.3 BN/lubricant

Base fluid

Base fluid + 0.03 wt.% Dry BN

Xanthan Gum Base fluid + 0.2 wt.% Grafted BN

Base fluid + 0.12 wt.% BN/lubricant

Base fluid + 0.3 BN/lubricant

Table 4.19: Drilling fluids used for viscoelasticity measurements

The An Anton Paar MCR 302 rheometer (Figure 4.36) was used to carry out the viscoelastic
experiments. All the specimens were tested at room temperature with the invariable
frequency of 10 rad/s. The shear stress, damping factor, storage modulus and loss modulus
were plotted against the gradually increased strain from 0.000498% to 99.8%. For some
samples, the curves representing storage and loss modulus were unstable. Thus, it was not
possible to determine LVER. Instead, the information about the flow points for each fluid was
retrieved and compared. As was mentioned in theory behind these experiments, the flow
point corresponds to the point where the storage modulus and loss modulus intersect. The
portion of the graph where storage modulus and loss modulus exhibits a constant behavior

can be interpreted as a linear viscoelastic range (LVER).
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Figure 4-36: Rheometer

4.10.1. Oscillatory amplitude sweep test for Duovis-based fluids.

Figure 4-37 presents the oscillatory amplitude sweep measurements for the reference fluid
formulated in Duovis polymer. The storage modulus (G’) exceeds the loss modulus (G”) over
the entire linear viscoelastic range indicating that the fluid was dominated by elastic
properties and behaves like the viscoelastic gel. The shear stress at the strain, where the
curves of storage modulus and loss modulus overlaps, corresponds to the flow point. At this
point, the viscous and elastic portions are even, and the loss angle is equal to 45°. After the
strain exceeds the flow point, the behavior is prevailed by viscous properties, and the fluid

starts to flow.
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Figure 4-37: Plot of amplitude sweep measurements for the base fluid (Duovis)

The bar chart below depicts the flow point shear stress values for the Duovis-based samples.
From the figure, it can be seen that presence of unmodified or modified particles increased
the flow point, while the particles together with a lubricant at the concentration of 0.16 wt.%
reduced the flow point. The most significant impact showed the addition of 0.2 wt.% grafted
particles (rise with 48,26%). Presence of 0.16 wt.% BN/Iubricant decreased the flow point by
19.31%. Whereas the highest concentration of additives (0.3 wt.%) barely affected the flow

point, showing a minor increase of 1,54% as compared to the reference fluid.
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Figure 4-38: Effect of the nano-additives on the flow point (Duovis)
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4.10.2. Oscillatory amplitude sweep test for XG-based fluid.

Figure 4-39 illustrates the oscillatory amplitude sweep measurements for the reference fluid
formulated in the Xanthan Gum polymer. Similar to the Base fluid with Duovis polymer, the
storage modulus curve was higher than the loss modulus on the entire strain range before the
flow point, indicating that fluid verified gel-like behavior. However, the flow point was more

than two times higher for this specimen, as compared to the previous case.
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Figure 4-39: Plot of amplitude sweep measurements for the base fluid (XG)

The effect of nano-additives on the flow point of the fluids formulated in Xanthan gum system
has been illustrated in Chart 4-40. All tested additives increased the flow point of the
reference fluid. The presence of dry BN nanoparticles at the concentration of 0.03% by weight
did not show any strong effect on the flow point of the reference fluid. On the other hand, the
flow point surged by 139.25% when 0.2 wt.% of grafted BN particles were added to the base
fluid. The addition of 0.12 wt.% of BN/lub almost doubled the flow point value. The most
significant increment to the flow point was observed by addition of 0.3% BN/oil, which showed

an increase of 215.19%.
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Figure 4-40: Effect of the nano-additives on the flow point (XG)
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5. SIMULATION STUDY.

This chapter presents the application of experimental results in the simulation study to
analyze decisive parameters for successful drilling operations. The chapter comprises the
rheological modeling, torque and drag simulations, hydraulics and hole cleaning simulations.
The procedure of the simulations was initiated with the selection of fluid systems in
accordance with the best tribological results. First, the rheological modeling was conducted
to evaluate the correlation of the drilling fluids with selected rheological models. The torque
and drag simulations allowed to compare the maximum well length of the wells drilled with
nano-enhanced and conventional fluids. Furthermore, the simulation of hole cleaning
efficiency was performed to analyze the capability of selected fluids to transport cuttings;
whereas the hydraulic modeling afforded to compare frictional pressure loss and ECD in
circulation loop. Simulation results contributed to the selection of the additives and

concentrations capable of operating in real well conditions.

5.1. Rheological modeling.
The primary objective of this section was finding a model that more accurately describes the
rheological behavior of the formulated drilling fluids. The Fann Viscometer readings were used
as input data in excel calculator to compute the parameters according to the following

rheological models:

e Bingham Plastic model.
e Power Law model.

e Herschel-Bulkley model.
e Robertson-Stiff model.

e Unified model.

The drilling muds are mainly non-Newtonian fluids; therefore, the Newtonian model was not
considered in this simulation study. Trend lines were plotted for each model, and percent
deviation between the model and the original measurements was calculated. Additionally, the

corresponding equations with relevant parameters were generated.
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5.1.1. Rheological modeling of the Duovis-based fluids.

This section presents the rheological modeling of the fluids formulated in Duovis system.
Based on the study of the friction, the fluids with dry Boron Nitride nanoparticles, grafted
Boron Nitride nanoparticles and Boron Nitride nanoparticles mixed in a lubricant were
analyzed along with the nano-free reference system. Matrix 5.1 summarizes the systems

selected for the study.

Polymer Nano-additives Concentrations

Nano-free Base fluid

Dry BN 0.03 wt.%
Duovis Grafted BN 0.2 wt.%

BN with lubricant 0.16 wt.%

BN with lubricant 0.3 wt.%

Table 5.1: Duovis-based drilling fluids used for rheological modelling
5.1.1.1.  Reference fluid (Duovis)
In this section, the rheological analysis of the Duovis-based reference fluid was carried out.
Figure 5-1 illustrates the trend-lines of different models along with the Fann viscometer
measurements. The relevant equations for each model and parameters were presented in

Table 5.2.
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Figure 5-1: Modelled trend-lines along with measured data for the Base fluid (Duovis)

As seen from the graph, the Bingham plastic model failed to follow the pattern of
measurements and showed a deviation about 14.3%. The Power Law model overestimated
the values at low shear rates; however, when the shear rate exceeded 500 s, the measured
data exceeded the values predicted by this model. The error of this model was approximately
4.4%. The Herschel-Bulkley and Unified models showed approximately similar deviations from
original data, about 2.2%. The most precise model among others was Robertson-Stiff model,

which showed an error of 1.37%.

Parameters
Model Equation %
To Ty A 5E n B Mo Deviation
Bingham 11.639 + 0.02*y 11.639 0.0200 14.3 9.576
Power Law 6.1296*y02168 6.1296 0.2168 4.44
Herschel-Bulkley  8.009 + 0.5015%y"-554 8.009 0.5015 0.55410 2.23
Unified 8.003 + 0.5049*y0-3531 8.003 0.5049 0.5531 2.2
2.9497%(26.838 +
Robertson-Stiff y)03326 ( 2.9497 26.8380 0.3326 1.37

Table 5.2: Modelled equations for the Base fluid (Duovis)
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5.1.1.2.  Reference fluid (Duovis) + 0.03 wt.% dry BN.
This section contains the review of the rheological models regarding the fluid with 0.03 wt.%
of dry Boron nitride nanoparticles. The trend lines of different models and the table with the

parameters and errors are shown below.
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Figure 5-2: Modelled trend-lines along with measured data for the “Base fluid + 0.03 wt.% dry BN” (Duovis)
For the drilling fluid having 0.03 wt.% of dry BN nano-additives, the Robertson-Stiff model was
the most suitable, which deviates only by 1.67 percent from the original data. The Bingham
model had the highest deviation percentage of 20.71%. The rest of models described the fluid

with the error range from 3.82% to 5.32%.

Parameters
Model Equation %
To, Ty, A k C n, B Up Devi; o cP
Bingham 6.111 + 0.0156*y 6.111 0.0156 20.71 7.46928
Power Law 2.4959*y0-2977 24959  0.2927 5.32
Herschel-Bulkley 3.642 + 0.2532%y06161 3.642 0.2532 0.6161 3.82
Unified 3.735 + 0.213*y0-646 3.735 0.213 0.646 4.14
Robertson-Stiff ~ 1.0827*(21.5633+y)*4%2 1.0827 21.5633  0.4252 1.67

Table 5.3: Modelled equations for the “Base fluid + 0.03 wt.% dry BN” (Duovis)
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5.1.1.3.  Reference fluid (Duovis) + 0.2 wt.% grafted BN.
From this section onwards, only the table with the rheological parameters for each model,
accommodating equations and deviations from the original data will be presented. The chart
below depicts the results of the rheological study conducted for the fluid with 0.2 wt.%
modified BN nanoparticles. The Bingham model illustrated a significant deviation from the
original data and was not considered as a proper model to describe the behavior of the given
fluid. The remaining models were quite accurate showing a deviation of around 3%.
Nevertheless, the performance of the Robertson-Stiff model seemed to be the most precise

among others.

Parameters
Model Equation %
To, Ty, A k C n, B Up Deviation cP
Bingham 14.289 + 0.0247*y 14.289 0.0247 16.01 11.82636
Power Law 7.2397*y02247 7.2397  0.2247 3.22
Herschel-Bulkley 8.843 + 0.9389*70‘4967 8.843 0.9389 0.4967 2.74
Unified 9.070 + 0.8152*y°'5179 9.070 0.8152 0.5179 3.08
Robertson-Stiff 4.1884*(17.6043+’Y)0‘3117 4.1884 17.6043 0.3117 2.27
Table 5.4: Modelled equations for the “Base fluid + 0.2 wt.% grafted BN” (Duovis)
5.1.1.4.  Reference fluid (Duovis) + 0.16 wt.% BN/lubricant.
The following table outlines the results of the rheological modelling of the fluid with 0.16 wt.%
of BN mixed in oil. As for the previous fluids, the Robertson-Stiff model fitted the viscometer
data in the best way. Power Law, Herschel-Bulkley and Unified models exhibited the deviation
from 2.61% to 3.05%. The Bingham model experienced a substantial error of 16.34%.
Parameters
Model Equation %
To Ty A 5E n B Mo Deviation cP
Bingham 13.639 + 0.0217*y 13.639 0.0217 16.34 10.38996
Power Law 7.0293%*y0-216 7.0293  0.216 2.75
Herschel-Bulkley 8.301 + 0.9838*y°'4744 8.301 0.9838 0.4744 2.61
Unified 8.536 + 0.8503*«{0‘4961 8.536 0.8503 0.4961 3.05
Robertson-Stiff ~ 4.2585%(16.5839+y)°%¥ 4.2585 16.5839  0.2957 1.86

Table 5.5: Modelled equations for the “Base fluid + 0.16 wt.% BN/lub” (Duovis)
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5.1.1.5.  Reference fluid (Duovis) + 0.3 wt.% BN/lubricant.
The error values presented in Table 5.6 depicts the highest deviation of 14.93% for the
Bingham model. Except for the Robertson-Stiff (0.97% deflection), the remaining models
exhibited errors higher than 2.54%. Therefore, the model, which suits the data with less

deflection, was selected to be the Robertson-Stiff model.

Parameters
Model Equation %
To, Ty, A k, C n, B Mp Devi; o cP
Bingham 15.665 + 0.0246*y 15.665 0.0246 14.93 11.77848
Power Law 8.3637*y0-2085 8.3637  0.2085 3.88
Herschel-Bulkley 10.84 + 0.6426*y%3526 10.840 0.6426  0.5526 2.54
Unified 11.204 + 0.4677*y°5°11  11.204 0.4677 0.6011 3.47
Robertson-Stiff ~ 4.5223%(22.4858+y)°°%' 4.5223 22.4858 0.3061 0.97

Table 5.6: Modelled equations for the “Base fluid + 0.3 wt.% BN/Iub” (Duovis)

5.1.1.6. Model matching and comparison.
The bar chart below depicts the deviation of the rheological models for all the simulated fluids
with Duovis as a polymer. The analysis of the data can be summarized as follows: the Bingham
model had the most significant deviation for all the selected fluids; on the other hand, the
Robertson-Stiff model was most reliable and described the rheological parameters of the
fluids with errors from 1% to 2.3%. The Power Law, Herschel-Bulkley and Unified models
delineated the pattern of the measured rheological values with varied success exhibiting a

deviation of 2.2% - 5.6%.
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Figure 5-3: Deviation of the rheological models from the measured data (Douvis-based samples)
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51.1.7.

Effect of nano-additives in Duovis system on the rheological parameters.

Table 5.7 brings together the rheological parameters of the chosen fluids. The parameters of

nano-enhanced fluids were compared to those of the nano-free base mud and the deviation

in percentage was included in the table.

Base fluid Ba_lse Ba}se Ba_lse
Ba§e +0.03 fluid + fluid + fluid +
fImq Wt.% Dry 0.2 wt.% 0.16 0.3
(Duovis) BN Grafted wt.% wt.%
BN BN/Iub BN/Iub
T, 11.639 6.111 14.289 13.639 15.665
: % deviation -47.5% 22.77% 17.18% 34.59%
AT 0, 0.02 0.0156 0.0247 0.0217 0.0246
% deviation -22% 23.5% 8.5% 23%
k 6.1296 2.4959 7.2397 7.0293 8.3637
% deviation -59.28% 18.11% 14.68% 36.45%
Power Law = 0.2168 0.2927 0.2247 0.216 0.2085
% deviation 35.01% 3.64% -0.37% -3.83%
T, 8.009 3.642 8.843 8.301 10.84
% deviation -54.53% 10.41% 3.65% 35.35%
Herschel- k 0.5015 0.2532 0.9389 0.9838 0.6426
Bulkley | % deviation -49.51% 87.22% 96.17% 28.14%
n 0.5531 0.6161 0.4967 0.4744 0.5526
% deviation 11.39% -10.2% -14.23% -0.09%
T, 8.003 3.735 9.070 8.536 11.204
% deviation -53.33% 13.33% 6.66% 40%
- k 0.5049 0.213 0.8152 0.8503 0.4677
Unified o 57.81% 64.46% 68.41% 7.31%
n 0.5531 0.646 0.5179 0.4961 0.6011
% deviation 16.8% -6.36% -10.31% 8.68%
A 2.9497 1.0827 4.1884 4.2585 4.5223
% deviation -63.29% 41.99% 44.37% 53.31%
R C 26.838 21.5633 17.6043 16.5839 22.4858
Stiff % deviation -19.65% -34.41% -38.21% -16.22%
B 0.3326 0.4252 0.3117 0.2957 0.3061
% deviation 27.84% 6.28% -11.09% 7.97%
Table 5.7: Rheological modelling summary of the Duovis-based fluids
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The summary of the table:

e Bigham model: The yield stress (t,) of the simulated sample with dry BN nanoparticles

decreased by 47.5%; on the other hand, the fluids with grafted BN and BN/oil as an
additive exhibited an opposite effect, which indicates that higher shear stress needs to be
applied to launch the flow. Addition of grafted particles yielded an increased of 22.77%.
BN/Iubricant at the concentration of 0.16 wt.% and 0.3 wt.% showed a growth of 17.18%
and 34.59%, respectively. The plastic viscosity of the fluids containing modified BN and
BN/oil additives increased, as compared to the base system. The increment for the fluid
containing 0.3% of BN mixed in oil and for the fluid with grafted BN was around 23%. The
fluid with 0.16 percent weight of BN/oil increased the PV by 8.5%. On the other hand, the
plastic viscosity of the specimen with 0.03% dry particles dropped by 22%.

e Power Law: The consistency index decreased for the “Base fluid + 0.03 wt.% Dry BN” by
almost 60%, while the fluids either with BN/lubricant or modified BN exhibited an increase
from 14.68% to 36.45% in accordance with increased concentration. Meanwhile, the flow
behavior index rose by 35% for the fluid with dry BN and varied insignificantly for the
remaining fluids.

e Herschel-Bulkley: The yield stress value (t,) dropped by more than half (54.53%) for the

system with dry BN at 0.03% mass ratio, whilst the presence of grafted particles or BN/oil

addition showed an increase of this value. The change of the t,value for the fluids with

0.16% and 0.3% BN/oil was 3.65% and 35.35%, respectively. The introduction of modified
nanoparticles increased the vyield stress by 10.41%. The consistency index reduced by
49.51% for the fluid with dry particles, while the “Base fluid + 0.16% BN/Iubricant” or the
“Base fluid + 0.2% grafted BN” almost doubled the k-value. The system with the highest
content of additives (0.3 wt.% BN/oil) showed an increase of consistency index by 28.14%.
The flow behavior index rose by 11.39% when dry BN particles were added at 0.03%; in
contrast to the other three fluids, which showed the reduction of n-value up to 14.23%

e Unified model: The lower shear yield point (t,) increased when the base fluid was diluted

with BN/oil additives with the rise in percentage by 6.66% for the fluid with 0.16 wt.%

concentration and by 40% for the fluid with 0.3 wt.% of additives. An increase of 13.33%
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was also observed for the fluid with 0.2% grafted BN. On the other hand, dry BN particles

at 0.03% percent ratio lowered the T, value sharply by 53.33%. The k-value dropped with

57.81% for the “Base fluid + 0.03 wt.% Dry BN” and 7.37% for the “Base fluid + 0.3 wt.%
BN/lubricant”; whilst it surged by average 66% percent for the “Base fluid + 0.16 wt.%
BN/lubricant” and the “Base fluid + 0.2 wt.% Grafted BN”. The n-value showed a rise of
16.8% and 8.68% for the fluids with 0.03 wt.% dry BN and 0.3% BN/oil, respectively.
However, this parameter increased by average 8% for the remaining two fluids.

e Robertson-Stiff: The A-parameter, which is similar to the k-value of Power Law model,

dropped significantly by 63.29% for the sample with dry nanoparticles, while the growth
of around 50% was observed for the rest three samples. The B parameter (similar to the
n-value) climbed by 27.84% for the “Base fluid + 0.03 wt.% Dry BN” and decreased by
average 10% for the specimens containing BN/oil. The fluid having grafted BN showed a
growth of 6.28%. The C value decreased for all samples. The most prominent drops of
38.21% and 34.41% were noted for the fluids with 0.16% BN/oil and 0.2% BN modified,

respectively. The remaining fluids showed a fall of 18 percent on average.

5.1.2. Rheological modeling of the XG based fluids.

This section provides information about rheological modeling of the fluids formulated in the
Xanthan gum system. The fluid selection is summarized in Table 5.8. Instead of giving a
thorough review of each fluid system along with figures and tables, only the chart with model

deviation and the table of models’ comparison have been presented.

Polymer Nano-additives Concentrations

Nano-free Base fluid

Dry BN 0.03 wt.%
Xanthan Gum Grafted BN 0.2 wt.%

BN with lubricant 0.12 wt.%

BN with lubricant 0.3 wt.%

Table 5.8: XG-based drilling fluids used for rheological modelling
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5.1.2.1.  Model matching and comparison.
The given diagram demonstrates the deviation of the models from the measurements of each
system. As in the case with Duovis polymer, the highest deviation was observed for the
Bingham model. The Power Law model described the Base fluid and the fluid with 0.03 wt%
of dry BN particles with sufficient accuracy (around 2% error); however, for other systems, the
deviation almost doubled. The performance of Herschel-Bulkley, Robertson-Stiff and Unified
models varied from system to system, but, in general, they all exhibited quite good cohesion
to the original data having an average deviation of 2.4%. It should be noted that all the models
exhibited the highest error value for the fluid containing grafted nanoparticles as compared

to the other simulated fluids.
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Figure 5-4: Deviation of the rheological models from the measured data (XG-based samples)
5.1.2.2.  Effect of nano-additives on the rheological parameters (XG system).
Table data below presents the information about the parameters of different rheological

models and compares the changes of those parameters with the reference fluid.

MSc Thesis, Tofig Zeynalov, 2018 100




Base fluid Base fluid Base Base
Base +0.03 +0.2 fluid + fluid +
fluid wt 0/’ Dr wt.% 0,16 0,3
(XG) BN y Grafted wt.% wt.%
BN BN/lub BN/lub
T, 31.756 43.662 31.88 34.195 38.148
_ % deviation 37.49 0.39 7.68 20.13
Bingham U 0.0243 0.0223 0.0348 0.0281 0.0298
% deviation -8.23 43.21 15.64 22.63
k 22.036 34.236 17.804 24.073 27.667
% deviation 55.36 -19.2 9.24 25.55
Power Law — —— — —
n 0.1218 0.0834 0.1797 0.1217 0.1137
% deviation -31.53 47.54 -0.08 -6.65
T, 24.320 36.811 5.248 26.04 32.245
% deviation 51.36 -78.42 7.07 32.59
Herschel- k 1.6645 1.6706 13.244 2.145 0.9972
Bulkley % deviation 0.37 695.67% 28.87 -40.09
n 0.42100 0.4053 0.2111 0.397 0.5109
% deviation -3.73 -49.86 -5.70 21.35
T, 25.075 36.812 13.871 25.608 32.01
% deviation 46.81 -44.86 2.13 27.66
e k 1.2042 1.67 6.1683 2.4344 1.1269
Unified —
% deviation 38.68 412.23 102.16 -6.42
n 0.4682 0.4054 0.3039 0.3792 0.4926
% deviation -13.41 -35.09 -19.01 5.21
A 15.903 24 547 16.893 15.101 15.818
% deviation 54.35 6.23 -5.04 -0.53
Robertson- C 19.9407 33.6429 1.5455 31.8329 44.0331
Stiff % deviation 68.71 -92.25 59.64 120.82
B 0.1735 0.1258 0.1881 0.1953 0.2015
% deviation -27.49 8.41 12.56 16.14

Table 5.9: Rheological modelling summary of the XG-based fluids

e Bingham model: According to the table, the yield stress increased for all fluids meaning

higher shear stress is needed to initiate the fluid motion. The most significant growth of

37.49% was noted for the fluid with 0.03 wt.% of dry BN, whereas the fluid with 0.12 wt.%

and 0.3 wt.% BN/Iubricant showed 7.68% and 20.13% change, respectively. The presence

of grafted nanoparticles barely affected the yield stress. The plastic viscosity decreased by

MSc Thesis, Tofig Zeynalov, 2018

101




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

8.23% for the sample with dry BN and increased for the fluids with BN/oil at 0.12 wt.% and
0.3 wt.% concentration by 15.64% and 22.63%, respectively. An increase of 43.21% was
observed for the sample with BN grafted.

e Power Law: The consistency index went up for all nano-enhanced samples, except to the
fluid with grafted BN, which showed a decrease of 19.2%. The growth was by 55.36% for
the fluid with 0.03 wt.% dry BN; 9.24% for the fluid with 0.12 wt.% BN/oil and 25.55% for
the fluid with 0.3 wt.% BN/oil. The n-value decreased by 31.53% for the specimen
containing dry BN; however, for the fluids with BN mixed in oil, the drop was less than 7%.
The reduction in flow behavior index shows that fluids behave more like pseudoplastic, as
compared to the reference system. On the other hand, the specimen with modified
nanoparticles increased the flow index by 47.54%.

e Herschel-Bulkley: The yield point (t.,) value decreased by 78.42% when modified BN

particles were introduced to the base fluid. For the remaining simulated fluids, the yield
point uplifted. The fluid with 0.12 wt.% BN/oil increased the value only by 7.07%. Whereas,
systems with 0.03 wt.% of dry BN and 0.3 wt.% of BN/oil exhibited a significant rise with
51.36% and 32.59%, respectively. The k-value remained virtually unchanged for the “Base
fluid + 0.03 wt.% Dry BN”, although there was observed an increment of 28.87% for the
“Base fluid + 0.12 wt.% BN/lub”, and a reduction of 40,09% for the “Base fluid + 0,3%
BN/oil”. The addition of 0.2 wt.% grafted nanoparticles rocketed the consistency index
exhibiting a rise by almost eight times. The flow behavior index reduced insignificantly by
average 4% for the fluids with dry BN and BN/oil at 0.12 wt.% concentration, whilst the
sample containing 0.2 wt.% grafted nanoparticles dropped by 49.86%. The addition of
BN/oil in mixture at 0.3 wt.% increased the n-value by 21.35% representing less
pseudoplastic behavior.

e Unified model: The lower shear yield stress (t,) rose by 46.81% and 27.66% for the Base

fluid with 0.03 wt.% of dry BN and 0.3 wt.% of BN/oil, respectively. The minor growth of
2.13% was documented for the case with 0.12 wt.% of BN/oil. In contrast, the addition of

modified BN declined the T, by 44.86%. The consistency index of the “Base fluid + 0.12

wt.% BN/lub” more than doubled as compared to the reference system, and increased by
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38,68% for the specimen with 0.03 wt.% of dry BN particles. The dramatic rise of k-
parameter by 412.23% was observed grafted BN particles were introduced to the system.
The slight decline of 6.42% was documented for the “Base fluid + 0.3 wt.% BN/lub”. The
flow behavior index dropped by average 16% when the reference system was diluted with
dry particles or 0.12 wt.% BN particles mixed in lubricant. The modest rise of 5.21%
contributed to the n-value when BN/oil was added at 0.3% by weight. The grafted BN
lowered the flow index of the reference fluid by 35.09%

e Robertson-Stiff: The A parameter exhibited growth of 54.35% for the “Base fluid + 0.03%

dry BN”, while other samples showed slight variations up to 6.23%. The B parameter
declined by 27.49% when the fluid with dry BN was simulated. The addition of modified
BN had a minor increasing effect on B parameter (8.41%). The samples with BN/lubricant
showed an average increase of 14%. On the other hand, the C value of all the fluids was
seriously affected. The “Base fluid + 0.03 wt.% Dry BN” and “Base fluid + 0.12 wt.% BN/lub”
had a rise of 68.71% and 59,64%. The C parameter more than doubled (120.82%) when
the fluid was mixed with BN/lub at the concentration of 0.3% by weight, while the

presence of modified BN decreased the C parameter by 92.25%.

5.2. Toque and drag simulation.
Torque and drag simulation is of major importance in well planning to predict and prevent
pipe-related problems. Drill string mechanics must be designed appropriately using computer
models to ensure that the desired well trajectory can be drilled and completed safely. A
modern software used for well planning can adequately predict the limits for the rotary and

hoisting equipment and help to design a drill string in a most efficient way.

As was mentioned it the theory about torque and models, one of the reasons for the excessive
torque and drag is high friction between contacting surfaces in the well. The experimental
study showed that addition of nanoparticles alone, or together with a lubricant to the water-
based mud could improve lubricating properties of the fluid. This, in turn, leads to the
reduction of expenses and risks related to high torque and drag and solves environmental

issues associated with using OBM.
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This section is devoted to torque and drag simulation that illustrates how the trajectory of a

well can be altered by implementing the drilling fluids containing nanoparticles.

5.2.1. Simulation setup.

The torque and drag simulations were executed through WellPlan™ software developed by
Halliburton. A well consisted of a vertical section up to 4012.5 ft. cased with intermediate
(13 3/8 ") casing and a deviated 12.615” open hole section, which was extended in
accordance with the frictional and rheological properties of the selected fluid. As was
observed from the simulations, the tripping out tension was the limiting parameter for the
length of the well in the most cases. For simplicity, the coefficient of friction in the open hole
and cased hole sections was assumed to be equal. The drill pipe had the outer and inner
diameter of 5” and 4.86” respectively. The RPM was 30, and the tripping speed was set to 60
ft/min for both running in and out of the hole. The flow rate was suggested to be 500 gpm
with a fluid having the density of 8.5 ppg. The figure below depicts the trajectory of the

modelled well, while other well and drill string configurations are outlined in Appendix E.

Ground Level 11,0 /)

13 08in, 545 ppf, K55, , MALSON

O 12615 m, 9110001t

Figure 5-5: Well setup for the Torque&Drag simulations
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5.2.2. Simulation example.

This section aims to show an example of the torque and drag analysis and data interpretation.
Two samples formulated in the Duovis system will be reviewed, namely nano-free reference

fluid and the fluid with 0.3 wt.% of BN/lubricant.

First, the reference fluid was used as drilling mud, and the string was analyzed in terms of
stresses, tension and torque. The length of the well was gradually increased until all the above-
mentioned parameters are in the safe window. The maximum possible length, which was
possible to achieve using the base fluid was 12300 ft. If the well length were extended beyond

this value, it would lead to the pipe failure. The length was limited by tripping out tension.

Afterwards, the fluid input was altered to the frictional and rheological parameters of the fluid
with BN/lubricant at the concentration of 0.3 wt.%. The initial MD was set to 12300 ft (the
limit for the previous scenario) and was increased according to the limits. Similar to the case
above, the well trajectory was confined by the tension limit; however, due to improved

characteristics of the fluid, it was possible to extend the well up to 13500 ft.

The graphs below illustrate the loads on the string when the base fluid is used. In addition, the
critical loads (tripping out tension, tripping out torque and Von-Misses stress) were plotted
for the case with the nano-enhanced fluid. This visually demonstrates the shift in the load
distribution along the string when the fluid properties were improved, and the well was

extended.
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Figure 5-6: Drag loads and limits for the “Base fluid” and the “Base fluid + 0.3 wt.% BN/lub”
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Figure 5-7: Torque loads and limits for the “Base fluid” and the “Base fluid + 0.3 wt.% BN/lub”
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Figure 5-8: Stresses and limits for the “Base fluid” and the “Base fluid + 0.3 wt.% BN/lub”
5.2.3. Simulation result.

This section outlines the results from the modeling of the drill string loads when the well is
assumed to be drilled with selected fluids. As previously discussed, the tribology of the
samples from different batches was measured with different contacting surfaces. Thus, there
might be uncertainties when compare the lubricity of the fluids containing various additives.
Since the friction factor is the decisive input parameter for this study, the selected fluids were
prepared again, and the tribology was measured under the same conditions. This allows to

compare the well length alteration for the fluids formulated with various nano-additives.

The extension of the wells drilled with the Duovis-based fluids is presented in Figure 5-9. From
the graph, it can be seen that commercial Boron nitride NPs allowed prolonging the well only
by 3.3%. The maximum extension of 13500 ft. was achieved when 0.3 wt.% of BN/lubricant
was added to the Base Fluid. This counts for 9.8% increment to the well length as compared
to the case with the reference fluid. The utilization of the grafted BN nanoparticles allowed to

drill up to 13450 ft., prolonging the well drilled with the conventional mud by 9.3%.
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Figure 5-9: Effect of nano-additives on the simulated well length (Duovis)

Chart 5-10 represents the length alteration when the XG-based drilling fluids are used in the
simulations. Similar to the previous case, the maximum well length was achieved with the fluid
containing 0.3 wt.% of BN/lubricant. It was possible to extend the well by 18.3% compared to
the case with the nano-free fluid. The addition of grafted nanoparticles at 0.2 wt.% made

possible to prolong the well by almost 13%. Dry BN nanoparticles showed the possibility to
extend the length only by 5%.
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Figure 5-10: Effect of nano-additives on the simulated well length (XG)
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5.3. Hydraulics simulation.
The ECD management is of great importance in drilling operations, since it is a critical
parameter in avoiding kicks, lost circulation, formation damage, stuck pipe, as well as
excessive stress induced to a drill pipe. This simulation analyzed the dynamic pressure losses
in the circulating system when different nano-treated drilling fluids are used. The output of
the simulation is total pressure loss and ECD in the well, which was used later to compare the
hydraulic performance of nano-enhanced fluid with conventional drilling mud. The theoretical
background of hydraulic simulations and the summary of equations used in the chosen model

was presented in Section §2.4.

5.3.1. Simulation setup.

The hydraulic simulations were conducted in Excel calculator assuming a vertical well with
TVD of 10000 ft. The inside diameter of the last casing string was 8.5”, and the drill string OD

and ID were 5” and 4.8”, respectively. The drill bit was assumed to have three nozzles with a
diameter of 28/32 inch. For simplicity, we ignore the pressure loss in the surface equipment

and assume it to be zero. The flow rate was altered from 50 to 600 gpm. The density of all the

fluid systems has been accepted to be 1.025 sg (8.539 ppg).

5.3.2. Hydraulic simulation of the Duovis based fluids.

This subchapter presents information about the hydraulic modeling of the fluids formulated
in Duovis system. There were five simulated drilling fluids, namely “Base fluid”, “Base fluid +

0.03 wt.% dry BN”, “Base fluid + 0.2 wt.% grafted BN” and “Base fluid + 0.3 wt.% BN/lub”.

Graph 5-11 compares the total pressure loss for the simulated samples. Overall, the pressure
loss increased linearly with increasing flow rate for all the samples. All fluids showed a similar
pattern of growth. The highest pressure loss was observed for the system containing BN
particles mixed in the lubricant. On the other hand, the fluid with 0.03 wt.% of dry BN particles
decreased the pressure loss by average 32% for the whole spectrum of flow rates, as
compared to the base fluid. The simulated fluid containing grafted BN particles showed a rise

in pump pressure by approximately 16%.
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Figure 5-11: Effect of nano-additives (in Duovis) on the pressure loss

The figure below depicts the ECD results of the modeling. The ECD values demonstrate annular

pressure loss, which is one of constituent elements of the total pressure loss. Hence, the total

pressure loss and ECD exhibited the similar tendency. The largest ECD values for all range of

flow rates were observed for the case with 0.3 wt.% BN/lub, while the fluid with 0.03 wt.% of

dry BN particles showed the lowest ECD. Based on the results of the Duovis-based samples, it

can be concluded that the fluid with dry BN nanoparticles is the most practical in terms of

hydraulics.
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Figure 5-12: Effect of nano-additives (in Duovis) on the ECD
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5.3.3. Hydraulic simulation of the XG based fluids.

The simulation output of XG-based drilling fluids is summarized in this subchapter. The fluid
selection was based on the best frictional results. The rheological data of the reference fluid
(“Base fluid”), fluid with 0.03 wt.% dry BN, fluid with 0.2 wt.% grafted BN and fluid with 0.3

wt.% BN/lub was used as input data to analyze the hydraulic performance.

The following graph illustrates the total pressure loss in the circulation system for each fluid
when different flow rates were assumed. The same line profile for all the systems indicates
the similar hydraulic response on the flow rate variations. The minimum pressure loss at low
flow rates was observed for the fluid with grafted nanoparticles. However, at flow rates higher
than 450 gpm, the base fluid showed the least pressure loss. In contrast to the case with
Duovis polymer, the fluid with 0.03% dry BN required the highest pump pressure among the
whole tested samples. The fluid containing BN nanoparticles together with a lubricant also

showed a rise in pressure required to overcome the friction in the circulating system.
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Figure 5-13: Effect of nano-additives (in XG) on the pressure loss
As was discussed earlier, the ECD value is dependent on the total pressure loss, and the
pattern of the total pressure loss lines is repeated for the ECD graph. The distribution between
the fluids was also similar: the mud with grafted BN nanoparticles had the least ECD value at

low flow rates, while, the curve exceeded the Base fluid at flow rates higher than 170 gpm.
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Addition of known nanoparticles together with a lubricant increased the ECD as compared to

the base sample. The fluid with dry BN nanoparticles claimed the maximum ECD in the whole

spectrum.
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Figure 5-14: Effect of nano-additives (in XG) on the ECD

5.4. Hole cleaning simulation.
One of the fundamental functions of the drilling mud is cuttings transport, the efficiency of
which is governed by fluid density and rheology. However, the minimum flow rate required to
transport drilled cuttings is not only a function of the fluid but also a function of a wellbore
trajectory, the cuttings characteristics and operational conditions. In general, the minimum is

defined by settling velocity and governed by [19]:

e Operational conditions (Rate of penetration and RPM)
e Well configuration (inclination, depth, hole size, pipe size and eccentricity)
e Drilling mud properties

e Cuttings specification (size, shape, density)

The hole cleaning simulation evaluates the ability of nano-treated drilling fluid to carry

cuttings by assessing minimum flow rate for different inclinations.
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5.4.1. Simulation setup.
The simulations were performed in the WellPlan™ software. The efficiency of the hole
cleaning was analyzed regarding the minimum flow rate required to transport cuttings at
different inclinations. The angles varied from 0° (vertical well) to 90° (horizontal well). Figure
5-15 summarizes the input configurations for the given well. It was assumed that all the

cuttings have the same size and density.

Input

Cuttings Diameter: W in
Cuttings Density: W sg
Bed Porosity: W %
Rate of Penetration: 60,0 fthr
Rotary Speed: lEDi pm
Additional Input

Bit Diameter: W in
Annulus Diameter: W in
Pipe Diameter: W in
Joint Diameter: W in

Mimimum Pump Rate: 100.0 gpm
Increment Pump Rate: 200.0 apm
Maximum Pump Rate: &00.0 gpm

Figure 5-15: Simulation setup for the hole cleaning simulations

5.4.2. Simulation result.
In this section, the fluids formulated in the Duovis polymer were analyzed. Graph 5-16 shows
the difference between minimum flow rates of the reference fluid and the fluids with nano-
additives. From the graph, one can observe same flow rates in vertical section; however,
increasing angle induces a rise of the flow rate for all the fluids. The presence of grafted BN
and BN/lub enhanced the hole cleaning performance of the drilling fluid. The improvement
was more significant as the trajectory approached horizontal. The average decrease of 25.4%
relative to the base fluid was noted for the fluid with 0.2 wt.% grafted BN; and 28.2% for the
fluid with 0.3 wt.% of BN/oil. On the other hand, the addition of dry BN at the concentration

of 0.03 wt.% showed vague effect. The flow rate required for the fluid with dry BN additives
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was higher than the flow rate for the reference fluid at the angles less than 60°. However, at

larger angles, the Base fluid claimed higher flow rates to clean the hole.

700

600

500

400

300

MIN. FLOW RATE (GPM)

200

100

/_ Base Fluid (Duovis)

Base Fluid + 0.03 wt.% dry
BN

Base Fluid + 0.2 wt.%
grafted BN

Base Fluid + 0.3wt.%
BN/lub

0 10 20 30 40 50 60 70 80 90

HOLE ANGLE (°)

Figure 5-16: Effect of nano-additives (in Duovis) on the minimum flow rate for cuttings transport
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6. RESULTS SUMMARY AND DISCUSSION.

This chapter aims to provide a comprehensive summary and discussion of the results of this
thesis work obtained from the experimental and simulation study. In the experimental part,
the focus of attention was to investigate the effect of Boron nitride nanoparticles on the
tribology of laboratory formulated water-based drilling fluid. On the basis of the highest
lubricity results, the fluids were further characterized concerning rheology, filtrate loss, pH

and viscoelasticity.

6.1. Effect of dry BN particles.
The effect of dry BN powder was tested both in Duovis and Xanthan gum biopolymers. First,
the performance of nanoparticles will be discussed in each polymer separately. Afterwards,

the comparative review between two systems will be presented.

6.1.1. Dry BN in Duovis biopolymer system.

As it was mentioned, the experiments started with the screening test to determine the most
feasible concentrations in terms of tribology. The selection of the fluids for the further tests

and simulation was based on the friction results.

Effect on the Tribology.

The friction tests were carried out using a CMI Tribometer at room temperature. The
experimental procedure and results were discussed in Chapter 4. The friction results of the
fluids containing nanoparticles at various concentrations were compared to the conventional

nano-free fluid formulated in the same polymer.

In general, the addition of dry BN at all concentrations improved the lubricating properties of
the mud. However, it has been found that the friction reduction was not linear with the
increased concentration. The most significant decrease of 23.6% was observed when the fluid

was mixed with dry BN nanoparticles at the concentration of 0.03% by weight.

Effect on the Rheology.

The data obtained from the viscometer measurements indicated a slight increase in shear

stress readings of nano-enhanced samples, as compared to the reference fluid. The change in
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concentration showed a consistent effect on Bingham parameters. The yield stress and lower
shear vyield stress decreased when the percentage of nanoparticles raised; in contrast to
plastic viscosity, which showed the most prominent increase of 70% for the fluid with 0.3 wt.%

of nano-additives.

The consistency index of Power Law model exhibited a linear drop, while the flow behavior
index increased with raised concentration. The results showed that both k-value and n-value

had the maximum change of 64% for the fluid containing 0.3 wt.% of dry BN nanopowder.

Effect on the Filtrate loss and pH.

The experiments demonstrated that nanoparticles, at both high and low concentrations, had
an adverse effect on filtrate loss. However, the fluid with 0.03 wt.% of dry additives did not
provide any change and had the same filtrate loss value as the reference system. The most
prominent deterioration was observed when the fluid with the highest concentration of

known nanoparticles was tested, which showed a rise of filtrate volume by 33.3%.

The pH of the mixtures was solely affected by the presence of BN additives. The variation of

all systems were less than 1%, which may be neglected.

Effect on the Viscoelasticity.

Among the whole batch, only the reference fluid and the fluid with the best friction result
(0.03 wt.% of dry nanoparticles) were used for viscoelastic measurements. The value of shear
stress obtained at the intersection of Storage modulus and Loss modulus curves showed that
addition of nano at stated concentration increased the flow point by 42% as compared to the

base system.
Drilling fluid performance simulation.

Simulation is an effective way to verify the efficiency of formulated fluids in the actual drilling
conditions. The study covers the fluid having the most attractive concentration of dry BN in

terms of lubricity, which proved to be 0.03% by weight.
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To illustrate the compliance of the rheological data with the measured data, modeling was
performed. The Robertson-Stiff was found out to be the best model, which describes the

rheology of the nanofluid with 1.4% deviation.

As mentioned in the theory review, the lubricity of the drilling fluid has a significant impact on
the torque and drag loads, which in turn is a limiting factor for the drilling depth. The highest
lubricity impact obtained by addition of dry BN particles in Duovis-based mud was the
reduction by 23.6%. Torque and drag simulation study has shown that this mud allows
extending a well length by 3.1% as compared to the nanoparticle free conventional drilling

fluid.

The hydraulic simulation analyzed dynamic pressure loss and ECD in the circulating system.
The output showed that the drilling mud with dry BN nanoparticles at 0.03% by weight in

Duovis system reduced the pressure loss by 32%, and ECD by relatively small degree (2%).

Hole cleaning performance of the fluid was analyzed with regard to the minimum flow rate
required to transport the cuttings. It has been found that in the vertical section and the
sections with the inclination less than 60° the nanofluid required higher flow rate; however,
when the trajectory was close to the horizontal, the minimum flow rate of BN-enhanced fluid

was lower than those of nano-free system.

6.1.1.1. Dry BN in XG system.

The choice of nanoparticles ratio was similar to the case with the Duovis polymer. As in the
previous case, the attention has been paid to the systems with low concentrations. The
viscoelasticity experiment and simulation study were performed on the fluid having the best

lubricating properties.

Effect on the Tribology.

The addition of BN particles in XG system showed a positive effect on lubricity at all
concentrations. The presence of nano-additives at low mass ratio barely affected the friction;
however, the fluid with BN at 0.03% by weight decreased the friction value noticeably,
showing an improvement of lubricity by around 17%, which was the best result in the whole

batch. The high presence of nanoparticles provided only 10% reduction in friction factor.

MSc Thesis, Tofig Zeynalov, 2018 117




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Effect on the Rheology.

Generally speaking, the dry Boron nitride nanoparticles added to the XG system increased the
viscometer response compared to the conventional fluid. However, there was not observed
an evident relationship between the viscometer data and amount of nanoparticles. The plastic
viscosity of Bingham model was barely affected by the presence of nano-additives, while the
yield stress increased for all samples. The LSYS went up for the small concentration; however,
the high amount of BN reduced the value considerably. The consistency index gradually
increased when more particles were added to the suspension, while flow behavior index went

down.

Effect on the Filtrate loss and pH.

Unlike the Duovis system where the addition of BN nanoparticles at all concentrations
increased the filtrate volume, the presence of BN particles at the concentration up to 0.02%
reduced the filtrate loss. Further increased amount of particles had an adverse effect on
filtration, exhibiting the largest volume of filtrate loss for the sample with the presence of

nano-additives at 0.3%.

Similarly to the first case, the addition of BN nanoparticles did not have any significant effect

on the alkalinity of the drilling fluid.

Effect on the Viscoelasticity.

The viscoelastic experiments of the XG-based fluids covered the analysis of the fluid with 0.03
wt.% of dry BN. The comparison between the systems indicated that additives at mentioned

concentration raised the flow point by 9.5% as compared to the reference fluid.

Drilling fluid performance simulation.

The most attractive concentration of dry BN particles in XG system seems to be 0.03% by
weight. Thus, all the simulations have been performed assuming the fluid with the mentioned

ratio.

The rheological modeling illustrated that all the models, except for Bingham, cover the

measurements quite accurately. The Robertson-Stiff, Herschel-Bulkley and Unified models
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were opted to be the most precise and described the rheological behavior with the same

accuracy of 1.1%.

The maximum improvement of lubricity compared to the base fluid was documented as
16.9%. The properties of the reference fluid and the fluid with the best tribology results were
used as input parameter for torque and drag simulations. The analysis of the maximum well
length based on critical loads indicated the possibility to extend the length by 5% if nanofluid

is used.

From the hydraulics viewpoint, the properties were deteriorated by the addition of dry BN
nanoparticles to the XG-system at the concentration of 0.03 wt.%. The pump pressure
required to overcome the friction in the circulating system increased by average 32.2% as
compared to the reference system. The ECD was not affected that considerably and rose in

average by 3.6% for the chosen range of flow rates.

Hole cleaning efficiency of the fluid with XG biopolymer was not affected by the presence of

Boron nitride nanoparticles.

6.1.2. Comparative study of the systems.

The results obtained from both experiments and simulations indicated that performance of
the nanoparticles is dependent on the polymer. This section compares the effect of dry Boron
Nitride nanoparticles on properties of water-based mud formulated in Duovis and Xanthan

Gum polymers.

In respect of rheology, the addition of nanoparticles shifted the viscometer data upwards in
either of systems. However, the nanoparticles had a reverse effect on the Bingham
parameters when comparing two systems. For instance, the increased concentration of
nanoparticles resulted in decreasing trend of the yield stress of Duovis-based fluids, whereas
this parameter went up when the particles were added to the XG system. The same reverse

behavior was observed for the k and n parameters of Power Law model.

As was mentioned earlier, it is not feasible to compare the friction values of the two systems

utilizing different contact surfaces in the tribometer. Instead, the reduction in friction
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coefficient relative to the reference fluid has been compared for the corresponding
concentrations. Overall, the best lubricity properties in both systems has been obtained when
the BN particles were added at a low concentration of 0.03% by weight. However, it should
be mentioned that for the whole range of nanoparticle concentrations, the friction reduction

was more prominent in the Duovis system.

The filtrate measurements showed deterioration at high concentration of NPs for both
systems. However, the filtrate volume increased more significantly for the fluid formulated in
Duovis polymer. In addition, the low concentration of BN nanoparticles mixed in XG system

exhibited a slight improvement of filtrate loss.

The pH value was not affected strongly by the presence of nanoparticles in both Duovis and

Xanthan gum polymers.

The relative increase of the flow point, caused by addition of BN, was more significant in the

Duovis biopolymer rather than in XG biopolymer.

The rheological modeling illustrated the adequate compatibility of the Robertson-Stiff model
with the viscometer data for the fluids formulated in Duovis polymer as well as for the fluids
formulated in XG polymer. This statement is valid for both BN-treated fluid and base fluid.
However, the remaining models predicted the rheological behavior of the XG-based fluids

more accurately than those of the Duovis-based fluids.

For both systems, the torque and drag simulation was performed assuming a drilling mud with
0.03 wt.% of BN particles. The possible well length was compared to the base fluid with the
corresponding polymer. As stated above, the friction reduced more noticeably when particles
were used in combination with Duovis polymer. However, it has been found from the

simulations that the well can be prolonged more with the XG-based fluid.

With regard to hydraulics, the dry particles added to the Duovis polymer decreased the total
pump pressure and ECD as compared to the base fluid, in contrast to the case with XG
polymer. This output is a reflection of the different impact of nanoparticles on the rheological

parameters of the fluid having various polymers.
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Concerning the hole cleaning, the presence of dry additives in the XG-based fluid did not affect
the flow rates for cuttings transport. However, the addition of the same type and amount of
NPs to the Duovis-based fluid decreased the minimum flow rate value at inclinations more
than 60° comparing to the base fluid. At lower angles, the reference fluid needed less flow

rate to clean the hole.

6.2. Effect of grafted BN particles.
The previous sections discussed the performance of the commercially available nanoparticles.
Whereas, this section analyzes the results of a pilot study aimed to enhance the functionality
of known nanoparticles. The procedure of surface modification was covered in the literature
review of Boron nitride nanoparticles. The effect of the additives was investigated both in

Duovis and XG, and comparison between the systems was conducted.

6.2.1. Grafted BN in Duovis system.

This subchapter discusses the results obtained from the experimental and simulation studies

of the Duovis-based drilling fluids containing modified BN nanoparticles.

Effect on the Tribology

The grafted BN nanoparticles mainly exhibited a linear dependency of friction on a
concentration. Superior lubricating properties were achieved when known additives were
added at relatively high concentrations. However, at low concentrations, the commercial BN

nanoparticles showed a better lubricating effect on the drilling fluid than modified ones.

Effect on the Rheology.

The viscometer readings did not reveal any particular rheological dependence on the
concentration of the grafted BN particles. However, the high concentration had an increasing
effect on the viscometer response. The YS of the Bingham model and k-index of the Power
Law model fluctuated and did not show any particular pattern. The PV and flow behavior index
increased relative to those values of the reference fluid when the BN-grafted were added at
high concentrations. The LSYS disclosed a drop for all the concentration as compared to the

base system.
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Effect on the filtrate loss and pH.

The filtration properties were mainly deteriorated by the presence of the grafted BN
nanoparticles; besides the case with the lowest concertation, which showed a minor
improvement. One should draw attention to the fact that the grafted nanoparticles did not
degrade the filtration that significantly, as the commercial nanoparticles did. The maximum

increment to filtrate volume was counted around 8%.
The pH measurements illustrated a minor effect of grafted BN, which can be disregarded.

Effect on the Viscoelasticity.
The viscoelastic test was conducted on the sample, which showed the best friction reduction,
namely “Base fluid + 0.2 wt.% grafted BN”. The results show that additives increased the flow

point by 48% as compared to the base fluid.

Drilling fluid performance simulation.

The simulations were conducted on the fluid, which showed the best lubricity properties,
namely the base fluid with 0.2 percentage concentration of grafted BN nanoparticles. The
rheological modeling revealed that the Robertson-Stiff model comply with the measured data

in the most accurate way.

The analysis of the drill string loads revealed that improved rheological and tribological

properties by the addition of grafted BN allowed to prolong the well length by 9%.

It was not possible to improve the hydraulic performance of the drilling fluid by using modified

Boron nitride nanoparticles.

Hole cleaning modeling showed that the addition of grafted BN decreased the flow rate

required for the reference fluid to carry the cuttings by average 25%.

6.2.2. Grafted BN in XG system.

The performance of the oil grafted BN nanoparticles was studied in XG polymer as well. The
percentage of additives in the fluid was chosen to be similar to the fluids formulated in the

Duovis polymer.
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Effect on the Tribology

The dependency of friction reduction on the concentration of additives was identical to the
Duovis based fluids. The best friction reduction was obtained when the particles were added
at 0.2 percent by weight. Mentioned concentration corresponded to the 44% decrease in

friction as compared to the base fluid. Higher percent weight did not yield the better result.

Effect on the Rheology.

The viscometer readings increased when the grafted nanoparticles were introduced to the
system. The increase was more prominent for the fluid with 0.01 wt.% of additives. The LSYS
and consistency index exhibited a decreasing tendency when the concentration was
increased. On the other hand, the increase of concertation caused a rise in flow index and
plastic viscosity values. The yield stress sharply increased when the nanoparticles were
introduced to the system at the lowest concentration. This was followed by the gradual
decrease of the YS when more nanoparticles were added. However, the nanofluids at all range

of concentrations had higher YS value than the reference sample.

Effect on the filtrate loss and pH.

The filtrate measurements revealed a slight improvement up to 2.9% when the fluid was
diluted with 0.01 wt.% of grafted particles. Higher concentrations had an adverse effect on
the filtrate loss. The worst filtration properties were exhibited by a fluids having the high

amount of modified BN. These samples showed a growth of filtrate volume by 8.6%.

The maximum change of pH was documented as 2% decrease, which was noted for the sample

at the lowest concentration of additives.

Effect on the Viscoelasticity.

The viscoelastic response on the grafted particles was evaluated in terms of flow rates. The
data interpretation showed that addition of grafted BN powder at 0.2 wt.% more than doubled

the flow point of the reference system.

Drilling fluid performance simulation.

The simulation study covered only the fluid with 0.2 wt.% of nanoparticles. It was the system

with the best lubricating properties and therefore was subjected to the simulation analysis.
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The rheological modeling defined the Power Law model as the most accurate to follow the
viscometer data of the mentioned fluid. It should be mentioned that the Herschel-Bulkley and
the Robertson-Stiff models described the rheology with approximately the same percent

deviation. The Bingham model had the most substantial deviation from the original data.

The torque and drag analysis showed that the fluid enhanced with grafted BN nanoparticles

made possible to drill a section longer by 13% as compared to the nano-free fluid.

The hydraulics of the base fluid was improved at low flaw rates by the presence of 0.2 wt.%
grafted BN. However, the ECD and the pump pressure of the nano-sample exceeded those

parameters of the reference system at the relatively high flow rates.

The given additives did show any effect on the hole cleaning performance of the XG-based

drilling fluid.

6.2.3. Comparative study of the systems.

This section deals with the comparison of the fluids formulated in the different polymers and
containing grafted BN nanoparticles. The major differences obtained both from experimental

and simulation analysis was mentioned below.

In general, the shear stress readings were increased by the presence of grafted BN in both
systems. The plastic viscosity and flow behavior index also showed the similar trend in two
systems. However, the response of the consistency index and LSYS value varied from system
to system. There was possible to determine some relation between the concentration and
mentioned parameters for the fluids with XG polymer. However, these parameters fluctuated

in the Duovis polymer without any particular tendency.

The variations of particles’ concentration showed the similar trend in the XG and Duovis
systems, concerning the lubricity. The best results were obtained when the presence of
grafted particles was limited to 0.2%. The nanoparticles exhibited better effect in the XG
biopolymer where mentioned concentration reduced friction of nano-free system by 43.9%.

In the case of Duovis polymer, the maximum friction reduction was documented as 35.4%.
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In terms of filtration, the fluids with different polymers behaved similarly. The lowest
concentration slightly decreased the filtrate volume of the reference fluid. Further increment
of the additives ratio deteriorated the filtration properties. However, the increase of the

filtrate was within 9%, which is not considered as a colossal effect.

The pH of the mixtures was insignificantly affected by the presence of modified particles. The
analysis does not enable to define any relationship between the presence of nanoparticles

and pH value.

The addition of grafted BN nanoparticles increased the flow point of the reference fluid
formulated in either polymer. The viscoelasticity of the XG-based fluid though was more

sensitive and showed greater rise of the flow point.

The best fluids in terms of tribology were chosen for the simulation study. The rheological
modelling established the best correlation between the Power Law model and the viscometer
data of the sample formulated in the XG polymer. On the other hand, the Robertson-Stiff
model described the rheology of the Duovis-based fluid with the mentioned amount of
nanoparticles better. Overall, the models were more precise to follow the pattern of the

viscometer readings of the nanofluid with Duovis polymer.

The simulation of drill string loads showed that addition of grafted BN nanoparticles allowed
for deeper penetration as compared to the conventional drilling fluid. It was possible to extend

the well more noticeable when the XG was used in the mixture as a polymer.

The hydraulic behavior of the fluids with grafted BN was dependent upon the polymer. The
addition of modified BN at the concentration of 0.2% to the fluid with Duovis polymer
increased the pressure loss and ECD, compared to the base fluid. Whereas, the improvement

of hydraulic parameters was observed when the nanoparticles were added to the XG system.

The hole cleaning performance of the fluid with XG polymer remained unaltered when the
given NPs were introduced to the system. In contrast, it was possible to decrease the flow rate

required for the cuttings carriage when the particles were added to the Duovis-based fluid.
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6.3. Effect of BN particles in the presence of a lubricant.
This section analyzes the effect of BN nanoparticles along with oil on the properties of water-
based mud. Similar to the case with dry nanoparticles, the performance of BN/lubricant was
studied separately in both Duovis and XG polymers, and then the two systems were compared

to each other.

6.3.1. BN/lubricant in Duovis system.

Effect on the Tribology

During the friction test, it was found that BN/lubricant additives improve the lubricity of the
fluid proportionally with the increased concentration. One possible explanation is that the
lubricity was improved not only due to the presence of nanoparticles but oil lubricant as well.
The maximum friction reduction of 45% was observed when the fluid was diluted with BN/

lubricant at the concentration of 0.3% by weight.

Effect on the Rheology.

The rheological measurements were carried out on the fluids with highest, lowest and
moderate amount of BN/lubricant additives. The shear stress readings showed a sequential
increase with increased concentration of additives. There was also observed a growing trend
in Bingham and Power Law parameters; however, n-value of Power Law model slightly

decreased, indicating an increase in shear thinning tendency.

Effect on the filtrate loss and pH.

The small and intermediate concentrations did not show any effect on filtrate volume, while

the high concentration of 0.3% of BN/lubricant improved the filtrate loss by 11.8%.
The pH value illustrated the declining trend; however, the percentage change was minor.

Effect on the Viscoelasticity.

Along with the reference system, the fluids with relatively high (0.3 wt.%) and moderate (0.16
wt.%) concentrations were subjected to the viscoelastic tests. The results depicted that the
flow point was barely affected for the sample with the high amount of additives; while, the

fluid with the intermediate concentration of BN/lubricant lowered the flow point value.
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Drilling fluid performance simulation.

The simulation study comprised the analysis of the fluids with the highest and moderate
amount of BN/Iubricant. The rheology modeling illustrated that for both concentrations, the
Robertson-Stiff model covered the viscometer measurements with approximately the same

deviation and seemed to be the most precise among other suggested models.

The torque and drag simulation illustrated that the most favorable fluid in terms of lubricity

afforded to extend the well length by 10%.

The pump pressure required to overcome the friction in the system raised when the
conventional fluids were diluted with BN/oil mixture. Higher concentration of additives
yielded higher percentage increase. On the other hand, the ECD increased insignificantly,
meaning that the friction loss in the annulus was not strongly affected by the presence of

nano-additives.

The property of the Duovis-based drilling fluid to carry the cuttings was improved by the
presence of BN/lubricant additives. This statement was based on the flow rates comparison,
showing an average 28% reduction for the nano-containing fluid compared to the base

system.

6.3.2. BN/lubricant in XG system.

The previous section showed that the BN/lubricant additives exhibited better lubricity
properties at high concentrations. Thus, the effect of BN/lubricant in Xanthan gum polymer

were mainly focused on the high concentrations.

Effect on the Tribology

The coefficient of friction decreased linearly with increasing concentration. The most
prominent improvement was observed for the fluid with 0.3 wt.% BN/lubricant, when the

value more than halved, as compared to the corresponding base system.

Effect on the Rheology.

The viscometer response increased quite consistently when the ratio of BN/lubricant in

suspension was raised. The plastic viscosity, yield stress, lower shear yield stress and flow
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index exhibited a gradual growth when the concentration was raised up; in contrast, the value

of consistency index went down.

Effect on the filtrate loss and pH.
The filtrate loss was negatively affected by the presence of BN/lubricant in the XG-based fluid.
The effect was most significant at the concentration of 0.25% by weight when the filtrate

volume increased by 24.3% relative to the reference fluid.
The pH of the drilling fluids did not show any noticeable changes by the presence of BN/lub.

Effect on the Viscoelasticity.
The viscoelastic properties of the tested fluids were strongly affected by the addition of
BN/Iubricant. The flow point of nanofluids soared as compared to the base system. The

increased concentration led to the more significant rise of flow point.

Drilling fluid performance simulation.
The rheological simulation revealed that the Unified model is the most suitable to describe
the behavior of the BN/lubricant-enhanced fluid formulated in XG polymer. On the other

hand, the rheology of the base fluid was delineated better by the Robertson-Stiff model.

The drill string analysis determined a remarkable decline of the loads exerted on the string
when the XG-based fluid, which properties were enhanced with BN/lubricant, was used in the

assumed well. This allowed to extend the well by more than 18%.

Simulation of hydraulics identified a linearly growing trend of pump pressure and ECD with
increased concentration of BN/lubricant additives. As in the case with Duovis polymer, the
increment of pressure loss occurred mainly inside the drill string rather than in the annulus.

This was concluded by the difference in percentage rise between pump pressure and ECD.

Similar to the case with dry BN particles, the addition of BN/lub to the XG-based samples did

not affect the hole cleaning performance of the fluid.
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6.3.3. Comparative study of the systems.

The purpose of this subchapter is to discuss and differentiate the effect of BN nanoparticles
mixed in a lubricant on properties and performance of the fluids formulated in different

polymers.

The viscometer response on the presence of BN/lubricant additives was consistent and
linearly related to the concentration of additives, i.e., the increased amount of BN/lubricant
led to higher shear stress readings. This statement is relevant for both systems. For the two
polymers, the Bingham parameters did not show precisely the same trend; however, there
were observed similarities in the behavior when the concentration increased. On the other
hand, the Power Law parameters responded differently for each system. As an example, the
increase of the concentration reduced the flow behavior index in Duovis polymer; however,

for the XG system, the increasing trend was noted.

The screening test for both Duovis-based and XG-based fluids proved that the best tribology
improvement is obtained when BN/lubricant is added at high concentrations. In contrast to
the case with dry BN particles, the XG system in combination with BN/lubricant depicted

better friction improvement as compared to the Duovis system.

The experiments illustrated that high concentration of BN/lubricant could improve the filtrate
loss of the Duovis-based system, whereas the filtrate properties of the XG-based system were

deteriorated by the presence of these additives.

The pH value decreased slightly for the samples, which have Duovis as a polymer, while the

XG-based system was barely affected by the presence of BN/lubricant.

It was challenging to determine LVER and YS from the viscoelasticity experiments; thus only
the flow point values were compared for two systems with different polymers. The results
from the viscoelasticity test showed that the flow point of the systems having the XG as a
polymer were affected much stronger by the presence of BN/lubricant, and depicted an
increase up to 215% as compared to the associated reference fluid. On the other hand, the
addition of BN/lubricant did not influence the flow point of the Duovis-based fluids to the

same extent.
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Simulation has been performed on the fluids with high concentration of BN/lubricant as well
as intermediate concentration. The Unified model fitted the rheological data of the XG-based
fluid in a more precise way. On the other hand, the rheology of the fluids with Duovis polymer
was covered better by the Robertson-Stiff model. Generally speaking, the models followed

the pattern of the viscometer readings more accurately when the XG was used as a polymer.

The torque and drag simulations allowed to assume the maximum well length based on the
critical loads on the drill string. The percentage change of the length relative to the reference
system was calculated for the best lubricating fluid in each polymer. As mentioned earlier, the
addition of 0.3 wt.% BN/lubricant led to higher friction reduction in the XG polymer.
Therefore, it was possible to extend the well more significantly, when the nano-additives were
used in the XG-based fluid. It is obvious that the friction coefficient was not the only parameter
governing the well loads reduction. As seen from the experiments with dry BN nanoparticles,
the system with improved rheology enabled to increase the well length more noticeably as

compared to the system with higher friction reduction.

The hydraulic simulation depicted that addition of BN/lubricant negatively affected the
pressure loss and hence ECD for the fluids with both polymers. However, the increase in pump
pressure and ECD was more prominent when the mentioned additives were used in Duovis

polymer.

The hole cleaning efficiency of the Duovis-based reference fluid was noticeably improved by
the addition of BN nanoparticles mixed in a lubricant. At the same time, said nano-additives
did not affect the minimum flow rate required for cuttings transport of the XG-based drilling

fluid.

6.4. Effect of a nanocomposite.
As was mentioned in the experimental study, the MWCNT-OH added alone did not exhibit any
significant improvement of lubricity. However, the tribological performance of the fluid
containing MWCNT-OH and BN/lubricant nanocomposite was highly efficient, showing a sharp

decrease in the coefficient of friction.
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At the constant concentration of MWCNT-OH, the friction improvement was linearly related
to the addition of BN/Iubricant. The same dependency was observed for the samples having
BN/lubricant as a single nano-additive. However, the analysis indicated that the
nanocomposite yielded higher friction reduction than a nanofluid with only BN/lubricant

additives.

6.5. Effect of mixing and pH on lubricity.
As stated in the literature, an ultrasonic bath is a very effective method for the better
dispersion of nanoparticles, which tend to agglomerate due to strong van der Waals forces.
The sonic waves disperse the nanoparticles evenly and prevent agglomeration and
sedimentation [88]. Thus, it was expected to have a better lubricity performance of the fluids
subjected to the sonication. Nevertheless, the experiments showed that the nanofluids mixed
only mechanically yielded lower friction coefficient than sonicated samples. Higher
concertation exhibited stronger deterioration of lubricity properties of the sonicated fluids as

compared to the counterparts mixed in a conventional way.

On the other hand, the pH adjustment showed a positive effect on the lubricity of the samples
containing the small amount of the BN nanoparticles. This statement is applicable both to the

fluid mixed mechanically and ultrasonically.

6.6. Effect of temperature on rheology.
The rheological stability at high temperatures is one of the main concerns pertaining to the
drilling fluids. The study was conducted to evaluate the behavior of the fluids containing dry
BN nanoparticles at elevated temperatures and compare to the behavior of the nano-free

system.

In general, all the samples regardless of the concentration of nanoparticles exhibited the
similar response to the increased temperature. The shear stress values reduced linearly when
the fluid was heated. The Bingham parameters also decreased for all the fluids, other than the
sample with 0.03 wt.% of dry BN, where the increased temperature raised the plastic viscosity.
The consistency index of the Power Law model showed a declining tendency when the fluid

was heated up. This effect was more prominent for the fluid with the highest concentration
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(0.03 wt.%). The flow behavior index remained unaltered and did not react on the
temperature variations. Again, the sample with 0.03 wt.% of dry BN had a growth in n-

parameter when was subjected to the high temperatures.
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7. CONCLUSION.

The primary objective of the thesis was to investigate the impact of nano-sized BN on the

properties of water-based drilling fluid having either Duovis or XG as a polymer. The author’s

attention was focused not only on the implementation of the commercial BN nanoparticles but

also on the surface modification of them. From the experimental and simulation research that has

been undertaken, the following presents the summary of main observations and the drawn

conclusions:

General observations:

The performance of the nanoparticles (NPs) varies from polymer to polymer.

Sonication degraded the lubricity of the nanofluids.

Increasing pH can reduce the friction coefficient up to 9%.

Regardless the concentration, the plastic viscosity, yield stress and consistency index of
the nanofluids decreases at elevated temperatures.

The reduction in friction is not linearly proportional to the concentration of BN NPs.

Dry BN nanoparticles improve tribological properties at their best at low concentrations,
whereas grafted particles and particles mixed in oil perform better at high concentrations.
Drill string loads are not only the function of the drilling fluid’s lubricity properties but also
rheology.

Nanoparticles do not have any significant effect on the pH of the mixtures.

The Robertson-Stiff model predicts the rheological behavior of the drilling fluids with lower

percent deviation rate.

Dry Boron nitride nanoparticles:

Dry BN nanoparticles improve lubricity better in Duovis polymer rather than in XG.

The maximum friction reduction of 28.4% was observed when given nano-additives were
introduced to the Duovis-based fluid at the concertation of 0.03 wt.%.

The addition of BN at low concentrations in XG-based fluid slightly improve filtration,
whereas in Duovis polymer, the filtrate volume increased up to 33% as compared to the

nano-free system.
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e Hydraulic simulation results showed that the presence of BN nanoparticles in Duovis
system at 0.03 wt.% decreases the friction loss by average 32% at the given range of flow

rates.
Grafted Boron nitride nanoparticles:

e QOil grafted BN nanoparticles have more pronounced potential to reduce the coefficient of
friction as compared to the commercial dry BN nanoparticles. The effect is stronger in XG
biopolymer rather than in Duovis biopolymer.

e Coefficient of friction reduced by 44% when the XG-base fluid was mixed with grafted BN
at the concertation of 0.2 wt.%.

e The rheological parameters exhibited more consistent behavior with increasing

concentration of said additives in XG polymer rather than in Duovis.
Boron nitride nanoparticles associated with a lubricant:

e BN nanoparticles along with a lubricant have a superior potential to decrease the friction,
which is more pronounced in XG polymer.

e Adding of 0.3 wt.% of BN/lubricant improved the lubricity of the XG-base fluid by 54%.

e The rheological effect of the BN nanoparticles mixed in oil was similar to the effect of
grafted ones.

e The addition of 0.3 wt.% of BN/lubricant mixture decreased the friction coefficient of the

fluid having a small amount of MWCNT-OH nanoparticles by 52.9%.

This paper has clearly shown that lubricating effect of BN nanoparticles is reinforced when
grafted/mixed with an environmental friendly lubricant. The results obtained in this thesis are

valid in the considered polymer types. One may get different results by changing the base system.

Summing up the results, the modification techniques proposed hold a promise for enhancing the
properties of commercial nanoparticles. The tribological performance of Boron nitride
nanoparticles is the most effective when mixed with a lubricant. However, one should ensure the
environmentally friendly lubricant to comply with the regulations of some countries such as

Norway.
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formulated in Duovis/XG polymers.

APPENDIX A: Photographs from grafting procedure.

Magnetic stirring of BN + Lubricant

Qil
Distilled Water
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Centrifugation Separated phases after Centrifugation

Drying of the grafted BN Grafted BN
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

APPENDIX B: Amplitude Sweep Measurements of drilling fluids.

Base fluid (Duovis) + 0.03 wt.% dry BN
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Base fluid (Duovis) + 0.16 wt.% BN/lubricant
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Base fluid (XG) + 0.03 wt.% dry BN

__ 1000 4
L]
5 3.5
> 100
3
€ 3
a3
3 10 —
- 25 8
- 8]
) 8
E 1 2 2
3 2
e SIS S ST o o 1 A
e QQ QQ \ \ 09 > > > > 15 ©

> > =)
g 91 ¢
o
o 1
&
uw  0.01
4 0.5
@
2 0001 . 0
wn Strain, %

Shear Stress Storage Modulus Loss Modulus Damping Factor
Base fluid (XG) + 0.2 wt.% grafted BN
___ 10000 3
L)
(%]
>
S 1000 2.5
©
o
S /\A/_—,
a
o

- )
= [S)
& 8
E 15 2
5 3
3 £
£ a
o 1
o
o
]
(%]
g 0.5
(O]
7
o 0
& Strain, %

Shear Stress

Storage Modulus Loss Modulus Damping Factor

MSc Thesis, Tofig Zeynalov, 2018 142




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.

Base fluid (XG) + 0.12 wt.% BN/lub

Q O A Ay DN S & D N P O

Strain, %

Storage Modulus Loss Modulus Damping Factor

Base fluid (XG) + 0.3 wt.% BN/Ilub

__10000.00
)
(%]
3 1000.00
>
©
g
«»  100.00
1%}
o
-
© 1000
(%]
3
3
S 1.00
€ ®
o SHESESESES
© 0.10
o
&
o
§ 0.01 \
@
] 0.00
<
wv
Shear Stress
__10000.0000
o
(%]
>
S 1000.0000
©
(@]
IS
a
S 100.0000
)
o
5 10.0000
=)
©
@]
IS
% 1.0000
o o
S SRS
) 0.1600 ¢
o
E AN
3 0.0100
=
wm

Shear Stress

%

IR AR AR
SN N TN A

Strain, %

Storage Modulus Loss Modulus Damping Factor

3.5

1.5

0.5

35

2.5

1.5

0.5

Dampaing factor

Dampaing factor

MSc Thesis, Tofig Zeynalov, 2018

143




Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

APPENDIX C: Effect of temperature on the rheology of drilling fluids.
Base fluid (Duovis)

Viscometer readings
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Base fluid (Duovis) + 0.02 wt.% dry BN + 0.04 wt.% Lignosulfonate
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.

Base fluid (Duovis) + 0.03 wt.% dry BN + 0.04 wt.% Lignosulfonate
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.

APPENDIX D: Rheological modelling.

Viscometer data along with modelled trend-lines.
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Base fluid (XG)
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid

formulated in Duovis/XG polymers.

Base fluid (XG) + 0.16 wt.% BN/Ilub
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

APPENDIX E: Setup for Torque and Drag simulations.

Hole Data
Hoe Secton Edtor

Hole Name: |Hole Section Import Hole: Section

Hole Section Depth (MD): | 11000.0 ft I Addiional Columns

Effective Hole
5 Measured Depth Length D Drit : e Linear Capacity _—
Section Type ) (3] i) i) D|a£:¢;t.er Friction Factor bbif) ltem Description
Casing 40125 41250 12613 12,453 12.615 0.1547 [ 13 3/8in, 54.5ppi. J-55,
2 Open Hole 6987.50 12615 12.615 0.1546

Friction factor is according to the fluid. Lentgth of the open hole is adjusted according to the critical loads.

Drill String Data

[ String Inttilization
String Name: IMembl)'

Specify: | Top to Bottom vI Import String

Library
Export

String (MD): k Import |
Section Type Lea?h Measur;(; Depth ?HD) l,‘:r?] v:?p%h ttem Description

Drill Pipe 5,000 4.000 28,26 | Drill Pipe 5in. 25.60 ppf. E. 5 1/2FH. P
Heawvy Weight 120,00 10561.0 6,625 4500 70,50 | Heavy Weight Drill Pipe Grant Prideco, 6 5/8in, 70.50 ppf
Jar 33.00 105940 6,500 2750 91,79 | Hydraulic Jar Dailey Hyd .. 6 1/2in
Heavy Weight 305.00 10899.0 5,000 3,000 45,70 | Heavy Weight Drill Pipe Grant Prideco, 5in, 49.70 ppf
Sub 5.00 10904.0 6.000 2400 79.51 | Bit Sub 6. 6x2 1/2in
MWD 85,00 10983.0 8.000 2500 154,36 | MWD Tool 8, 8x2 1/2in
Stabilizer 5.00 10994.0 6250 2,000 93,72 | Integral Blade Stabilizer 8 1/2" FG, 6 1/4x2in

8 Sub 5.00 10999.0 6,000 2400 79,51 | Bit Sub 6, 6x2 1/2in

3 Bit 1.00 11000.0 10,625 166.00 | Tri-Cone Bit. 0.589 in*

Drill string length is adjusted according to the well lentgh
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.

Well Path Parameters
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Effect of Boron nitride (BN) and surface modified BN on the properties of laboratory water-based drilling fluid
formulated in Duovis/XG polymers.
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