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a b s t r a c t :

In deepwater drilling, the properties of water-based drilling fluids change remarkably due to low tem-
perature and high pressure, which have a significant effect on lost circulation, wellbore instability and
the window between pore pressure and fracturing pressure. The present work investigates the influence
of low temperature and high pressure on polymer and nanoparticle (boron nitride (BN)) based drilling
fluids with an aim to improve their rheological properties and fluid loss control. The amplitude and
frequency sweep tests were conducted to understand the viscoelastic nature of the samples. The
amplitude sweep tests confirmed the structural stability of the designed fluid within the studied sweep
frequency. The study reveals that storage modulus (Gʹ) and loss modulus (Gʺ) of the samples are
enhanced with increasing concentration of BN nanoparticles. Their viscoelastic range also increases due
to the intermolecular interaction within the structure of the fluid in the presence of the nanoparticles.
Within the linear viscoelastic range (LVER), all the samples show the dominance of elastic modulus than
viscous modulus which delineates the solid-like behaviour. The results of rheological tests of drilling
fluid containing BN nanoparticles indicate a significant reduction in plastic viscosity (PV), yield point (YP)
and apparent viscosity (AV). The rheological studies conducted at different temperatures (from 10 �C
to �5 �C) and pressures (from 7.8 MPa to11 MPa) reveal the minimum effect of pressure and temperature
on the rheology of samples, which are desirable for their applications in hydrate and deepwater drilling.
The filtration loss experiments conducted at 30 �C and 0.69 MPa show a large reduction in fluid loss
volume (60.6%) and filter cake thickness (90%) for the sample with 0.4 wt% BN nanoparticles compared to
that of the sample without nanoparticles. The filter cake permeability is also in the favourable range with
0.008 mD which shows a 94% reduction compared to the sample without nanoparticles. A regression
model was developed to mathematically describe the experimental results, which demonstrates a good
fitting with the statistical data of fluid loss volume, thickness and permeability of the filter cake.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Increasing demand for petroleum and petroleum products
worldwide has led to the exploration and production of oil from
complicated reservoirs, and deep offshore is one of those. Forma-
tion of gas hydrates is also a severe problem associated with the
production from deepwater reservoirs at low temperature and high
pressure. Suitable formulation of drilling fluid is one of the most
important parameters for a successful drilling operation for such
y Elsevier B.V. on behalf of KeAi Co
type of reservoirs. The main functions of the drilling fluids are to
maintain wellbore stability, carry cuttings from the bottom of the
hole to the surface, cool and lubricate drill bits, reduce formation
damage, control subsurface pressure, allow adequate formation
evaluation, seal permeable formations, prevent well control issues,
convey hydraulic power and to gain data from the formation (Chu
and Lin, 2019; Jensen et al., 2004). The properties of a drilling
fluid include physical, chemical and rheological characteristics.
While investigating these properties, it is very important to
formulate the drilling fluid which will be environmentally friendly
and low cost. In the drilling industry, water and clay formulates a
simplest type of drilling fluid. Bentonite is a popularly used clay in
the drilling industry because it can easily get hydrated bywater and
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also act as a viscosifier. In addition, it has the capability to enhance
hole cleaning ability when added to the drilling fluid (Wang, 2006).

As the development of deepwater (offshore) drilling is rapidly
increasing, the complexity associated with this type of drilling such
as wellbore instability, lost circulation, hole cleaning capacity be-
comes a major issue (Zhao et al., 2019). The temperature of deep-
water reservoirs varies widely and hence, the drilling is highly
challenging as the rheological properties of drilling fluids are
significantly affected by temperature (Hu et al., 2011). One of these
challenges is that, used drilling fluids should have suitable rheo-
logical properties at low-temperature and high-pressure condi-
tions. Temperature and pressure vary in the deepwater drilling
operation which largely affects the rheological properties of the
drilling fluid and therefore it becomes verymuch difficult to control
the yield point, plastic viscosity and gel strength of the drilling fluid
which leads to lost circulation, high equivalent circulating density
(ECD) (Cameron and Baroid, 2005; Alc�azar-Vara and Cort�es-
Monroy, 2018). With decreasing temperature, the yield point and
viscosity of the drilling fluid increase which leads to downhole lost
circulation during drilling (Xie et al., 2018). In this study, the
addition of different suitable additives to drilling fluids helps in
reducing the effect of temperature on rheological properties of
drilling fluids. So, with decreasing temperature in deepwater dril-
ling operation, the drilling fluid shows almost constant rheological
properties which is desirable for deepwater drilling.

In the deepwater offshore environment, the temperature of the
formation could be 4 �C or even less (Zhao et al., 2015b). Gas hy-
drate is one of the most hazardous problem in deepwater drilling
because it can cause severe threats to the safe and effective drilling.
In deepwater environment, the extreme conditions of temperature
and pressure mean that hydrates may form during the drilling
process if the fluids containing water come into contact with the
reservoir fluids. Formation of solid hydrates can plug up subsea
risers, choke and kill lines, and blowout preventers (BOPs) (Liang
et al., 2014). Conditions during well shut-in are particularly
favourable for hydrate formation if high pressures are combined
with falling temperatures and there is sufficient time for equilib-
rium to be reached. Natural gas hydrate is an ice-like crystalline
solid structure, where water molecules form a cage-like structure
within which gas molecules are trapped at low-temperature and
high-pressure conditions (Sloan and Koh, 2000). These are
considered as a huge source of energy. Gas hydrates are generally
available under low-temperature (<26 �C) and high-pressure
(>3.5 MPa at 3 �C) conditions (Sloan and Koh, 2000). In deep-
water offshore conditions, drilling operation experiences the
lowest temperature of around 2e4 �C. In Gulf of Mexico and South
China sea (at a water depth of 3000 m) where the temperature is
around 2e4 �C and the pressure is about 30 MPa, the drilling op-
erations often face hydrate formation (Zhao et al., 2015a). Cold
seawater can easily drop the temperature of the sample which in
result increases the viscosity of the sample and affects surge
pressure and equivalent circulating densities (ECD) (Young et al.,
2012). Therefore, rheological properties of drilling fluids at low
temperature are important to know.

There are different types of drilling fluids such as water based,
oil based, synthetic based and pneumatic drilling fluids (Katende
et al., 2019). Choice of the base of the drilling fluid is vital as it af-
fects the behaviour of the drilling fluid during drilling.

Oil based drilling fluid is considered best mud system for better
lubricating properties. Oil based drilling fluids have a very signifi-
cant effect on filtration properties which makes them very useful in
numerous drilling fluid operation (Herzhaft et al., 2002; Wegner
et al., 2006). This system affords better hole cleaning capacity,
wellbore stability, filter cake quality, less torque and drag force
(Friedheim and Patel, 1999). But there are some drawbacks like
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non-environmentally friendly, high cost, safety issues (Karen et al.,
2014). Vapours and mists extracted from oil-based drilling fluids
are hazardous to personnel of uncontrolled exposure which in-
cludes negative impact on central nervous system causing dizzi-
ness, tiredness, headaches and it can even cause pneumonia,
bronchial asma and possibly cancer (James et al., 2000).

Synthetic based drilling fluids (SBDFs) are one of the preferable
choices in deepwater drilling due to their ability to achieve high
penetration rate and can maintain required wellbore stability. SBDFs
are environmentally friendly as the additives used in this type of
drilling fluids are low in toxicity (Li et al., 2016a, b). Synthetic based
drilling fluids have a great ability to form thin filter cake. This implies
that the synthetic based drilling fluids have the capability of holding
the fluid much longer in the reservoir without damaging the for-
mation (Adesina et al., 2017). However, lost circulation is one of the
drawbacks for synthetic based drilling fluidswhich is caused by their
adverse elevation of viscosity and increase in equivalent circulation
density (ECD) and hydrolysis (van Oort et al., 2004). Synthetic based
drilling fluids are comparatively more toxic and more cost effective
than nano-water based drilling fluids.

Some advantages of pneumatic drilling fluids include excellent
rate of penetration in dry competent formations, low cost drilling
fluid, minimum damage to water-sensitive pay zones, long life of
drill bit, little or no fluid disposal problem (Malloy et al., 2007).
However, some disadvantages are also reported in literature, for
instance, this drilling fluid does not have the ability to tolerate
water, it can cause downhole fire when hydrocarbons are
encountered, can cause excessive erosion near the top of the hole
where expansions results in high annular velocity and the disposal
of waste gas can also be a hazardous situation (Mahasneh, 2013;
Cooper et al., 1997). On the other hand, nano-water-based drilling
fluids are widely used in the oil and gas industry due to their su-
perior rheological properties and low filtrate volume which helps
in stabilizing the wellbore. They are not toxic for environment and
are cost effective. Thus, water-based drilling fluids with nano-
particles are further developed to achieve superior performance
and maintaining their less harmful environmental credentials.
Therefore, in spite of slower drilling process, water-based drilling
fluids are very common. Mechanical friction while drilling with
water based drilling fluids is significantly higher than that of oil
based drilling fluids (Alvi et al., 2018). To minimize the drag force,
boron nitride (BN) nanoparticles are being used which behaves as a
lubricant agent. It is to be believed that the use of nanoparticles in
drilling fluids is the first potential large scale application of nano-
particles in the oil and gas industry (Cheraghian, 2017). Nano-
particles are fundamentally made to have 1e100 nm in diameter.
Nanoparticles are very applicable in formulating suitable drilling
fluids because of their unique physico-chemical properties. This is
due to their very small size as well as their remarkable high surface
to volume ratio (Zakaria et al., 2012). Due to their significantly
unique properties, nanoparticles have the ability to enhance the
function of additives used in drilling fluids. Nanoparticles also have
the capability to maintain their characteristics even under different
environmental conditions (Vryzas and Kelessidis, 2017). Nano-
particles used in this study are hexagonal boron nitride (h-BN)
nanoparticles which possess very similar structures to that of car-
bon materials. In hexagonal form of BN, alternate boron and ni-
trogen atoms form an interlocking hexagonal structure. Each layers
of the BN nanoparticles are held together by weak van der Waal
forces (Tran et al., 2016). However, it is very difficult to choose
proper additives to formulate proper drilling fluids (Razi et al.,
2013). BN is a high thermal conductive nanoparticle. Guar gum is
a natural, carbohydrate, non-ionic polymer which has the capa-
bility to enhance the viscosity of water-based drilling fluid and has
good thermal stability (Hasan et al., 2018).



M. Maiti, A.K. Bhaumik and A. Mandal Petroleum Science 18 (2021) 1709e1728
Control of filtrate loss is a vital property of drilling fluid because
it influences the drilling operation in various ways such as hin-
drance of variance sticking, avoid formation damage and maintain
wellbore stability (Razi et al., 2013). Overall filtrate loss has a sig-
nificant effect on the performance of the drilling fluid, well pro-
duction and drilling cost. Drilling fluid creates a filter cake which
forms a bridge of formation face under an overbalance condition
(Yao et al., 2014). Modelling the rheological and filtrate loss
behaviour of nano-enhanced drilling fluids are significant when
designing and planning for economical drilling operations which
involves nanoparticles. The properties of the improved drilling
fluids attained during drilling condition were investigated at
various downhole conditions. The known characteristics of drilling
fluids such as rheology, wellbore strengthening, fluid loss control
and cuttings carrying capacity can be altered with the addition of
nanoparticles (Vryzas and Kelessidis, 2017). Gerogiorgis and Reilly
(2017) reported an encouraging endeavour on modified rheology
and fluid loss control of nano-enhanced drilling fluid. The model
used in the characterisation of bentonite based drilling fluid only
permits a generalised explanation of mud behaviour (Gerogiorgis
and Reilly, 2017). In such cases, e.g., viscosity and shear stress
described by rheological model is only stated by data driven cor-
relation of shear rate. This does not have the ability to customize
the model to express the above mentioned shear stress and vis-
cosity as a function of multiple independent variables such as the
influence of nanoparticles to the overall model. Similar condition is
applicable in the case of fluid loss behaviour of nano-enhanced
drilling fluid. API fluid loss model is a function of time and para-
metrised method has been selected to better describe the influence
of nanoparticle-enhanced drilling fluid on fluid loss control.

This article discusses the behavioural investigation of drilling
fluids with varying composition including nanoparticles through
some rheological properties like plastic viscosity, apparent viscos-
ity and viscoelastic properties. The filtrate loss is examined before
and after the addition of nanoparticles. Experimental and statistical
analysis of the fluid loss volume, and the thickness and perme-
ability of the filter cake have been conducted. The API filtration
model is a function of time. The approach of different parameters is
discussed when defining the nano-enhanced drilling fluid (Afolabi
et al., 2018). The contribution of bentonite, guar gum and BN
nanoparticles to a reduction of fluid loss is apprehended in the
regression model. Statistical tools regarding regression modelling
such as coefficient of correlation (R2), Fischer's ratio (F value) and
probability value (P value) are the main indication of approval of
this model.

2. Materials, experimental equipment and methods

2.1. Materials used

In the laboratory, the formulation of some drilling fluids was
developed for deepwater offshore drilling. The bentonite used in
this experiment was purchased from Loba Chemie Pvt. Ltd. and
added to increase the viscosity. Fig. 1 exhibits the XRD diffraction of
bentonite and it confirms that bentonite used in this drilling fluid is
mainly contains montmorillonite mineral with kaolinite in some
portion as clay minerals. Montmorillonite is the mineral that con-
tains compounds Al2O34Si$H2O. Other minerals contained in the
bentonite is Mg and Ca occasionally. Sodium chlorite (NaCl) (sup-
plied by Finer Chemicals Limited., Ahmedabad) was used to prepare
simulated seawater (Kumar et al., 2020). Calcium carbonate
(CaCO3) and boron nitride (BN) nanoparticles were supplied from
Sisco Research Laboratories Pvt. Ltd. (where CaCO3 was added as a
weighting agent as well it helps to form a filter cake over porous
formation and inhibit migration of particles into the reservoir and
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BN nanoparticles were added to decrease the fluid loss volume.
Particle size of CaCO3 is � 50 mm. Guar gum (used as a viscosifier)
and polyvinyl pyrrolidone K-90 (PVP K-90) (used as a hydrate in-
hibitors) were obtained from Sigma-Aldrich Chemie GmbH and
Central Drug House (P) Ltd. respectively. Molecular weight of PVP
K-90 is 40000.
2.1.1. Description of BN nanoparticles
Nanoparticles used in this study is commercially available boron

nitride (BN) nanoparticles. The BN nanoparticles have a tendency of
agglomeration. It is hexagonal in morphology with a particles size
of 70 nm and molecular weight of 24.82. Powder appearance of BN
nanoparticles is shown in Fig. 2.
2.1.2. Fluid loss control agents (FLCA)
Constant or excessive fluid loss is a serious problem in the

drilling industry due to their effects on formation instability and
rheology of the used drilling samples. Furthermore tolerable
amount of fluid loss control is beneficial to control the possibility of
damaging and sticking (Li et al., 2016a, b). The FLCA for water based
drilling fluid is mainly based on their ability to control both the
fluid loss volume and enhancement of rheological properties of the
drilling fluid. After the comprehensive laboratory evaluation, two
FLCAs were selected. Here, guar gum and BN nanoparticles act as a
FLCA. Nanoparticles have the ability to enhance the rheological
properties of the drilling fluid using various mechanisms which
typically depend on the continuous phase of drilling fluids and
characteristics of the nanoparticles. Nanoparticles helps plaster in
between the macro-sized particles and seal the permeable forma-
tion which effectively reduces fluid loss (Paiaman and Al-Anazi,
2009). Addition of guar gum solution to nanoparticle-enhanced
drilling fluid also increases the viscosity of the drilling fluid. The
interaction between water molecules and the galactose side chain
of the guar molecule is responsible for this enhancing result.
Interaction of intermolecular chain is enhanced with increasing
guar gum concentration (Mudgil et al., 2014). High viscosity of guar
gum solution with nanoparticles is because of the interlink bond
formed between them. Thus, it helps in reducing fluid loss. On the
other hand, pure bentonite-based drilling fluid can lead to serious
problems such as bridging the hole, unable to carry cuttings,
reduced penetration rate, stuck pipe, blow out or even borehole
enlargement. Due to macro-sized particles of bentonite clay and
absence of any nano-sized particles, commonly used bentonite
drilling fluid does not help in reducing fluid loss volume or
enhancing rheological properties of the drilling fluid. Thus,
commonly used bentonite drilling fluid is not considered as drilling
fluid in this study. Whereas, bentonite clay is added to the
nanoparticle-based drilling fluid as a viscosifier and it also helps in
reducing filtrate loss by forming a network structure with BN
nanoparticles and guar gum to create a less porous and less
impermeable filter cake.
2.2. Experimental instruments

A Hamilton beach mixer was used to mix up all the additives in
the drilling fluid. Deadweight hydraulic OFITE filter press (Fann
Instrument Company, Houston, Texas) was used to measure the
filtrate loss of the drilling fluid. Rheological parameters at high
pressure (7.8, 9, and 11 MPa) and low temperature (10, 5, 0, �3,
and �5 �C) were evaluated with an Anton Paar Rheometer (MCR
102). Every experimentwas repeated twice to check if all the results
are showing similar values and their reproducibility was found in
considerable range with standards deviation ±0.002.



Fig. 1. XRD diffraction analysis of bentonite.

Fig. 2. Powder appearance of BN nanoparticles.
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2.3. Experimental procedure

2.3.1. Preparation of conventional drilling fluid
For the formulation of conventional drilling fluid, 4.0 wt%

bentonite was added to 400 mL distilled water and then mixed
properly. After that, 3.5 wt% of sodium chloride (NaCl) and 6.0 wt%
of calcium Carbonate (CaCO3) were gradually added and mixed
again properly.

2.3.2. Preparation of nanoparticle-based drilling fluid
2.3.2.1. Preparation of base drilling fluid. Some researchers
(Benyounes et al., 2010) reported that with approximately
3.0e4.0 wt% concentration of bentonite, the behaviour of non-
Newtonian suspension became more visible. The preparation of
the base fluid started with the mixture of bentonite (4.0e5.0 wt%)
with distilled water. The additives of these drilling fluids were then
combined one by one as mentioned below

NaCl (3.5 wt%)
CaCO3 (6.0 wt%)
PVP K-90 (0.7 wt%)

Before the addition of each additives to the fluid, the mixture
was blended for at least 15e20 minwith the Hamilton beach mixer
to confirm the complete dispersion of all the additives.

Bentonite is generally used to increase the viscosity of the
drilling fluid and its functions include lubrication, cooling of the
cutting tools and removing of cuttings (Ahmad et al., 2017). CaCO3
was added as a weighting agent as well as it helps to form a filter
cake over porous formation and inhibit migration of particles into
the reservoir (Iqbal et al., 2019). PVP K-90 was used as a hydrate
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inhibitor (Liu et al., 2016b). NaCl was used to increase the density of
the fluid and reduce the freezing point of the water based drilling
fluid (Strømø and Belayneh, 2017). Guar gum is a wildly used
polymer which does not have any bad effect on environment. It can
be used as a viscosifier in drilling fluids and reduces fluid loss (Razi
et al., 2013).
2.3.2.2. Preparation of nanofluid. For the first three samples, guar
gum was added to the distilled water to make 0.3 wt% concentra-
tion and then mixed it properly. Then, 0.1, 0.2, 0.3, 0.4 and 0.6 wt%
of BN nanoparticles were added sequentially to the prepared fluid
to formulate nanoparticle-based drilling fluid. After the preparation
of the nanofluid, it was ultrasonicated for another 1 h to enhance
the stability of the nanofluid and the dispersion of the nanoparticle.
Finally, the nanofluid was mixed with base drilling fluid by a
Hamilton beach mixer to obtain the nanoparticle-based drilling
fluid. Table 1 shows all the drilling fluids with varying concentra-
tion of several additives. Here, guar gum and BN nanoparticles were
used as a fluid loss controlling agent (FLCA).
2.3.3. Comparison between conventional drilling fluid and
nanoparticle-based drilling fluid

It has been portrayed that the nanoparticle-based drilling fluid
is more effective and suitable for the drilling industry than the
conventional drilling fluid (Ali and Ullah, 2017). Nanoparticles have
high reactive surface area which helps them enhance rheological
properties and they are even used as a very good fluid loss
controller. Conventional drilling fluids show drastic changes in
rheology as temperature and pressure changes. This happens due to
the effect of temperature and pressure on the viscosity of the
drilling fluid. Conventional drilling fluids are unable to resist
pressure differential. This behaviour of the conventional drilling
fluid leads to some technical problems while drilling in deepwater
condition because in these environments, drastic changes in tem-
perature and pressure happens. Some common problems encoun-
tered during drilling with the conventional systems are increased
viscosity and gel strength which leads to an increased lost circu-
lationwith enhanced ECD and reduction in penetration rate (Young
et al., 2012). Thickness of the filter cake is also very thick for these
types of drilling fluids compared to the nanoparticle-based drilling
fluid. The conventional drilling fluid has no capability to control
fluid loss volume which can damage the formation. On the other
hand, the nanoparticle-based drilling fluid was developed to pre-
vent the issues of conventional drilling fluids. Low temperature and
high pressure has a very little effect on the rheology of these drilling



Table 1
Drilling fluids with varying concentration of additives.

Drilling fluid type Fluid number Distilled water, mL Bentonite, wt% NaCl, wt% CaCO3, wt% PVP K-90, wt% Guar gum, wt% BN nanoparticle, wt%

Conventional drilling fluid S0 400 4.0 3.5 6.0 0 0 0
Drilling fluid without nanoparticles S1 600 4.0 3.5 6.0 0.7 0.3 0
Nanoparticle-based drilling fluid S2 600 4.0 3.5 6.0 0.7 0.3 0.1

S3 600 5.0 3.5 6.0 0.7 0.3 0.1
S4 600 4.0 3.5 6.0 0.7 0.4 0.1
S5 600 4.0 3.5 6.0 0.7 0.4 0.2
S6 600 4.0 3.5 6.0 0.7 0.4 0.3
S7 600 4.0 3.5 6.0 0.7 0.4 0.4
S8 600 4.0 3.5 6.0 0.7 0.4 0.6
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fluids like viscosity and the gel strength does not vary much with
decreasing temperature or increasing pressure. And the thickness
of the filter cake is also very low which is suitable because thick
filter cake will reduce the well diameter, so when drill string is
rotating or pulling, it will generate excessive torque and drag force.
The nanoparticle-based drilling fluid is able to control fluid loss
volume, thus able to control formation damage (Ali and Ullah,
2017).
2.3.4. Rheological and filtration testing
Rheological parameters at high pressure and low temperature

were evaluated using a rheometer (Anton Paar MCR 102). After
opening the rheocompass software, a measuring bob was attached
by gently pushing the coupling up. For each rheological result, the
drilling fluid was poured into the cup up to the level marked and
then from the control panel, temperature and pressure was fixed.
Thereafter, the results were used to calculate plastic viscosity (PV),
yield point (YP), and apparent viscosity (AV). Deadweight hydraulic
OFITE filter press was used to measure the filtrate loss of the fluid.
As specified in the American Petroleum Institute, at first, samples
were poured into the cell and then a definite pressure (0.69 MPa)
was applied to the cell so that filtrationwill start taking place. After
that, the filtrate was collected by a graduated cylinder for 30 min to
measure the filtrate loss of the sample. Low temperature filtration
test was conducted by using API LPLT filter press and for high
pressure filtration test, HPHT filter press apparatus was used.
2.3.5. Viscoelastic studies of drilling fluid
To determine viscoelastic properties of simulated drilling fluids,

oscillatory amplitude and frequency sweep tests were carries out.
The viscoelastic properties were examined using the Anton Paar
MCR 102 rheometer with cup and bob geometry. 19 mL of drilling
fluid was poured into the cup and the shear rate was evaluated
through an advanced rotation of the bob which determined the
torque require for the evaluation of shear stress. A shear rate of
1000 s�1 was applied to the sample before starting the process for
uniform dispersion of all the additives added. Then, it was kept in
static mode for 1 min before starting the shearing process. The
amplitude sweep test was carried out to estimate the linear
viscoelastic range (LVER) at a fixed frequency value of 6.28 rad/s
and 30 �C. Chosen strain value was 6.28 rad/s, small enough
because larger strain value can destroy the structure before
measuring the sample's response. Then, frequency sweep was
conducted with varying frequency range (100e0.001 rad/s) with
constant shear strain value (0.6%). The equilibrium time for all the
sample was 3 min.
2.3.6. Particle size analysis of BN nanoparticles
The particle size distribution of BN nanoparticles was measured

using a Litesizer 500 particle analyzer manufactured by Anton Paar.
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2.3.7. FE-SEM procedure for BN nanoparticles and filter cake
morphology

Field emission scanning electron microscopy images of BN
nanoparticles were taken using the ZEISS microscope. Filter cakes
produced from the filtration process were air dried for 48 h. Then,
the morphology of samples was investigated by FE-SEM analysis
using the ZEISS microscope. Various magnification has been used
while analysing the filter cake morphology.

2.3.8. Zeta potential measurement
Zeta potential is defined as the potential difference between the

dispersion medium and the immobile layer of fluid attached to the
dispersed particle. Surface charge that appears at the interface
between solid and liquid pair when the two are brought into direct
contact are responsible for zeta potential (Venditti, 2014). If sam-
ples show zeta potential value ±30 mV, then they will have the
tendency to agglomerate and flocculate after some time. Whereas,
zeta potential value more positive than þ30 mV or more negative
than �30 mV will have better ability to stay stable for longer time.
Zeta potential of the sample was measured using the Anton Paar
Litesizer 500. Due to the non-apparent drilling fluid solution, the
zeta potential of the sample was measured with diluted solution
with a ratio of 1:20.

2.3.9. Measurement of filter cake permeability
The permeability of the filter cake was measured using the

methodology of Yao et al. (2014). It is mainly based on the liquid
flow through the formed filter cake which is called as Darcy's law.
The permeability of the filter cake can be determined by the
following equation:

q¼ kc
DPc
mLc

(1)

where kc is the filter cake permeability, m2; q is the filtrate rate, m3/
m2/s; Lc is the thickness of the filter cake, m; m is the viscosity of the
filtrate, Pa$s, DPc is the pressure drop across the filter cake, Pa.

In Eq. (1), the filtrate rate (q) can be calculated by the slope of the
straight-line region of the filtrate volume against time curve,
divided by the total filtrate area. Cake thickness, Lc can bemeasured
from the formed filter cake. Viscosity of the filtrate, m is considered
as 1 Pa$s pressure drop DPc is also known. So, with all the known
factor such as q, DPc, Lc and m, the permeability of the filter cake kc
can be obtained from Eq. (1).

2.3.10. Statistical design of experiment
To investigate an interaction and quadratic effect between

nanoparticles, guar gum and bentonite clay, a statistical model was
created by using 22 (2 factors, 2 level) central composite design. To
achieve the statistical analysis of the experimental data, MINITAB®
17 (PA, USA) statistical software was used. Using different con-
centrations of BN nanoparticles in drilling fluids, measurements of
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fluid loss volume, and the permeability and thickness of the filter
cake (response variables) were done. Preparation of the sample is
mentioned above. After preliminary experiments, varying concen-
trations of different additives were selected. The response variables
were fitted by a second-order polynomial in Eq. (2):

Y ¼ bo þ bijXiXj þ
X2

i¼1

biXi þ
X2

i¼1

biiX
2
i (2)

where Y is the predicted response; bo is the intercept coefficient; bi
is the linear coefficient; bii is the squared coefficient; bij is the
interaction coefficient; XiXj is the interaction terms; Xi

2 is the
quadratic terms.
3. Results and discussion

3.1. Morphology of BN nanoparticles

The morphology of the obtained BN nanoparticles after calci-
nation was assessed by scanning electron microscopy (SEM). Fig. 2
shows the images of BN nanopowder in a dry form. It represents the
tendency of the nanoparticles to form agglomeration. It also ex-
hibits nano-plates which describe its only one nano-sized di-
mensions. The images prove the agglomerates visible in SEM image
(i.e. Fig. 3b) are most probably soft agglomerates that undergo
disintegration during suspension preparation.
3.2. Agglomeration of BN nanoparticles in both distilled water and
polymer solution

The effect of concentration on agglomeration of BN nano-
particles in the presence of distilled water and polymer were
investigated by particle size distribution measurements at 30 �C
andmentioned in Table 2. Lower temperature has a negligible effect
on agglomeration of BN nanoparticles. In the case of dispersed
solution of BN nanoparticles in distilled water, as the concentration
of nanoparticles increases from 0.3 wt% to 0.4 wt%, the increase in
the size of dispersed nanoparticles is marginal but increases
abruptly at 0.5 wt% and 0.6 wt%. On the other hand, agglomeration
of BN nanoparticles in the polymeric solution was also observed
and showed similar results as in distilled water. No significant in-
crease in size was observed in agglomeration from S2 to S6 sam-
ples. But the size increases significantly in S7 and S8 samples. From
the results (Table 2), it was observed that BN nanoparticles create
Fig. 3. SEM images of dr
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large agglomerates in the polymer matrix. As the concentration of
nanoparticles increases, the size of agglomerates also increases and
it becomes dominant which reduces the effective volume fraction
of nanoparticles in the polymer solution and ultimately weakens
the properties of the sample. Thus, it can be concluded that 0.4 wt%
concentration of BN nanoparticles is more suitable to enhance the
rheological properties of the drilling fluid.
3.3. Rheological model

For better understanding of the behaviour of drilling fluids and
their cuttings carrying capacity, the relationship between shear rate
and shear stress is one of themost important factors to know. Shear
stress values of different drilling fluids were evaluated using
rheological data and are shown in Fig. 4a. It can be seen that with
the addition of BN nanoparticles to S1 sample, there is a significant
reduction in shear stress (i.e, S2 sample). However, further addition
of additives like bentonite and guar gum to the drilling fluid sample
leads to a significant increase in shear stress compared to S1
sample. And most significantly, further increasing concentration of
nanoparticles produces an increasing trend of shear stress. As
shown in Fig. 4a, the flow curves of drilling fluids are best explained
by HerscheleBulkley fluid because it has a yield stress value. The
HerscheleBulkley model is explained as follows (Srungavarapu
et al., 2018).

t¼ toKðgÞn (3)

where n, K, g, t and to are flow index, consistency index (Pa$sn),
shear rate (s�1), shear stress (Pa), and yield stress (Pa), respectively.

From the shear rate versus shear stress results it can be specu-
lated that, at first, the addition of low concentration of nano-
particles leads to disorganize the bonds between other drilling fluid
additives which results in a significant reduction in shear stress. But
then the shear stress starts to rise as the concentration of nano-
particles further increases because the quantity of nanoparticles
dominate and the disrupting effect of nanoparticles reduces. Dril-
ling fluids with low shear stress is required because it helps easy
pumping while the drill bit is penetrating but it should have
enough strength to be able to keep the cuttings in the suspension
mode in static conditions (Dejtaradon et al., 2019).

It may be seen from Fig. 4b that the drilling fluid samples exhibit
shear-thinning behaviour at 30 �C. Shear thinning behaviour of
nanoparticle-based drilling fluid depends on the effective concen-
tration of nanoparticles. Boron nitride shows hydrophobicity in the
y BN nanoparticles.



Table 2
The reported samples and their particle sizes.

Samples
(Distilled water þ BN nanoparticles)

Particle size of BN nanoparticles
in distilled water, nm

Samples Particle size of BN nanoparticles
in polymer solution, nm

0.1 wt% 331.74 S2 to S4 2318.7
0.2 wt% 338.11 S5 2441.1
0.3 wt% 345.81 S6 2496.8
0.4 wt% 543.21 S7 3939.9
0.6 wt% 720.30 S8 6139.9

Fig. 4. Flow curves of different drilling fluids: (a) shear stress versus shear rate and (b) viscosity versus shear rate at 30 �C.
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aqueous solution (Jedrzejczak-Silicka et al., 2018). In a polar me-
dium such as water, particle-solvent interaction dominates and the
liquid forms a solvent layer around themwhich acts as a preventer
to form any network. BN nanoparticles have a tendency to form
agglomerates. The linkage between aggregates are easily disturbed
by high shear force. Higher fraction of inert solid in the drilling fluid
rises the force of attraction ( _Zyła et al., 2015). Internal friction be-
tween nanoparticles increases with increasing concentration of
nanoparticles. Thus, the viscosity increases with increasing con-
centration of nanoparticles and dispersions become increasingly
shear thinning. At a constant low shear rate, the viscosity of the
drilling fluid exhibits higher with higher amount of nanoparticles
in the drilling fluid. Therefore, shear thinning properties also get
prominent as the concentration of BN nanoparticles increases. A
similar trend has been found in some literature (Dejtaradon et al.,
2019). High viscosity at low shear rate helps in transporting cut-
tings from the bottom of the hole and keeping them in suspension
when required. On the other hand, low viscosity at high shear rate
is essential for facilitating mud pumping and releasing cuttings
(Pakdaman et al., 2019). Cuttings carrying capacity also convinc-
ingly increases with the help of this shear thinning characteristics
which is highly desirable in drilling operations (Xie et al., 2018).
3.4. Rheological properties of drilling fluids

3.4.1. Rheological properties at 30 �C
The information of rheological properties is very much impor-

tant to predict the performance of drilling fluid. Plastic viscosity
(PV) and yield point (YP) are the most important rheological pa-
rameters that should be described. Table 3 demonstrates all the
following rheological parameters such as PV, YP, apparent viscosity
(AV), gel strength, YP/PV, fluid loss, yield stress (to), flow index (n),
consistency index (K) and density. The addition of nanoparticles
initially decreases the apparent viscosity and plastic viscosity but
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starts to enhance the viscosity with further addition of nano-
particles. This can be the indication of the fact that at low con-
centration, the main target of the nanoparticles is to interrupt the
bridges created by clay platelets. This results in a decrease in the
viscosity by reducing the hydrodynamic interaction between
platelets. However, when the concentration of nanoparticles in-
creases, the aggregation occurs due to increased Brownian motion
and van der Waals attractive forces of the nanoparticles which
leads to an increase in viscosity (Perween et al., 2018). The addition
of guar gum solution to nanoparticle-enhanced drilling fluid also
increases the viscosity of drilling fluid. The interaction between
water molecules and the galactose side chain of the guar molecule
is responsible for this enhancing result. Interaction of intermolec-
ular chain is enhanced with increasing guar gum concentration
(Mudgil et al., 2014). High viscosity of guar gum solution with
nanoparticles is because of the interlink bond formed between
them. Hexagonal BN nanoparticle has high curvature in their
packing systemwhich has the ability to increase interchain packing
proximity. That can also significantly strengthen the interaction of
polymer-nanoparticles which enhances the viscosity (Odziomek
et al., 2017; Han, 2009). The complex interaction between poly-
mer and nanoparticles are explained in Fig. 5. When the total
concentration of nanoparticles and guar gum with other drilling
fluid additives is lower, the intermolecular distance increases. Thus,
intermolecular force weakens, which leads to the lower viscosity.
As the concentration of additives increases, the intermolecular
distance becomes shorter resulting in enhanced intermolecular
force (Zhao et al., 2017). Thus, entanglement between particles
happens with increasing concentration of additives. With
increasing concentration of guar gum and nanoparticles in the
drilling fluid, the plastic viscosity is the result of the friction be-
tween solid and solid phases and as well as the solid and liquid
phases. Nanoparticle-based drilling fluid tends to reduce plastic
viscosity compared to the drilling fluid without nanoparticles due



Table 3
Rheological properties of drilling fluids at 30 �C.

Drilling fluid Density r, lb/gal PV, mPa$s YP
Pa

AV, mPa$s Gel strength, Pa Fluid loss, mL Yield stress to YP/PV Flow index n Consistency
Index K, Pa$sn

R2

10 s 10 min

S1 9 24 20 43 11.49 23.94 16.5 0.72 0.83 0.51 0.85 0.99
S2 9 13 13 37 7.66 20.11 8.3 0.04 0.80 0.45 2.32 0.99
S3 10 14 13 38 8.14 20.58 8.1 0.12 0.88 0.43 2.24 0.99
S4 10 15 14 39 8.62 20.58 7.8 0.24 1.13 0.42 2.51 0.98
S5 11 16.5 15 39.5 9.09 21.06 7.5 0.21 1.07 0.45 5.32 0.99
S6 12 17 16 40 9.58 21.55 7.0 0.61 1.11 0.41 4.59 0.98
S7 13 17.5 17 40.5 9.58 22.50 6.5 1.51 1.13 0.39 5.94 0.97
S8 12 18 19 41 9.09 21.55 6.3 1.43 1.14 0.35 6.24 0.98

Fig. 5. Complex interaction between polymer-nanoparticles.
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to the result of the reduction of mechanical friction between the
additives in the drilling fluid (Liu et al., 2016a). This is helpful for
easy fluid flowwithin the drill bit and in the annulus as high plastic
viscosity could slow down drilling fluid pumping. Low apparent
viscosity at high shear rate would be able to penetrate the drill bit
faster when operation starts. Initial resistance of the drilling fluid to
flow is reduced by nanoparticle-based drilling fluid (Wang et al.,
2018). Reduction of yield point with an addition of little amount
of BN nanoparticles is due to the lower electrochemical force be-
tween the drilling fluid additives (Perween et al., 2018).

For deepwater drilling environment, the fluid stability and
rheological properties are very important. Nano-sized particle has
the ability to enhance the rheological properties with a significant
reduction in fluid loss volume. Enhanced rheological properties will
reduce the problem of excessive torque and drag, and insufficient
hole cleaning. Reduction in fluid loss will effectively minimize the
borehole instability problem. Rheological results mentioned in
Table 3 show that, plastic viscosity slightly decreases with the
addition of little amount BN nanoparticles to the S1 sample, but
again increases with further addition of BN nanoparticles. A similar
trend was observed for yield point values. However, these varia-
tions are only marginal. Therefore, BN nanoparticles are very
effective in deepwater drilling environment. Lost circulation is one
of the most troublesome problems in deepwater drilling opera-
tions. Lost circulation is an unwanted event where only a small
amount of drilling fluid is returned from thewellbore, which is very
little than the amount of drilling fluid pumped into it (Alc�azar-Vara
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and Cort�es-Monroy, 2018). Thus, drilling fluid is lost into the for-
mation. It is one of the major causes of nonproductive time (NPT)
which increases the cost of operations. Here, BN nanoparticle-
based drilling fluid helps in controlling the lost circulation by
reducing the fluid loss volume. Experiment performed by Alvi et al.
(2018) using Fe2O3 nanoparticles shows that these nanoparticles
have similar rheological properties to that of BN nanoparticles. But,
Fe2O3 nanoparticles does not show any significant effect on fluid
loss volume. Thus, using these nanoparticles in deepwater drilling
fluid would create problems by damaging the formation. So, as
compare to Fe2O3 nanoparticles, BN nanoparticles is better in
deepwater drilling operation. Hydroxyethyl cellulose (HEC) poly-
mer is also popularly used as fluid loss additives in drilling fluid but
they canwork better under normal operation condition as reported
by Arisz et al. (2006). This polymer is not suitable for low tem-
perature and high-pressure conditions. But, BN nanoparticle-based
drilling fluids provide acceptable fluid loss control under low
temperature and high pressure conditions. Bentonite is usually
used as drilling fluid additives because of its unique swelling
properties and excellent rheological properties. But, sometimes it is
used purely because of its fluid loss control property as it helps in
reducing the fluid loss of drilling fluid. Because of its high viscosity
nature, bentonite forms a thick filter cake and reduces fluid loss.
But, bentonite is less degradable and unstable at high pressure
conditions (Song et al., 2016). Thus, bentonite is not suitable as fluid
loss additives in deepwater drilling operations. Thus, bentonite can
be used along with BN nanoparticles as fluid loss additives as it has
the capability to reduce the fluid loss volume. Navarrete et al.
(2000) discussed how xanthan gum can be used as a fluid loss
controller. But, it was seen from the literature that, xanthan gum
alone cannot control the fluid loss volume effectively. Another fluid
loss additives are required to decrease the fluid loss volume
significantly. Whereas, BN nanoparticles have the capability to
reduce the filtration loss volume alone very effectively.

A better optimized value of gel strength than S1 sample
(without nanoparticles) is required to decrease the pump power
needed to recirculate flow during static mode and it was achieved
using BN nanoparticles. The value of gel strength at 10 min sud-
denly decreases at 0.6 wt% concentration. This implies that the
nanoparticles were close to each other at this concentration, thus
they act like large particles due to agglomeration (Smith et al.,
2018). Relationship between yield point and plastic viscosity is
important in determining the ability of drilling fluid in well
cleaning operations. High YP/PV ratio helps in increasing the ca-
pacity of drilling fluid to carry cuttings, which leads to an increase
in pump's performance (Zhao et al., 2015b). Although S7 and S8
samples are having almost similar YP/PV ratio, but S7 sample has
lower plastic viscosity which is required for drilling bit. The plastic
viscosity and yield point of S7 sample which is similar to the
experimental results from Chu and Lin (2019), can be considered as
desirable values for drilling fluid. Works of Jain and Mahto (2015)
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also concluded that the plastic viscosity of nanoparticle-enhanced
drilling fluid in the range of 20e29 mPa$s is considered opti-
mized as it confirms the circulation without inducing frictional
pressure losses. So, S7 sample is considered optimized sample
amongst the all drilling fluids.

Lower flow index value (n) has a better ability to carry cuttings
from the bottom of the hole to the surface. Thus, lower n value is
required for drilling fluid to have better cuttings carrying capacity.
Consistency index (K) is the measure of the consistency of the fluid.
Higher consistency index indicates higher viscosity which helps in
carrying the cuttings from the hole to the surface. Otherwise, cut-
tings will settle down as they have a tendency to settle down due to
the gravity if K is low. Ofei (2016) mentioned that consistency index
(K) near 6.3 Pa$sn increases the cuttings carrying capacity and flow
index (n) less than 1 is favourable for drilling fluid to carry cuttings
easily. S7 sample has a desirable range of n and K values which are
similar to that reported by Ofei (2016). Therefore, for further
studies, only S7 sample has been considered. In this study, the
improvement of rheological properties resulting from increasing
nanoparticle concentration is consistent with results from
Dejtaradon et al., (2019).

3.4.2. Viscoelastic properties
Oscillatory tests are used to determine the viscoelastic proper-

ties of drilling fluids. Sample exhibits both elastic and viscous
characteristics when undergoing deformation. Oscillatory tests
such as amplitude sweeps were tested to get an indication about
their short- and long-term structural behaviour (Werner et al.,
2017). Amplitude sweep was the first test to define storage
modulus (Gʹ), loss modulus (Gʺ) and linear viscoelastic range (LVER)
of the sample. The storage modulus (Gʹ), also known as elastic
modulus, signifies the deformation energy which is stored by the
sample during a shear process. Whereas the loss modulus (Gʺ), the
viscous behaviour of sample, is the representation of the defor-
mation energy which has been used up by the sample during the
shear process (Mezger, 2009). The other important parameter is the
LVER which indicates the strain range where Gʹ and Gʺ curves
shows parallel trends until the inner structure of the sample breaks
up (i.e., the crossover point). Fig. 6 presents amplitude sweep re-
sults of different samples. According to the graphs, all the samples
behave solid-like structure at low strain value as Gʹ has higher value
than Gʺ till the crossover point. As the strain increases after the
crossover point, the value of Gʹ drops and Gʺ value rises (G0 < G

00
)

and the sample behaves more like a liquid-like and viscous
Fig. 6. Amplitude sweep showing storage modu
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structure. The crossover point signifies the overlapping point of
storagemodulus and loss modulus, at which G0 ¼ G

00
. This crossover

point can also be taken as a yield point, as this is the indication of
the transition from solid to liquid characteristics. LVER range for
some weakly structured sample is very small (S1 sample in Fig. 6a).
So, these samples under the deformation, will rapidly change from
viscoelastic range to viscous range. S7 and S8 samples (Fig. 6b) have
comparatively larger linear viscoelastic range as well as larger
maximum strain of linear viscoelastic range. Therefore, these
samples (S7 and S8) can deform without internal breaking of the
gel structure for a longer time compared to other samples. The
presence of BN nanoparticles caused increases in storage modulus
(Gʹ) and loss modulus (Gʺ) values of S1 sample (without nano-
particles), possibly due to the intermolecular interactionwithin the
structure of the fluid resulting from the presence of the nano-
particles. The Gʹ value of all the samples as shown in Fig. 6 initially
increases within a certain lower strain range before it attains
plateau. This enhancement is a traditional effect of the fluid as it
shifts from static to dynamic and the Brownian force is responsible
for this behaviour which reorganizes the fluid into a more crys-
talline structure (Werner et al., 2017). The Gʹ value of all the samples
shows almost constant values until a strain of around unity is
reached. This replicates pure dispersive state of the samples. Before
the unity value of the strain comes, suspended particles are kept in
a position trying to reach an energy minimum. As the strain be-
comes larger, particles start to jumpwhich destroys the structure of
the sample, therefore reducing the Gʹ value. Here, the gel points of
different samples were varying. With increasing nanoparticle
concentration, the gel point shifted towards higher shear strain. A
strong gel is very important for drilling fluid to keep the particles in
suspension mode. Higher viscoelastic fluids normally relate to
stronger gel structures. High linear viscoelastic range and high yield
point signify the prevention of particle settlement. The viscoelastic
behaviour of S7 drilling fluid obtained from the experiments im-
plies that the sample is flexible in changing its rheological prop-
erties while drilling. Table 4 listed all the viscoelastic properties
such as the storage modulus and loss modulus at the end of LVER,
and the ratio of their values (G

00
=G0) which represents the loss factor

(tand, tand ¼ G
00
=G

0
).

Frequency sweep test was conducted to understand the influ-
ence of different frequencies on nanoparticle-based drilling fluid.
Cross point and linear viscoelastic range may also change with
frequency. Frequency sweep tests of all the samples follow the
similar form but the cross point and LVER range may vary.
lus and loss modulus of different samples.



Table 4
Storage modulus, loss modulus and loss factor.

Sample Storage modulus Gʹ, Pa Loss modulus Gʺ, Pa Loss factor tand

S1 1.38 1.09 0.78
S2 6.89 6.81 0.98
S3 7.28 7.03 0.96
S4 7.31 6.94 0.94
S5 12.01 7.32 0.61
S6 2.91 1.83 0.62
S7 3.71 2.82 0.76
S8 10.01 7.81 0.78
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Frequency is the inverse of time; thus, these tests were used to
investigate time dependent deformation behaviour. High frequency
indicates fast deformation and low frequency to slow deformation.
Experimental data in Fig. 7a shows that for some of the samples, the
elastic modulus is nearly independent of frequency. But for most of
the samples, the elastic modulus is dependent on frequency
(Fig. 7b). For S2 sample, the elastic modulus is lower than the
viscous modulus in low frequency range implying viscous nature of
the fluid. But for the most of the samples in the whole investigated
frequency range, the storage modulus is higher than the loss
modulus, indicating dominated elastic behaviour. Here, dispersions
and gels are build up by a physical network of intermolecular forces
between nanoparticles and polymer particles (Bera et al., 2020). For
drilling fluid, a stable structure is required to keep the cuttings in
suspension mode. A similar trend of curves has also been reported
by Ozbayoglu (2008). S7 sample has a better steady structure as
well as better dynamic yield point which are important for drilling
fluid to keep small particles in suspension. So, it can be concluded
that S7 sample provides better viscoelastic behaviour than the rest
of the samples. Rheological properties of this sample also provide
optimizing results, thus for further study S7 sample has been
considered.

Loss factor (tand) is another important property to categorize
the viscoelastic nature of the sample in terms of solid and liquid.
When, tand<1 (where tand ¼ G

00
=G

0
), the sample behaves more

elastically whereas, for tand>1, sample behaves viscous flow. Loss
factor tand<1 indicates dominance of storage modulus than loss
modulus whereas loss factor tand>1 indicates greater value of loss
modulus. Here, all the samples exhibit (Table 4) elastic behaviour as
tand<1. Loss factor (tan d) reveals the ratio of the viscous and
elastic portion of the viscoelastic deformation behaviour. As the
shear strain increases, the value of loss factor increases (tand>1)
Fig. 7. Storage modulus and loss modulus of (a) S1 and S2 sampl
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which indicates viscous character.

3.4.3. Comparison of rheological properties between conventional
drilling fluid and drilling fluids with and without nanoparticles at
low temperature

Temperature is one of the most important factors that have an
effect on hydration and viscosity of drilling fluid (Mudgil et al.,
2014). To study the influence of temperature on rheological prop-
erties of different drilling fluids, numerous investigations have
been done (Jaffal et al., 2017; Benchabane and Bekkour, 2008). The
rheological properties of several water-based drilling fluids have
been examined under deepwater drilling conditions (Ofei, 2016;
Ozbayoglu, 2008) and significant changes in rheological properties
were also observed at different temperatures. The main difference
between offshore (deepwater) and onshore drilling is the temper-
ature difference. For deepwater drilling, the temperature generally
lies below 25 �C. Plastic viscosity is very much dependent on low
temperature, especially below 25 �C. Consequently, an adequate
drilling fluid is necessary to drill under the low-temperature con-
ditions (Zhao et al., 2015b). For such drilling operations, the tem-
perature range used in this experiment was from 10 �C to�5 �C, the
chosen lowest temperature is �5 �C to describe the dependence of
rheology of drilling fluid at such low temperature.

To see the influence of temperature on different drilling fluids, a
comparison of rheological properties between conventional dril-
ling fluid and drilling fluids with and without BN nanoparticles has
been conducted under different low temperatures. Plots of shear
stress versus shear rate of all three types of samples at different low
temperatures are shown in Fig. 8. It can be clearly seen that, the
shear stress of all the samples is getting higher as the temperature
decreases. In the case of the conventional drilling fluid, the shear
stress with respect to shear rate is comparatively lower than that of
the drilling fluids with and without BN nanoparticles. Viscosity as a
function of shear rate for all the three samples has been plotted in
Fig. 9. At decreasing temperature, all the drilling fluid samples still
exhibit shear thinning behaviour. This shear thinning properties of
drilling fluids with nanoparticle additive at lower temperature
implies their ability to still function at low temperature. Bench-
abane and Bekkour also reported shear thinning behaviour at all
shear rates (Benchabane and Bekkour, 2008). At low shear rates, the
sample encounters higher viscosity due to the entanglements of
polymer coils. It is accepted that shear thinning behaviour is found
because of the disentanglement of the polymer coils in the drilling
fluid solution (Clasen and Kulicke, 2001).
es and (b) S7 and S8 samples at different frequency sweeps.



Fig. 8. Flow curves of (a) conventional drilling fluids, (b) drilling fluid without BN
nanoparticles, and (c) drilling fluid with BN nanoparticles at different temperatures.

Fig. 9. Viscosity versus shear rate curves of (a) conventional drilling fluid, (b) drilling
fluid without BN nanoparticles, and (c) drilling fluid with BN nanoparticles at different
temperatures.
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All the rheological parameters of the reported conventional
drilling fluid, nanoparticle-based drilling fluid and drilling fluid
without nanoparticles were determined and mentioned in Table 5.
Consistency index (K) indicates the consistency of the fluid and it is
proportional to the effective viscosity. Thus, drilling fluids with
lower K valuewill not help to carry cuttings as the gravity will settle
down the cuttings (Ofei, 2016). With decreasing temperature, the
values of K and flow index (n) increase for all types of drilling fluids.
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It is to be seen that, the conventional drilling fluid has lower flow
index and consistency index in comparison to other two fluid
samples. The nanoparticle-based drilling fluid shows higher
amount of consistency index than the drilling fluid without nano-
particles. Annular velocity rises with the value of the consistency
index, which helps in cleaning hole capacity (Sadeghalvaad and
Sabbaghi, 2015). In accordance to HerscheleBulkley model n < 1
indicates shear thinning behaviour. Lower flow index is effective for



Table 5
Rheological properties of all three types of drilling fluids at different temperatures.

Drilling fluid Temperature,
oC

Plastic viscosity (PV),
Pa

Yield point (YP),
Pa

YP/
PV

Yield
stress
to, Pa

Flow index
n

Consistency index K,
Pa$sn

R2

Conventional drilling fluid 25 10.48 13.72 0.76 0.02 0.59 0.14 0.997
10 21.57 16.94 0.78 0.04 0.6 0.19 0.997
5 24.73 19.53 0.79 0.07 0.61 0.47 0.994
0 27.49 22.94 0.83 0.23 0.78 0.29 0.996
�3 32.49 27.38 0.84 0.24 0.87 0.33 0.998
�5 35.68 30.37 0.85 0.27 0.89 0.49 0.998

Drilling fluid without BN nanoparticles
(S1)

25 36.27 40.54 0.89 0.19 0.39 3.78 0.997
10 49.37 45.24 0.92 0.21 0.42 4.81 0.997
5 52.93 48.89 0.92 0.47 0.42 6.56 0.994
0 54.92 51.73 0.94 0.53 0.58 7.19 0.996
�3 59.83 56.95 0.95 1.00 0.61 11.88 0.998
�5 62.49 59.83 0.96 1.10 0.69 15.63 0.998

Nano-based drilling fluid (S7) 25 35.26 29.48 0.83 0.42 0.38 9.47 0.994
10 40.67 35.14 0.86 1.45 0.44 15.77 0.994
5 46.55 41.39 0.89 1.06 0.46 23.7 0.995
0 52.68 48.94 0.92 1.19 0.47 30.01 0.996
�3 54.99 51.07 0.92 3.51 0.51 53.73 0.995
�5 57.00 53.83 0.9 3.69 0.52 74.59 0.996
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better cuttings carrying capacity. The nanoparticle-based drilling
fluid has lower flow index (n) value than that of the drilling fluid
without nanoparticles. For S7 sample, the values of n and K are in
range of desirable value. A similar range of flow and consistency
value is also provided by Ofei (2016). Thus, nanoparticle-based
drilling fluid is more favourable in drilling industry than other
two samples mentioned above.

The impact of temperature on plastic viscosity and yield point of
all three types of sample fluids are mentioned in Table 5. For the
conventional drilling fluid, there is a drastic change in rheological
properties with decreasing temperature. Whereas, other two
samples show comparatively stable rheological properties. Samples
with and without nanoparticles have an increasing trend of plastic
viscosity and yield point with decreasing temperature, which
happens due to the reduction in Brownian motion and acceleration
in dispersion. Zhao et al. (2017) indicated that bentonite with rich
in montmorillonite clay mineral is the better option for increasing
the plastic viscosity and yield point of the drilling fluid. Therefore,
as the temperature decreases, each single platelet in bentonite
dispersion decreases which attributes to an increase in plastic
viscosity. Guar gum is a high molecular polymer. Thus, when the
temperature reduces, molecular entanglement helps bond strength
between particles to get stronger, thus plastic viscosity increases.
High yield point requires to clean the bottom of the borehole. The
nanoparticle-based drilling fluid shows desirable values of plastic
viscosity and yield point than the conventional drilling fluid and
the drilling fluid without nanoparticles. This range of plastic vis-
cosity and yield point is quite desirable as similar results have been
found by some other researchers (Perween et al., 2018; Jain and
Mahto, 2015). Thus, comparing all the three drilling fluids
mentioned below in Table 5, it can be said that nanoparticle-based
drilling fluid is favourable to use in the drilling industry.

3.4.4. Comparison of rheological properties between conventional
drilling fluid and drilling fluids with and without nanoparticles at
high pressure

In deepwater reservoirs (offshore), gas hydrate formation occurs
easily at a favourable condition of high pressure, which would lead
to a serious problem by blocking the pipeline and/or blowout
preventers. At present, there are several ultra-deep wells drilled in
water depthmore than 3000m. The South China Sea is one of them
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where the water depth is about 3000 m and the pressure of the sea
bed is about 30 MPa (Zhao et al., 2015b). High pressure has the
capability to impact the rheological characteristics of a drilling fluid
by changing physical, chemical and electrochemical properties of
the fluid. The influence of temperature and pressure on the water-
based drilling fluid are very distinctive that is increasing temper-
ature reduces the viscosity because of the thermal expansion,
whereas increasing pressure increases the viscosity because of the
compression. For many years, numerous studies have been per-
formed to correlate the rheology of the drilling fluid with pressure
(Karimi Vajargah and van Oort, 2015). In the present study, the
dependence of drilling fluid rheology on pressure has been inves-
tigated by increasing pressure from 1 MPa to 28 MPa to see the
rheological changes of thewater-based drilling fluid. Shear stress of
all the samples is getting higher with increasing pressure as seen
from Fig. 10. These figures show that the conventional drilling fluid
has lower shear stress than samples with or without BN nano-
particles. At high pressures, all the samples maintain to exhibit
shear thinning behaviour as shown in Fig. 11. These figures
demonstrate that nanoparticle-based drilling fluid has higher vis-
cosity compared to the conventional drilling fluid and the sample
without nanoparticles. At very low shear rate, the viscosity is
higher because of the entanglements between the molecule chains
of the used polymer. It is appropriate for hole cleaning at varying
shear rate and helps carry the cuttings from the bottom of the hole
to the surface.

Consistency index (K) which indicates the viscosity of the
sample is directly proportional to the pressure. Thus, with
increasing pressure, the cuttings carrying capacity for the sample
also enhances as shown in Table 6. Whereas, the flow index (n)
decreases with increasing pressure. Cuttings carrying capacity of a
sample can also be identified by n value, as lower n value has better
cuttings transporting capability. Thus, with higher pressure, cut-
tings carrying capacity increases (Briscoe et al., 1994). The plastic
viscosity and yield point increase with pressure for all three types
of drilling fluids as exhibited in Table 6, because high pressure re-
sults in compressing of the sample's molecules. The conventional
drilling fluid has very low plastic viscosity and yield point
compared to other two types of drilling fluids which is not desir-
able. The drilling fluid with BN nanoparticles has lower plastic
viscosity compared to the sample without nanoparticles. The



Fig. 10. Flow curves of (a) conventional drilling fluid, (b) drilling fluid without BN
nanoparticles, and (c) drilling fluid with BN nanoparticles at different pressures.

Fig. 11. Viscosity versus shear rate curves of (a) conventional drilling fluid, (b) drilling
fluid without BN nanoparticles, and (c) drilling fluid with BN nanoparticles at different
pressures.
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nanoparticle-based drilling fluid causes a reduction in plastic vis-
cosity because nanoparticles may reduce the mechanical friction
between particles in the sample. This helps in easy flowing of the
sample through the drill bit and in the annulus. The yield point of
the nanoparticle-based drilling fluid is lower than the sample
without nanoparticles, which also helps in reducing the electro-
mechanical force between particles in the drilling fluid (Dejtaradon
et al., 2019). High YP/PV ratio at high pressure indicates that high
1721
pressure has a better influence on yield point than plastic viscosity.
As the plastic viscosity is dependent on mud weight and that does
not change with pressure, thus high pressure does not have the
ability to influence plastic viscosity asmuch as it does to yield point.
Briscoe et al. (1994) and Hassiba and Amani (2012) also reported
similar results.



Table 6
Rheological properties of conventional drilling fluid, and drilling fluids with and without BN nanoparticles at different pressures.

Drilling fluid Pressure,
MPa

Plastic viscosity (PV), Pa Yield point (YP), Pa YP/
PV

Yield
stress
to, Pa

Flow index n Consistency index K, Pa$sn R2

Conventional drilling fluid 1.0 14.37 18.35 1.28 0.44 0.29 3.46 0.994
2.6 16.34 21.48 1.31 0.65 0.3 5.17 0.997
4.0 19.38 25.89 1.33 1.37 0.27 8.79 0.996
7.8 28.59 38.45 1.34 1.25 0.3 12.01 0.992
9.0 34.49 46.48 1.35 2.38 0.31 19.04 0.997
11.0 40.38 55.24 1.37 3.98 0.3 35.13 0.992
15.0 44.27 62.45 1.41 9.47 0.28 65.61 0.994
20.0 49.34 70.21 1.42 17.07 0.27 116.75 0.997
28.0 55.41 79.66 1.44 28.52 0.26 210.68 0.993

Drilling fluid without BN nanoparticles (S1) 1.0 21.49 28.48 1.32 3.24 0.21 10.30 0.996
2.6 32.58 43.59 1.34 4.20 0.22 15.14 0.997
4.0 41.46 56.19 1.35 6.82 0.23 22.48 0.998
7.8 49.28 66.97 1.36 10.12 0.22 34.24 0.997
9.0 52.48 70.83 1.35 6.99 0.25 42.19 0.999
11.0 55.27 75.83 1.36 9.27 0.25 66.37 0.997
15.0 59.48 81.67 1.37 19.08 0.24 120.12 0.993
20.0 63.12 87.49 1.39 54.33 0.23 285.23 0.995
28.0 66.21 91.85 1.39 147.84 0.22 643.80 0.997

Nano-based drilling fluid (S7) 1.0 19.93 24.39 1.22 12.33 0.22 39.65 0.995
2.6 25.57 32.48 1.27 23.22 0.20 65.77 0.997
4.0 35.58 45.87 1.29 41.28 0.27 86.80 0.996
7.8 44.73 57.92 1.3 33.17 0.22 123.61 0.998
9.0 49.63 65.93 1.31 78.47 0.22 269.54 0.997
11.0 52.46 69.38 1.32 58.19 0.20 281.88 0.999
15.0 56.28 75.64 1.34 109.24 0.19 441.19 0.994
20.0 61.54 82.27 1.34 271.39 0.17 796.74 0.993
28.0 65.49 88.35 1.35 543.69 0.16 1164.91 0.991
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3.4.5. Zeta potential at low temperature
Zeta potential is generally treated as temperature and pressure

independent. But, nowadays, some experimental results prove that
zeta potential can be influenced by temperature and pressure
(Rodriguez and Araujo, 2006). Zeta potential of the drilling fluid (S7
sample) was measured over a temperature range of 0e30 �C and
the experimental results are shown in Fig. 12. The results clearly
indicate that the zeta potential of the sample becomes more
negative as the temperature reduces but then the value becomes
almost constant as the temperature decreases further. The zeta
potential of S7 sample is negative because of the higher surface area
of BN nanoparticles which tends to increase the dimmer species
Fig. 12. Zeta potential of S7 sample at different low temperatures.
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concentration leading to increasing ability of the particles to cap-
ture OH� groups. This increases the zeta potential towards more
negative. Low boric acid content is also responsible for lower zeta
potential value of the sample (Bouville and Deville, 2014). The pH
value of the sample is 8.2 which is in the optimum range because
this range will provide lower plastic viscosity of the drilling fluid.
This helps to increase the penetration rate and minimize the total
cost (Gamal et al., 2019). Thus, it can be concluded that lower
temperature does not have any significant effect on zeta potential
value of the chosen sample (S7). This similar type of behavior is also
reported in literature (Rodriguez and Araujo, 2006).
3.4.6. Mechanism of influence of low temperature and high
pressure on S7 drilling fluid

The effects of low temperature on the structures of different
additives were investigated by zeta potential measurements. The
zeta potential values of S7 sample are shown in Fig. 12. It indicates
that for the suspension of BN nanoparticles and clay particles, the
absolute value of zeta potential slightly increases with a decrease in
temperature (from 30 �C to 0 �C). Higher negative zeta potential
value at lower temperature indicates the strong diffusion ability of
the cations in the diffusion layer. As the temperature increases, the
repulsive force between clay particles becomes weak and the
dispersion degree of clay suspensions also decreases (Zhao et al.,
Table 7
Sizes of particles in the drilling fluid (S7 sample) at different low
temperatures.

Temperature, oC Particle size, nm

30 6139.9
10 6182.5
5 6210.3
0 6231.7



Fig. 14. Effect of BN nanoparticle concentration on filtrate volume.
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2017).
Table 7 represents the sizes of particles in the drilling fluid at

different low temperatures. There is no significant difference be-
tween the particle size at different low temperatures which in-
dicates that low temperature had no significant effect on the
particle size of the sample.

The viscosity of a polymer is denoted by the free volume of a
polymer solution and molecular entanglement under a particular
shear rate. From Fig. 9 and Table 5, we can see that the viscosity of
the polymer solution increases with a decrease in temperature. At
higher temperature, the thermal motion of molecules is strong and
the space between molecules also increases, resulting in weak
intermolecular forces and friction (Zhao et al., 2017). Thus, water
molecules are being able to move freely and reduces flow
resistance.

Viscosity of the polymer solution increases with an increase in
pressure. Under high pressure, the movement of the molecules
within the fluid becomes constrained and the relative motion is
hindered. Intermolecular force decreases and flow resistance be-
comes high enough to slower the flow of water molecules (Aluova
et al., 2019). Thus viscosity increases with increase in pressure.
3.4.7. Influence of temperature and pressure on filtration properties
Filtration of drilling fluid at different low temperatures is vital in

deepwater drilling operations; lost circulation can damage the
formation. Pressure imbalance between wellbore and formation
can damage the formation. In static filtration operation under low
temperatures, BN nanoparticles and guar gum can support other
colloids to be in suspension mode and prevent it from sagging,
which finally minimize the total fluid loss volume. However, to
attest this, filtration tests were conducted at low temperature and
high pressure to investigate the effect of temperature and pressure
on filtrate loss. A round of tests was conducted to see the effect of
temperature on the total fluid loss volume of S7 sample. According
to Fig. 13, the total fluid loss volume decreased with decreasing
temperature due to the stronger filter cake with reducing temper-
ature. Increasing temperature will lead to a decrease in gel vis-
cosity, which consequently increases the fluid loss. Fluid loss
volumes of S7 sample were also measured at different high pres-
sures. It was observed from Fig. 13 that the fluid loss volume
increased with pressure but it was negligible as the high pressure
does not have much effect on plastic viscosity and the filtrate loss is
Fig. 13. Fluid loss volume of S7 sample at
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mainly governed by viscosity.
3.5. Influence of different additives on filtration properties

API filtrate loss should be as low as possible for any water-based
drilling fluid because otherwise wellbore instability problems will
arise in the case of water-sensitive formation like shale (Ofei, 2016;
Perween et al., 2018). Due to the pressure difference between the
walls, filtrate loss occurs. This leads to the formation of filter cake
with the deposition of the solids in the drilling fluid. The filtrate
reducers of water-based drilling fluids are mainly polymers and
some nanoparticles. The concentration of BN nanoparticles in the
drilling fluid largely affects fluid loss volume as shown in Fig. 14.
According to the results, the filtrate volume of S1 sample (without
nanoparticles) was 16.5 mL, which was the highest. The lowest
filtrate volume was recorded for sample with 0.4 wt% BN nano-
particles (S7 sample) which was 6.5 mL. This indicates a 60.6%
reduction in fluid loss volume for S7 sample compared to S1
sample. The ability of a drilling fluid to create a thin and low
permeability filter cake can be determined from the reduction in
different temperatures and pressures.
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filtrate volume obtained from the experiments. Experimental re-
sults indicate that filtrate loss gradually decreases when the BN
nanoparticle concentration increases from 0.1 wt% to 0.4 wt%. BN
particles are in nano size and may easily disperse in fluid. This
dispersed nanoparticles act a plaster in between the particles and
seal the permeable formation which effectively reduces the fluid
loss (Mirzaei-paiaman. 2009). Therefore, as more and more nano-
particles are added to the sample, more and more nanoparticles act
as a plaster to seal the permeable formation thus the filtration is
controlled. However, the filtrate volume again starts to increase as
the nanoparticle concentration further increases to 0.6 wt% (S8
sample). This might be the results of the agglomeration of BN
nanoparticles which behaves similar to larger particles causing
higher amount of filtrate loss (Smith et al., 2018). Initially, the
filtrate volume was high but it starts to reduce as the solid particles
of BN nanoparticles and other additives settle down and form a
filter cake (da Silva et al., 2019).

The effect of filtrate loss of drilling fluids at lower temperature
has been reported in a few studies. Rojas et al. (2007) reported that
the filtrate loss decreases significantly at low temperature of deep-
water environment. This is due to an increase in viscosity of the
drilling fluid at low temperature. Balavi and Boluk (2018) reported
the effect of mud temperature on the total filtrate volume using 3%
bentonite and 0.5% starch formulation. They found that the filtrate
loss increases with an increase in temperature due to cake erosion.

Filter-cake permeability is another vital parameter which con-
trols the fluid flowing through the filter cake and pore pressure
variation around the wellbore. Similar to mud cake porosity, the
permeability is also affected by various factors such as porosity and
permeability of the formation, drilling fluid properties and differ-
ential pressure across the filter cake. Under static filtration condi-
tion, the calculated permeability value ranges from 0.16 mD to
0.008 mD as shown in Fig. 15. Similar range of filter-cake perme-
ability was also mentioned by Jaffal et al. (2017). Permeability de-
creases up to 94% with the addition of BN nanoparticles (for S7
sample) compared to sample without nanoparticles (S1 sample).
Results of the filter-cake permeability shows similar pattern as the
filtrate volume and filter-cake thickness. Permeability was
maximum for the drilling fluid without any nanoparticles but it
shows decreasing order as nanoparticles was added to the drilling
fluid. The permeability of the filter cake decreased until the con-
centration of nanoparticles was 0.4 wt%, but starts to increase at
0.6 wt% concentration. Agglomeration of these nanoparticles at
Fig. 15. Effect of different drilling fluids on filter-cake permeability and thickness.
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0.6 wt% was responsible for this increasing permeability. Micro-
particles are positioned between the clay flakes (bentonite) which
makes the cake more permeable. Micron sized particles create a
network-type structure which consists of small pore space. These
pore spaces are being able to be filled with BN nanoparticles, which
make the cake more compact and less permeable. From some
literature review, it is found that 10�4 to 10�2 mD is the optimum
value of permeability for stable formation. In the present study, the
S7 sample shows the permeability (0.0055 mD) near to the desired
value. Mahmoud et al. (2016) also mentioned some nanoparticle-
based drilling fluid with filter-cake permeability ranging from
0.003 mD to 0.0003 mD.

After the completion of the fluid loss test, a measurement of the
filter-cake thickness and permeability was investigated which is
mentioned in Fig. 15. Thickness of the filter cake was achieved by
using a Vernier calliper scale. Filter-cake thickness can be affected
by different factors such as pressure differences between forma-
tions and wellbore and drilling fluid properties. It is a vital property
because the cake that forms on the permeable zone in the wellbore
can cause pipe to stuck and other drilling problems. Normally, the
filter cake is required to be as thin as possible. Drilling fluid should
comprise small particles to generate thin filter cake due to their
ability to plug the pore space by depositing in the permeable for-
mation. Thickness of the filter cake was measured after completion
of fluid loss test and it is mentioned in Fig. 15. The results reveal
similar trend as fluid loss volume. The thickest filter cake (0.1 inch)
was produced by drilling fluids without BN nanoparticle (S1 sam-
ple) and the thinnest (0.01 inch) was obtained by drilling fluid with
0.4 wt% nanoparticle concentration. It can be signified that, there
was a 90% reduction of filter-cake thickness for S7 sample
compared to the base fluid (S1). Nanoparticles have the advantage
tomake a filter cakemore continuous and integratedwhich leads to
create low permeable filter cake because of their nano-sized par-
ticles. Therefore, there will be low volume of filtrate due to the
integrated and low permeable filter cake which leads to lesser filter
cake thickness than before (Mirzaei-paiaman 2009). With
increasing concentration of nanoparticles, the filter cake becomes
more compacted as nanoparticles fills up the empty space between
the micro-particles. When the concentration of BN nanoparticles in
the drilling fluid gradually rises up to 0.4 wt%, the thickness of the
filter cake starts to reduce with reducing permeability. However, at
0.6 wt% concentration, nanoparticles start to agglomerate which
leads to an increase in cake permeability and ultimately the
thickness of the filter cake also increases. Less than 2/32 inch is
considered to be the suitable range of thickness (Mansfield,1995). A
similar range of data was also provided by Jaffal et al. (2017). To
increase the effective well diameter and reduce excessive torque
and drag, and to avoid the pipe to stuck, the thinner filter cake is
usually recommended in drilling operations (Feng and Li, 2018).

The effects of salt and temperature on filtrate loss are also re-
ported in literature. The API filtrate loss of the drilling fluid de-
creases with increasing concentration of NaCl salt (Quan et al.,
2014). The viscosity of the drilling fluid deceases with increasing
temperature, which leads to an increasing filtrate loss (Soto et al.,
2020).

3.6. Statistical analysis of the effect of bentonite, guar gum and BN
nanoparticles on filtrate loss

Modelling of the fluid loss behaviour of nanoparticle-based
drilling fluid is very important for drilling when designing and
planning for economically effective drilling operation (Vryzas and
Kelessidis, 2017). Vryzas and Kelessidis (2017) reported a prom-
ising attempt to model the rheological and filtrate loss of
nanoparticle-based drilling fluid. One of the most important
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functions of the drilling fluid is to prevent filtrate from entering the
formation. Swelling of clay, migration of particles and water
blocking play an important role in preventing the invasion of
filtrate into the formation by producing a filter cake which ulti-
mately reduces the permeability of the filter cake (Kerunwa and
Anyadiegwu, 2015). Drilling fluid composed of different sized par-
ticles helps to create a desirable filter cake. Larger particles help to
form the structure of the filter cake whereas smaller particles
migrate and fill up the pores in the filter cake formed by larger
particles (Blkoor and KA, 2013). The effects of the concentrations of
guar gum (X), boron nitride nanoparticles (Y), and bentonite (Z) on
the fluid loss behaviour and the filter cake thickness of the drilling
fluid were studied. The experimental design is mentioned earlier in
Table 1. The products of the experimental studies obtained are
mentioned in Figs. 12 and 13.

Depending on the probability value (P values) fixed at the sig-
nificance level of 5% and the Fischer's ratio (F value), the influence
of the individual factors (X, Y, Z) and the interaction between the
factors (XY) play a very important role in improving the reduction
of filtrate volume (Vf) and filter cake thickness (hc) of the drilling
fluid. The analysis of variance (ANOVA) for fluid loss, filter cake
thickness and filter cake permeability are shown in Table 8. The
statistical models correlated with the several factors to the cumu-
lative filtrate loss (Vf), filter cake thickness (hc) and filter cake
permeability (kc) which are mentioned below.

Vf ¼42:32� 86:08X � 324:3Y þ 804:3XY ðR2 ¼0:9967Þ (4)

hc ¼ 0:2073� 0:2207Y � 0:2762X � 0:00482Z

þ 0:1705Y2 ðR2 ¼0:9902Þ (5)

kc ¼ 0:03728� 0:011680Vf þ 0:7941hc

þ 0:000872V2
f ðR2 ¼0:9999Þ (6)

ANOVA analysis was used to see the significance and adequacy
of the models. The F value is the ratio of the mean square of the
model to that of the residual. The higher F value and the lower P
value of the factors in a model is the implication of significance of
their respective response variable (Li and Fu, 2005). As BN and guar
Table 8
Analysis of variance (ANOVA) for regression model.

Source DF Adj SS Adj MS F value P value

ANOVA: Filtrate loss (Eq. (4))
Model 3 76.5279 25.5093 404.79 0.00002
X 1 42.4515 42.4515 673.63 0.00001
Y 1 43.0599 43.0599 683.29 0.00001

XY 1 41.8159 41.8159 663.54 0.00001
Error 4 0.2521 0.0630 - -
Total 7 76.7800 e - -

ANOVA: Filter-cake thickness (Eq. (5))
Model 4 0.008807 0.002202 76.02 0.002
Y 1 0.000684 0.000684 23.63 0.017
X 1 0.00434 0.00434 15.00 0.030
Z 1 0.000014 0.000014 0.49 0.535
Y2 1 0.000284 0.000284 9.80 0.052

Error 3 0.000087 0.000029 e e

Total 7 0.008894 e e e

ANOVA: Filter-cake permeability (Eq. (6))
Model 3 0.019072 0.006357 43530.38 0.00001
Vf 1 0.000028 0.000028 194.33 0.00015
hc 1 0.000763 0.000763 5223.81 0.000001
Vf
2 1 0.000103 0.000103 706.64 0.00001

Error 4 0.000001 0.00 e e

Total 7 0.019073 e e e
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gum are having higher F values and lower P values as shown in
Table 6, it can be concluded that these two factors have the
maximum effect on fluid loss reduction. In the case of filter-cake
thickness, from the regression modelling it is clear that amongst
all the factors, boron nitride (BN) has the maximum F value and
minimum P value as mentioned in Table 6. Thus, BN has the
maximum effect on filter-cake thickness. And for filter-cake
permeability, the filter-cake thickness has a greater influence
than fluid loss as the F value of thickness is higher and the P value is
lower than fluid loss. The coefficient of correlation values for Eqs.
(4)e(6) are the indication of well fitted statistical models for the
response variables with the experimental data. In the case of fluid
loss volume, the value of R2 (99.67%) implies that factors like
bentonite and BN nanoparticles are mostly responsible for fluid loss
volume and suggests that 0.33% of the total variation is not
accounted by the model. In the case of filter-cake thickness, the
total variation of 99.36% can be explained by the statistical model
though the model is not able to explain 0.64% of the total variation
which attributes to the factors under consideration. The concen-
trations of guar gum, bentonite and boron nitride nanoparticles are
considered to affect the fluid loss and filter cake thickness
(response variables) significantly. From the regression equation, it
is clear that, the filtrate loss and filter-cake thickness will decrease
when terms with positive coefficient increases. A similar condition
is also applicable for terms with a negative coefficient, which has to
decrease for fluid loss and thickness of the filter cake to decrease.
Afolabi et al. (2018) conducted research with similar regression
equation. Thus, this regression model was able to capture the in-
fluence of bentonite, guar gum and BN nanoparticles to the per-
formance of fluid loss of water-based drilling fluid.
3.7. Filter-cake surface morphology

The surface morphology of the filter cake was investigated by
FE-SEM analysis as it delivers high magnification images of the
filter cake surface (Zhong et al., 2019). The physical mechanism of
reduction of filtration loss after the addition of nanoparticles has
been explained by Dejtaradon et al., (2019). The microscopic
structure of different filter cake surfaces for different drilling fluid
systems were studied using a scanning electron microscope (SEM)
and their images are shown in Fig. 16. Filter cake formed from the
drilling fluid with the absence of nanoparticles (S1) have very
porous and permeable filter cake. Whereas, drilling fluids with the
addition of BN nanoparticles appear to have lesser porous and
permeable filter cake compared to the drilling fluid without
nanoparticles. As the concentration of nanoparticles continues to
increase, the filter cake gets smoother and low porous. Smooth and
low porous filter cake is desirable due to the significant effect on
reduction in fluid loss and filter cake thickness. It is clear that S7
and S8 samples are better capable of controlling fluid loss and
strengthening the wall due to the formation of a thin, smooth, less
porous and less permeable filter cake. Nanoparticles have the ca-
pacity of reducing the filtration loss as well as the pore space and
permeability of the filter cake by filling the pore space as observed
in Fig. 15. Filter cake formed from the nano-based drilling fluid with
0.4 wt% BN nanoparticles (S7) shows little or no agglomeration. But
large amount of agglomerates is visible at 0.6 wt% concentration.
BN nanoparticles showing increasing agglomeration have an effect
on filtration profile. Smooth and low porous filter cake is required
for low fluid loss and minimum of filter cake thickness which is
desirable in the drilling industry to avoid formation damage. From
the experimental data, it is found that the impact of nanoparticles
become much effective with a higher concentration of
microparticles.



Fig. 16. FE-SEM images of filter-cake morphology of different samples.
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4. Conclusions

The beneficial effects of BN nanoparticles towater-based drilling
fluid for application in deepwater and hydrate reservoirs were
studied by measurement of the rheological properties along with
their viscoelastic behaviour and filtration characteristics. Based on
the experimental observations the following conclusion may be
drawn:
1726
� The BN nanoparticles have the ability to help the drilling fluids
to enhance their rheological properties as well as fluid loss
control.

� The addition of nanoparticles decreases the viscosity of the
samples but further addition of them enhances the viscosity due
to different types of intermolecular interaction.

� These nanoparticle-enhanced drilling fluids are capable of
reducing filtrate loss. Combination of micron sized bentonite,
nanoparticles and guar gum polymer creates dense packing and
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dispersed nanoparticles which act a plaster in between the
particles and seal the permeable formation which effectively
reduces filtrate loss.

� Regression modelling also provides the similar results that
nanoparticles and guar gum are responsible for reducing filtrate
loss and filter-cake thickness.

� With an increasing amount of BN nanoparticles, the surface of
the filter cake becomes smoother with very low pore space as
observed from FE-SEM images of filter-cake morphology.
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