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A B S T R A C T

Inadequate hole cleaning often leads to challenges in drilling and well completion operations such as low rates of
penetration, pipe sticking, losing tools, difficulties in liner/casing placements, etc. Designing a drilling fluid with
improved rheological properties would be a solution to increase cuttings transportation efficiency. This study
investigates the performance of nanosilica water-based drilling fluids for the hole cleaning process in directional
drilling operations. Different inclination angles have been considered in a flow loop system with different ro-
tational speeds (0 and 150 rpm) to simulate the drilling conditions in a wellbore. The performance of nano-
enhanced drilling fluids in the cuttings removal process was compared with conventional water-based drilling
fluids, and it was found that silica nanoparticles increased the cuttings transport efficiency in all experiments.
The results indicated that the presence of nanosilica in the mud increased the colloidal interactions with cuttings
and contributed to the improvements in cuttings transportation efficiency by 30.8–44% for different nano-en-
hanced water-based drilling fluids used in this study. The implementation of nanosilica in water-based drilling
fluids showed promising results in the hole cleaning process which demonstrates the feasibility of using them in
extended reach drilling operations.

1. Introduction

Oil and gas exploration has been improved by new levels of tech-
nologies and deeper and harsher environments are being drilled more
than ever before. Drilling fluids play a vital role in drilling operations,
such as cooling and lubricating the bit and drill string, cleaning the
bottom hole, controlling formation pressure, improving rate of pene-
tration, among others (Bourgoyne et al., 1986). In recent years, drilling
in harsh conditions, such as extended-reach and deep-water drilling
operations, highlighted the unsuitability of conventional muds for the
successful drilling and hole cleaning processes. Therefore, there is a
demand for new drilling fluids that can perform efficiently in such
conditions. Oil producers and service companies have been in-
vestigating more effective ways to tackle challenging environments, in
order to drill and produce in a safe and feasible manner. For example,
oil-based drilling fluids, treated with micronized barite, were tested in
the North Sea (Kageson-Loe et al., 2007). Also, they showed promising
performance in shale inhibition, bit lubrication and torque reduction
(Caldarola et al., 2016). However, drilling with an oil-based mud is

associated with high costs of procurement and toxic waste manage-
ment. Thus, extensive research has gone into improving water-based
muds because of their low cost and environmental friendly attributes
(Rafati et al., 2018).

Water was the first drilling fluid used in drilling operations (Brantly,
1961). However, water was not able to suspend cuttings in static con-
ditions, build an impermeable layer on permeable formations, nor was
it dense enough to balance formation pressure. According to Apaleke
et al. (2012), increased drilling activities provided a market for heavy
muds, made by adding heavy minerals into the mud for pressure control
purposes, and this led to improvements of water-based muds. However,
there are still significant limitations of water-based muds in their sta-
bility and cuttings lifting abilities.

Hall et al. (1950) stated that the removal of cuttings and sloughs is
one of the most important functions of drilling fluids. According to
Hakim et al. (2018), drilled cuttings removal is critical, especially in
horizontal wells. In addition to reductions in the rates of penetration by
the accumulated cuttings in wellbores, inefficient hole cleaning in-
creases the possibility of stuck pipe. Therefore, the wellbore cleaning
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process is highly affected by the mud rheology. However, previous
studies showed contradictory findings regarding the mud rheology and
its performance in the hole-cleaning process. In a study conducted by
Ford et al. (1990) it was shown that high viscosity values increased the
cuttings lifting performance in inclined boreholes. Kelessidis and
Bandelis (2007), on the other hand, concluded that the performance of
the hole-cleaning process worsened when the viscosity of drilling mud
was increased in horizontal wellbores. This contradiction might be due
to the transition of turbulent flow to laminar flow when viscosity in-
creases, which deteriorates the performance of drilling fluids to clean
the wellbores. In another study, Walker and Li (2000) showed an effi-
cient hole cleaning with low viscosity fluids requires having a turbulent
flow regime in the annulus. They reported this condition works mainly
in horizontal or highly deviated wellbores. It was recommended that for
vertical or slightly deviated wellbores, a viscous drilling mud with a
laminar flow regime should be used.

The effect of hole inclination plays a tremendous role in de-
termining the ability of drilling mud to carry cuttings out of the bore-
hole. There are many complex well trajectories targeting deep re-
servoirs. Typical well designs, in extended reach drilling operations,
have high inclination and dog-leg severity to reach pay zones. Many
researchers have reported that inclination angles between 40° and 60°
(deviation from vertical position) are critical angles, where most of the
accumulation of cuttings may happen, and it is difficult to transport
cuttings out of the hole (Seeberger et al., 1989; Peden et al., 1990;
Brown et al., 1989; Onuoha et al., 2015; Ogunrinde and Dosunmu,
2012). The formation of cuttings beds is one of the most common
problems that occurs at critical angles, when a drilling fluid fails to
transport cuttings up to the surface. In deviated or horizontal drillings,
transportation of the cuttings is mainly influenced by the magnitude of
the net vertical force. If the net vertical force is acting downwards,
there will be formation of cuttings beds in the annulus.

The shape and size of cuttings determine their dynamic behaviour in
a flowing drilling mud and affect their removal from downhole to the
surface. There are different findings based on previous studies on the
effect of cuttings size on the hole cleaning process. Martins et al. (1996)
found that cuttings with large sizes are difficult to transport to the
surface; other researchers (Peden et al., 1990; Walker and Li, 2000)
stated that cuttings with smaller sizes are the most difficult to transport.
However, if the viscosity of the drilling mud and rotational speed are
high, cuttings that are smaller in size can be transported efficiently to
the surface (Sanchez et al., 1999).

Duan et al. (2009) suggested that various fluids are required for
different purposes. Water is usually required for cleanout and polymer
solutions are required for drilling operations. They also reported that
the increasing number of highly inclined and horizontal wells through
unconsolidated reservoirs signifies the challenge for the transportation
of smaller cuttings during drilling operations. Based on the results from
a study conducted by Ozbayoglu et al. (2004), the most effective dril-
ling parameter in the development of cuttings beds is the flow rate of
mud, or the annular fluid velocity. As the flow rate increases, cuttings
bed development can be prevented. Therefore, the most effective hole
cleaning process is during turbulent flow regime, which reduces the
chance of cuttings bed formation by efficient cuttings transportation
(Piroozian et al., 2012; Busahmin et al., 2017). Other researchers like
Sifferman et al. (1974) and Larsen et al. (1997) found that the accep-
table annular velocity for cuttings transport for typical drilling mud is
in the range of 1–4 ft/s. The annular velocity of the fluid depends on the
pump rate and hole diameter. Flow rate is usually monitored to ensure
the risk of cuttings bed formation is minimized in dynamic conditions.

Furthermore, in drilling operations, the drill string has the tendency
to rest on the lower side of the borehole because of gravity, especially in
the inclined section of the hole. This creates an eccentric narrow gap in
the annulus below the pipe, where fluid velocity will be extremely low.
Effectively, the ability of the drilling fluid to transport cuttings to the
surface from this part of the annulus will be low. As the eccentricity

increases, the particle and fluid velocities would decrease in the narrow
gap, especially in the case of high-viscosity drilling fluids. However,
such adverse impacts on the hole cleaning process may be unavoidable,
because the pipe eccentricity is governed by the well trajectories during
drilling operations. Therefore, as pipes shift away from concentric
status, cuttings removal efficiency decreases (Tomren et al., 1986).

Dynamic tests on the mud performance in a flow loop system are
especially crucial, because the results from static tests (rheological
properties) may not necessarily translate to the dynamic performance of
drilling fluids. An experimental study conducted by Wang et al. (1995)
showed that drill string rotation could significantly reduce cuttings bed
height. Rotational speed is more effective in inclined wells compared to
vertical wells (Tomren et al., 1986; Sanchez et al., 1999; Yu et al.,
2007). This indicates that cuttings transportation at the narrow side of

Table 1
Formulations of 9 ppg water-based muds.

Additives Basic mud 0.5 ppb SiO2 1.0 ppb SiO2 1.5 ppb SiO2

Distilled water, ml 333.59 333.47 333.35 333.23
Soda ash, ppb 0.25 0.25 0.25 0.25
Bentonite, ppb 15 15 15 15
Pac-HV, ppb 0.2 0.2 0.2 0.2
Xanthan gum, ppb 0.75 0.75 0.75 0.75
Nanosilica, ppb 0 0.5 1 1.5
Caustic soda, ppb 0.25 0.25 0.25 0.25
Barite, ppb 28.12 27.74 27.36 26.98

Table 2
Formulations of 12 ppg water-based muds.

Additives Basic mud 0.5 ppb SiO2 1.0 ppb SiO2 1.5 ppb SiO2

Distilled water, ml 295.39 295.27 295.15 295.03
Soda ash, ppb 0.25 0.25 0.25 0.25
Bentonite, ppb 15 15 15 15
Pac-HV, ppb 0.2 0.2 0.2 0.2
Xanthan gum, ppb 0.75 0.75 0.75 0.75
Nanosilica, ppb 0 0.5 1 1.5
Caustic soda, ppb 0.25 0.25 0.25 0.25
Barite, ppb 192.36 191.98 191.6 191.22

Table 3
Coding for mud samples used in this experiment.

SiO2 concentrations (ppb) 0 0.5 1.0 1.5

9 ppg A0 A1 A2 A3
12 ppg B0 B1 B2 B3

Table 4
Properties of nanosilica.

Properties Specifications

Appearance White powder
Density 2.4 g/cm3

Purity of SiO2 99.90%
Particle size 14 nm
pH (5% suspension) 4.5
Heating loss (105 °C for 2 h) 0.90%
Ignition loss (1000 °C for 2 h) 1.20%
Absorption value 230ml/100 g
Specific surface area 202 m2/g
Heavy metals (pb) < 0.001%
Sodium sulfate < 0.02%
Lead content < 0.0001%
Fe 149mg/kg
Mn 3mg/kg
Copper 1mg/kg
Arsenic < 0.00001%
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an eccentric wellbore can be improved by rotating drill pipes. Sifferman
and Becker (1992) concluded that at highly deviated wellbores, low
rates of penetration and small cuttings are the most desirable conditions
for using pipe rotation effectively. Formation of Taylor vortices (beyond
a specific rotational speed) can further increase the lifting efficiency in
horizontal sections (Sanchez et al., 1999). Therefore, for the removal of
small drilled cuttings, the drill pipe rotation factor is a very important
parameter to be considered (Duan et al., 2008; Saeid and Busahmin,
2016).

In recent years, the application of nanomaterials has been on the
rise, especially within the scientific community. There is a broad range
of applications for nanomaterials in the field of drilling fluids and re-
servoir protection that is beneficial for petroleum development and
production (Li et al., 2012). There are studies that show significant
rheological improvements of water-based drilling fluids, due to the
presence of nanomaterials (Abdo and Haneef, 2013; Cedola et al., 2016;
Noah et al., 2017; Samsuri and Hamzah, 2011; Sharma et al., 2012;
Smith et al., 2018; William et al., 2014; Yang et al., 2015). A study
conducted by Yasir (2016) found that nano-based drilling fluids per-
formed better in terms of bit cooling, reduced torque and drag, en-
hanced viscous behaviour and low-friction factors, compared to the
conventional drilling fluids. Furthermore, improvements in thermal
stability, up to 160 °C, were reported by different studies, in which

Fig. 1. Schematic diagram of flow loop simulator.

Fig. 2. Flow loop simulator (a) Test section set to 0° (vertical), (b) Test section
set to 30°, (c) Test section set to 60° and (d) Test section set to 90° (horizontal).

Fig. 3. Flow chart of the dynamic experimental procedure.

Table 5
Simulated drilled cuttings sizes.

Sand No. Particle diameter, mm

Sand 1 1.40–1.69
Sand 2 1.70–1.99
Sand 3 2.00–2.79
Sand 4 2.80–4.00
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nanoparticles such as silica, carbon nanotubes and aluminium oxide
were added to water-based drilling fluids (Cai et al., 2012; Kang et al.,
2016; Smith et al., 2018; Yang et al., 2015; Yuan et al., 2013).
Hoelscher et al. (2012) reported physical plugging of nano-sized Mar-
cellus and Mancos shale pores, by using nanosilica, which resulted in a
reduced pressure transmission in shales. Overall, nanoparticles have
been used to overcome a variety of issues related to drilling fluids, such
as enhancing the thermal stability of mud at high-temperature

conditions, reducing filtrate volume and thickness of mud cake, mod-
ifying friction factor, among others; a detailed review of these studies
can be found elsewhere (Rafati et al., 2018; Sharma et al., 2016). Al-
though there are a large number of studies in literature focused on the
use of nanoparticles to enhance the rheological properties of drilling
fluids, to the best of our knowledge there is no investigation on the use
of nanomaterials to enhance the cuttings transport in wellbores, during
hole-cleaning processes.

In this study, we combined important factors discussed in the hole
cleaning processes, and developed an experimental flow loop simulator
to analyse the impact of nanoparticles on the cutting transport effi-
ciency in directional drilling operations. The setup is capable of simu-
lating the hole -cleaning process in the annulus, with different rota-
tional speeds and inclinations. Furthermore, we used different cuttings
sizes to understand the effect of cuttings size on dynamics of flow. It is
assumed there is no pipe eccentricity and mud properties remain un-
changed during the hole-cleaning process. Through analysis of the re-
sults, the performance of nano-enhanced water-based muds can be
summarised.

2. Materials and methodology

2.1. Drilling fluid formulation

In our experiments, drilling fluids with two densities of 9 and 12 ppg
(pounds per gallon) were considered. The water-based mud in this
study was prepared based on the Recommended Practice for Field
Testing Water-based Drilling Fluids (API RP 13B-1, American
Petroleum Institute, 2009). For one laboratory barrel, which is equal to
350ml of water-based mud, 15 g of bentonite is required. Tables 1 and
2 represent the formulation for the 9 ppg and 12 ppg water-based muds
with different concentrations of nanosilica, respectively.

Table 3 shows the coding for the drilling fluids used in this study.
There were a total of 8 different mud types of varying densities and
concentrations of nanosilica in our experiments. The properties of na-
nosilica used in this study are tabulated in Table 4.

2.2. Static tests

Fluid rheology is an important factor that influences the perfor-
mance of drilling fluids. In our study, we used a variable-speed Baroid
Rheometer to determine the apparent viscosity (AV), plastic viscosity
(PV), yield point (YP), and gel strength (GS). Equations (1)–(3) are used
to calculate these properties. The filtration loss of mud was measured
by using a standard API filter press test i.e., low-pressure low-tem-
perature (LPLT) OFITE filter press equipment. Furthermore, rheological
model data (shear stress and shear rates) were measured using Brook-
field RST-CC Touch Rheometer (ASTM D4648-00, 2000) at a constant
temperature of 50 °C.

Fig. 4. TEM Images of nanosilica in aqueous solution with different concentrations: (a) 0.5 ppb, (b) 1.0 ppb, (c) 1.5 ppb.

Table 6
Zeta potential for different concentrations of nanosilica.

Sample No. Sample type T (°C) ZP (mV)

1 Water + caustic soda + Nano 0.5 ppb 25 −42.2
2 Water + caustic soda + Nano 1.0 ppb 25 −43.4
3 Water + caustic soda + Nano 1.5 ppb 25 −44.0

Fig. 5. Shear stress vs shear rate of different drilling fluids.

Fig. 6. Viscosity vs shear rate of different drilling fluids.
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=AV RPM /2600 (1)

= −PV RPM RPM600 300 (2)

= −YP RPM PV300 (3)

2.3. Dynamic tests

The experimental flow loop was designed to investigate the effi-
ciency of drilling fluids in the cuttings transport process (Figs. 1 and 2).
In an experimental investigation of cuttings transport efficiency that
was conducted by Ozbayoglu and Sorgun (2010), it was concluded that
experimental data produced in a 12 ft annular test section could give
reasonable accuracies (within 10% from the empirical correlations).
Thus, in this work, the flow loop is consisted of a 20 ft long test section,
in an attempt to gain a higher accuracy of cuttings transport perfor-
mance. It is made from an acrylic pipe, with an inner diameter of 2.75
in., in addition, a rotatable drill pipe with an outer diameter of 1.05 in.
is placed inside it to create a concentric annulus model. These dimen-
sions are scaled down (by a factor of ∼80%) from a real well, where a
17.8 ppg mud with a flow rate of 380 gpm was used to drill a 9.625 in.
borehole with an outer diameter of the drill string equals to 5.5 in.
(Ming et al., 2014). In our scale down process of flow parameters, we
considered a dimensionless number (Reynold Number) in the annulus,
such that the flow is turbulent, as suggested by other studies for effi-
cient hole cleaning operations (Ming et al., 2014; Loeppke et al., 1992;

Kristensen, 2013). This could be achieved with a 30–50% scale-down of
the mud weight, while using a 10-hp centrifugal pump that provided
flowrates and velocities at the scale down ranges of 80%. Thus, we used
mud weights of 9 and 12 ppg in our experiments, these densities are in a
comparable range of densities reported in other studies (Ahmed and
Meehan, 2016; Fattah and Lashin, 2016; Akpabio et al., 2015). A cut-
tings transport efficiency (CTE) is defined as the weight percent of the
cuttings cleaned out of the hole. This efficiency is used to evaluate the
ability of mud to transport cuttings out of the borehole. The perfor-
mance of different drilling fluids in the cuttings transport process were
studied at various inclination angles (0°, 30°, 60° and 90°). These in-
clination angles were chosen to study the cuttings transportation effi-
ciency, specifically targeting critical angles (30–60°). In this study,
drilling fluids were tested at 0 and 150 rpm pipe rotational speeds,
which is in the range suggested by Sanchez et al. for hole cleaning
studies in deviated wells (Sanchez et al., 1999).

As shown in Fig. 1, the 9 and 12 ppg muds were formulated in the
mixing tank, before the 10-hp centrifugal pump circulated them
through the flow loop. The flow regime remained turbulent at a velocity
of 4.7 ft/s throughout the whole test section. Mud was circulated for
five minutes, to ensure that the mud flows in a steady state mode, be-
fore cuttings were injected. After the steady state mode was achieved,
mud with cuttings was allowed to circulate for another five minutes to
ensure the cuttings were well distributed in the system. Then after, the
separator valve was opened for seven minutes and the CTE

Fig. 7. Rheological properties of the 9 and 12 ppg drilling fluids with different concentrations of nanosilica (a) Apparent Viscosity, (b) Plastic Viscosity, (c) Yield
Point, (d) Gel Strength (10 s and 10min), (e) Filtrate volume and (f) Mud cake thickness.
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measurement was obtained. There were no significant marginal dif-
ferences in the CTE increment after that period. Thus seven minutes
was used in all of the tests. The separation tank, separated transported
cuttings and the cuttings transport efficiency (CTE) was obtained. Fig. 3
shows the flow chart of the dynamic experimental procedure. To cal-
culate the CTE, Equation (4) was used:

= ×CTE
Weight of recovered drilled cuttings

Initial weight of injected drilled cuttings
100%

(4)

2.4. Cuttings preparation

In this study, rocks with the density of 2.56 g/cc were used to
generate drilled cuttings based on an ASTM standard method (ASTM
D4253-00, 2006). Then, cuttings with a concentration of 1 vol% were
added to the cuttings feed hopper, for each experiment. Four different
sizes of simulated drilled cuttings, ranging from 1.40 to 4.00mm as
shown in Table 5, were used in our experiments. They were washed and
dried thoroughly, before being separated into their groups, using a sieve
shaker.

3. Results and discussion

3.1. TEM images and zeta potential analysis of nanosilica

The silica nanoparticles used in this study were procured from
Shanghai Honest Chem Co., Ltd with the CAS no.7631-86-9. Fig. 4
shows the Transmission Electron Microscopy (TEM) images of the
14 nm nanosilica with different concentrations in 100ml solution of the
distilled water and 0.25 ppb of caustic soda. The nanosilica used in this
study was spherical in shape and, as shown in Fig. 4, they are well
dispersed without the need for long ultrasonication.

Ultrasonication is one of the most common ways to disperse

nanomaterials, yet this technique may not always seem practical on a
rig site, as a large volume of nanomaterials would require a long time to
be dispersed. Thus, practical solutions are needed to make this process
feasible for implementation. This study includes one of the easy ways to
disperse hydrophilic nanosilica, by increasing the pH level of the water
to 12.6. This was achieved by mixing a 100ml of distilled water (with
drawn from the required total amount of water in Tables 1 and 2) with
0.25 ppb caustic soda. This solution was added before adding barite to
the drilling fluid. The dispersion of nanosilica was further confirmed by
the zeta potential tests, as shown in Table 6. According to data shown in
Table 6, the values of the zeta potential of nanosilica in aqueous solu-
tion, with 0.25 ppb caustic soda, demonstrate good dispersions. Ex-
periments were repeated three times, for each concentration of nano-
silica. Sample number 1, 2 and 3 contained 0.5, 1 and 1.5 ppb of
nanosilica respectively. As the concentration of nanosilica increased
from 0.5 to 1.0 ppb, the value of zeta potential remained stable, at over
30mV. The results indicated that, even at higher concentrations of
nanosilica, the zeta potential remained almost unchanged and its value
was high (negative). This proved that hydrophilic silica nanoparticles
dispersed well, in an alkaline solution with no requirement of ultra-
sonication or chemical treatments, that are not practical in field ap-
plications. The final pH values of the drilling fluids were within the
range of 11.5–12.0.

3.2. Rheological model

To understand the behaviour of a drilling fluid and its carrying
capacity, a relationship between shear rate and shear stress is needed.
Drilling fluids are non-Newtonian fluids; this means that there is a non-
linear relationship between the shear stress and shear rate. As shown in
Fig. 5, drilling fluids, with the density of 9 ppg, have lower shear stress
when compared to the higher density muds, 12 ppg. This is because the
12 ppg drilling fluids are heavier than 9 ppg drilling fluids, thus

Fig. 8. The CTEs of the 9 ppg drilling fluids transporting different cuttings sizes: (a) 1.40–1.69mm, (b) 1.70–1.99mm, (c) 2.00–2.79mm, and (d) 2.80–4.00mm at
different inclination angles with no pipe rotation.
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requiring a higher force to sustain fluid flow, i.e., heavier muds require
higher pump pressure. Fig. 5 also shows that, with increasing the
concentration of nanosilica, the shear stress reduces in both 9 and 12
ppg drilling fluids. As the concentration of nanosilica was increased
from 0 to 1.5 ppb in 9 ppg drilling fluids, the shear stress was reduced to
between 16 and 39.6%. A similar trend was observed in 12 ppg drilling
fluids, where the shear stress reduced between 8.7 and 23.2% by in-
creasing the concentration of nanosilica. This confirms that the addition
of nanosilica into water-based drilling fluids could reduce the pump
pressure required for mud circulation in drilling operations, especially
when heavy mud is needed to drill deep formations. The rheological
model, developed from our measurements, suggests that nano-en-
hanced drilling fluids in our study behave as a Power Law model. Fig. 6
shows a decrease in viscosity, as the shear rate was increased, in all the
experiments. This is consistent with the behaviour of a non-Newtonian
pseudo-plastic fluid, which is also known as shear-thinning behaviour
of fluids. As the shear rate reaches zero, drilling fluid thickens (increase
in viscosity) and possesses the ability to suspend cuttings while drilling

operations are halted.

3.3. Rheological properties and filtration loss

Other rheological tests on water-based mud were conducted to
predict their performance in cuttings transportation. These rheological
properties are shown in Fig. 7. As shown in Fig. 7(a), the apparent
viscosity (AV) which is known as the ratio of shear stress to shear rate of
a fluid, for both 9 and 12 ppg drilling fluids, decreases, by increasing
the concentration of nanosilica. When the concentration of nanosilica in
the 9 ppg drilling fluids was increased from 0 to 1.5 ppb, the AV was
decreased, between 5.9 and 7.2%. Similarly, for the 12 ppg drilling
fluids, the AV values decreased between 5.3 and 19.7% as the con-
centration of nanosilica was increased. Fig. 7(b) shows the plastic
viscosity (PV), for both 9 and 12 ppg drilling fluids, where PV values
decreased with the increase in nanosilica concentration. The PV of the 9
ppg drilling fluids decreased by 7.1%, by adding 0.5 ppb of nanosilica.
As the concentration of nanosilica was increased to 1.5 ppb, the PV

Fig. 9. The CTEs of the 12 ppg drilling fluids transporting different cuttings sizes: (a) 1.40–1.69mm, (b) 1.70–1.99mm, (c) 2.00–2.79mm, and (d) 2.80–4.00mm at
different inclination angles with no pipe rotation.

Fig. 10. Distribution of particles in flowing mud: (a) Basic mud and (b) Mud with nanosilica.
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remained the same, at 13 cp. The PV for 12 ppg muds, on the other
hand, showed a slight decrease, from 22 to 19 cp, which is equivalent to
13.6% reduction. These reductions are because of the distribution of
nanosilica in the drilling fluid; they reduce the internal friction between
molecules, hence decreasing the AV and PV. This means that the in-
troduction of nanosilica lowers the resistance of the drilling fluid to
deformation, under shear stress.

Addition of nanoparticles decreased the yield point (YP) values as
demonstrated in Fig. 7(c). Furthermore, it shows that the 12 ppg dril-
ling fluids have a higher reduction in the YP values, compared to the 9
ppg drilling fluids. The YP values for 12 ppg drilling fluids were gen-
erally higher than the reported values for the 9 ppg drilling fluids,
because, as density increases, there is a higher resistance for initial flow
of the fluid. Addition of nanosilica could reduce the required pump
pressure, through reducing the resistance for initial flow of the fluid.
Increasing the concentration of nanosilica from 0.5 to 1.5 ppb resulted
in a reduction in the YP of the 9 ppg drilling fluids between 5 and 7.5%,
and this reduction for the 12 ppg drilling fluids was between 7.9 and
22.7%. The decreasing trends of AV, PV, and YP, with an increase in the
concentration of nanosilica, were consistent with the observations re-
ported by Smith et al. (2018).

Fig. 7(d) shows that the gel strength (GS) values for the 9 and 12
ppg drilling fluids were decreased, as the concentration of nanosilica
was increased. The 12 ppg drilling fluids have higher gel strengths,
compared to the 9 ppg drilling fluids, because there are higher fractions
of inert solids (barite), which means that attractive forces (gelation) are
higher. Increased amounts of barite decrease the distance between
particles in drilling fluids; therefore, higher solid concentrations in
drilling fluids would lead to excessive gelation and flocculation. The 12
ppg basic drilling fluid had a large difference in 10 s and 10min gel

strength values. This means that the 12 ppg basic drilling fluid had
progressive gels that are unfavourable. The progressive gels occur when
there is a high gel strength development with time. The GS should not
be much higher than necessary, but high enough to suspend the cut-
tings, especially at critical angles. According to the results in this study,
the 12 ppg drilling fluids with 1.0 and 1.5 ppb nanosilica concentrations
satisfy the good suspensions of cuttings at highly deviated wells, while
the difference between 10 s and 10min gels are not too high.

The other rheological property reported in this study is the mud
filtrate volume. as shown in Fig. 7(e). The filtrate volumes for the 9 ppg
drilling fluids were higher than the 12 ppg drilling fluids, because a
higher particle size distribution in heavier mud can provide a better
sealing through the mud cakes. As the concentration of nanosilica was
increased, there were no significant improvements in filtrate volume for
drilling fluids tested in this study. This was probably because when
nanosilica plugged the pore spaces of the filter paper, water was still
able to seep through the hydrophilic layer of nanosilica, which pro-
vided a pathway for water to escape. The mud-cake thickness for all the
drilling fluids are shown in Fig. 7(f), where there was no significant
difference observed, with increasing the concentrations of nanosilica.

3.4. Cuttings transport efficiency (CTE)

3.4.1. Effect of inclination angle on the CTE with no drill pipe rotation
The calculated CTEs for different drilling fluids, through our ex-

perimental set up, are shown in Figs. 8–9. Based on Fig. 8, the same CTE
trends were observed, for all cuttings sizes. The lowest CTE was ob-
served at critical angles between 30° and 60°. The drilling fluid with the
composition of A0 performed the least, while A2 and A3 performed
superior for all cuttings sizes. It was also observed that drilling fluids

Fig. 11. The CTEs of the 9 ppg mud with different concentrations of nanosilica at different inclination angles: (a) 0°, (b) 30°, (c) 60°, and (d) 90° with no drill pipe
rotation.
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were able to lift smaller cuttings more efficiently in vertical wellbores,
while they lifted larger cuttings better in horizontal wellbores. Based on
Fig. 9, there is a significant reduction in the CTE for 12 ppg drilling
fluids at 60° angles, for all cuttings sizes. At this critical angle, B0 and
B1 produced lower CTEs, compared to drilling fluids with nanosilica
concentrations of 1.0 and 1.5 ppb. This proved that drilling fluids with
1.0 and 1.5 ppb nanosilica concentrations were able to improve the CTE
at all inclinations, for different cuttings sizes. Drilling fluids with na-
nosilica concentrations of 1.0 and 1.5 ppb (B2 and B3 respectively)
showed there was no significant difference in their CTEs, at different
inclinations.

The introduction of nanosilica offers a wide distribution of particles
in the mud. When mud flows upwards in the annulus at a turbulent rate,
the presence of nanosilica provides a better interaction with cuttings
and enhanced colloidal forces. The movement of nanosilica in the mud
follows the flow direction of the mud. As the flow transports nanosilica
and cuttings toward the surface at a turbulent rate, the interparticle
interactions between nanosilica and cuttings are increased (Fig. 10).
Nanosilica particles are extremely light and possess high surface area to
volume ratio characteristics that increase drag and lift forces on cut-
tings to overcome gravitational and cohesion forces, which further
enhances cuttings transportation efficiency.

3.4.2. Effect of the concentration of nanosilica on the CTE with no drill pipe
rotation

To understand the effect of the nanosilica concentration on the CTE
improvements, we separately compared the CTEs, for each inclination

angle. Fig. 11 shows that Sand 1 was the easiest cuttings size to be
transported in a vertical wellbore, using drilling fluids with the nano-
silica concentrations of 1.0 and 1.5 ppb. However, in the horizontal
wellbore, the largest cuttings (2.80–4.00mm) were the easiest to be
transported, with nanosilica concentrations of 1.0 and 1.5 ppb. Results
showed that for the 9 ppg drilling fluids with the nanosilica con-
centration of 1.0 and 1.5 ppb, the CTEs were improved at critical angles
(30°–60°), between 17 and 21%.

Furthermore, observations from Fig. 12 confirms that the 12 ppg
drilling fluids performed better when compared to the 9 ppg drilling
fluids, especially in critical angles where the CTEs between 45.2 and
78.5% were reported. According to Figs. 11 and 12, increasing the
concentration of nanosilica improves the cuttings transport efficiency,
for all cases of drilling fluids, in different inclination angles and cuttings
sizes. It can be concluded that, at 1.0 ppb nanosilica concentration, the
CTEs reach a plateau, where further increases in the nanosilica con-
centration produce minimal effects. In addition, the pressure drop
readings during the experiments showed that there was between 9 and
12.3% reduction in the pressure drop, after the addition of 1.0 ppb of
nanosilica. Therefore, 1.0 ppb nanosilica concentration was the op-
timum concentration, and further increases in nanosilica concentration
would not have an effect on the CTE.

3.4.3. The CTE for optimum concentration of nanosilica with 150 rpm drill
pipe rotation

Pipe rotation is one of the main factors that contribute to a higher
CTE. This is because the pipe rotation introduces centrifugal force

Fig. 12. The CTEs of the 12 ppg mud with different concentrations of nanosilica at different inclination angles (a) 0° (b) 30° (c) 60° and (d) 90° with zero drill pipe
rotation.
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within the annulus, which can assist the transportation of cuttings up to
the surface. Therefore, we used the optimum nanosilica concentrations
(A2 and B2) and compared the CTEs with basic muds in the flow loop
system, with a rotational speed of 150 rpm. Based on the results shown
in Fig. 13 (a), drilling fluids with 1.0 ppb nanosilica concentration
performed superior to the basic muds, because CTEs between 76 and
90% could be achieved, whereby using the basic muds, the measured
CTEs were between 55 and 70%. This finding is in accordance with the
findings of Duan et al. (2008) and Li et al. (2010), where they high-
lighted that the pipe rotation has a significant impact on the hole-
cleaning process, especially for small cuttings sizes.

Analyses of the nano-enhanced drilling fluids in this study, when
considering the whole ranges of cuttings sizes and borehole angles,
show that applying the rotational speed of the pipe can produce a CTE
range between 75 and 95%.

It should be noted that these improvements are a combined effect of
the pipe rotation and nano-enhanced drilling fluids. Fig. 14 compares
the effect of pipe rotation on the CTEs at critical angles. It shows that,
for drilling fluids with the optimum concentration of nanosilica, and for
both densities of 9 and 12 ppg, the pipe rotation improved the CTEs by
18 and 25.4%, respectively. There was also a decrease in pressure drop,
in the range of 15–18.3%, when pipe rotation of 150 rpm was present.
Therefore, in hole-cleaning designs, the rotational speed of drill string
needs to be considered, to predict the performance of drilling fluids in
cuttings removal processes.

4. Conclusions

In this study, we investigated the effect of nanosilica on the cuttings
transport efficiency (CTE) in vertical and deviated wells. Two typical

densities of drilling fluids were considered to test the removal of four
different sizes of cuttings, from downhole to the surface, in a flow loop
that simulated flow in the annulus of a well. This research demon-
strated that the addition of nanosilica into water-based muds could
provide a good alternative for oil-based muds in directional drilling
operations. The presence of nanosilica was able to reduce the AV, PV,
YP, and GS, especially for high mud weights, which would significantly
reduce the required pump pressure during drilling, without compro-
mising sufficient rheological properties for cuttings removal. This is
because nanosilica introduced a wide range of particles size distribution
in the mud and increased colloidal interactions, when the mud was
flowing. Furthermore, we found that nanosilica increased the CTEs in
all inclinations, especially at critical angles. The CTEs at critical angles
(30° and 60°) increased between 14.9 - 21.7 and 8.9–23, for the 9 and
12 ppg drilling fluids, respectively. Further extra improvements in the
CTEs (improvements between 16.3- 23.2 and 10.7–25.4, for the 9 and
12 ppg muds compared to the basic mud) were observed, when a pipe
rotation of 150 rpm was applied. This supports the use of nano-en-
hanced water-based drilling fluids, for extended reach and deep water
drilling operations, where efficient hole-cleaning processes are vital.

Recommendations for future work

This research only limits its findings to the turbulent flow conditions
in a concentric pipe. Pipe eccentricity is an important factor to be
considered, especially in deviated sections. Future work should include
pipe eccentricity along with other variables as part of a dynamic test
study.

Fig. 13. The CTEs of the 9 and 12 ppg mud transporting different cuttings sizes: (a) 1.40–1.69mm, (b) 1.70–1.99mm, (c) 2.00–2.79mm, and (d) 2.80–4.00mm at
different inclination angles with 150 rpm pipe rotation.
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