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Drilling mud is a multi-phase fluid that is used in the petroleum drilling process. Bentonite is the most important
constituent of drilling mud; it endows the drilling mud with its rheological behaviors, such as viscosity, yield
stress, and shear thinning. The process of manufacturing microscale bentonite at the nanoscale level is very
promising for commercializing nano-based drilling mud. In contrast to the conventional method using the
impeller, bentonite was manufactured in its nanoparticle state in the present work through ultrasonic and ho-
mogenizer processes in the solution state. In case of the ultrasonic process, the viscosity increase in the low shear
rate region before and after processing of the 5 wt% bentonite-based mud and the rheological properties in the
presence of polymer additive were compared. In case of the homogenizer process, the rheological properties of 3
wt% bentonite-based mud employed through the homogenizer process and 5 wt% mud prepared generally were
compared. Both processes reported improvement of rheological properties, in which shear thinning behavior
strongly occurred when particle size decreased through FE-SEM, TEM image analysis, and particle size analyzer.
A regularized Herschel-Bulkley model suitable for rheological quantitative explanation of drilling mud including
yield stress was selected. The homogenizer process has the potential to be applied in the petroleum drilling
industry for large-scale production, and the mechanism was confirmed by numerical analyses. In conclusion, we
presented a simple and easy-to-apply process to rapidly produce nano-based drilling mud.

1. Introduction

Drilling mud refers to a non-Newtonian fluid used in the petroleum
drilling process. Other applications include transport cuttings, pressure-
maintenance of bore holes, filter cake formation, and bit lubrication and
cooling [1,2]. Drilling mud is divided into water-based drilling mud
(WBM), oil-based drilling mud (OBM), and synthetic-based drilling mud
(SBM). OBM consist of dearomatized oils, wetting agents, filtrate-
reducing agents, lime, emulsifiers, clays, viscosifying agents, and brine
of varying concentrations [3]. SBM systems are formulated as an
emulsion in which the synthetic liquid forms the continuous phase while
a brine serves as the dispersed phase. It allows more environmentally
acceptable drilling than oil-based muds for use in offshore drilling [4].
OBM and SBM perform better than WBM; however, they have
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environmental problems to some extent and are expensive [5]. The
environmental issues associated with the use of oil-based fluids have
restricted or banned their use in certain locations [6]. WBM is the most
widely used drilling mud because it is easy to fabricate, has relatively
low maintenance costs, and can be formed to overcome most problems
associated with drilling operations [7]. WBM, which are composed of
bentonite, barite, and polymers [8-10], have the advantage of being
eco-friendly.

Drilling mud is generally composed of a particle suspension based on
bentonite particles and can be classified as a rheologically complex fluid
with a microstructure. The shear thinning phenomenon occurs accord-
ing to the house of the card structure in the static state of bentonite [11].
Drilling mud is characterized by a strong interdependence between
thixotropy and temperature. Because it is a viscoplastic fluid containing
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yield stress, shear thinning is dominant, particularly at low shear, and its
physical properties change when it is subjected to flow or deformation
[12]. Owing to its rheological properties, it is used in various applica-
tions such as transportation, cutting of rocks, cooling, and supporting of
equipment through pressure formation. Viscosity during drilling oper-
ations is an important drilling fluid property because it has a profound
effect on frictional pressure loss, pump pressure, and solids sedimenta-
tion rate [13]. In its stationary state or at a low shear rate, mud must
have high-viscosity characteristics and high yield stress such that
crushed rock fragments are suspended in support and drilling equipment
to avoid sedimentation [14]. Failure to support rock fragments and
drilling rigs can cause circulation losses, high rotational torques, and
excessive bit wear [15]. At a high shear rate, mud transportation
through the internal circulation of a drilling rig or through its pipeline,
where low viscosity is required to reduce the power requirement [16], is
necessary. Owing to the role played by the drilling mud, a high viscosity
is required at a low shear rate (little or no flow), and a low viscosity is
required in the case of a high shear rate with a high flow rate. Therefore,
drilling muds with strong shear thinning behavior can be considered
optimal, and it is essential in the drilling industry to precisely control the
rheological properties of drilling mud.

As oil wells on land are gradually depleted, the frequency of drilling
in extreme environments is increasing, and the performance of drilling
mud must be further improved [17]. Various studies have been con-
ducted to improve the properties and performance of drilling mud, and
recently, manufacturing nano-based drilling mud has been in the spot-
light. Nanoparticles have special characteristics such as small size
(1-100 nm), high specific surface area, and a high ability for adsorption
[18]. Nano-based drilling mud has been a solution to overcome the
limitations of existing drilling mud [19]. Various studies have been
conducted to investigate increasing the specific volume of particles to
have a higher viscosity for the same mass [20,21], reducing the fluid loss
through easier filter cake formation [22], the endurance to extreme
environments such as high temperature and high pressure [23], and
increasing the thermal conductivity [24]. However, because nano-
particles still have problems in their commercialization owing to asso-
ciated costs, research on the mass production of nanoparticles is
necessary.

Bentonite is the most important material in drilling mud; it endows
drilling mud its viscosity, yield stress, shear thinning properties [11].
Because it is advantageous in terms of price compared to other nano
particles, studies have reported that bentonite can be made at a nano
scale to improve its performance as a drilling mud [25]. The ball milling
process is the most common process for manufacturing nano bentonite,
but it takes a long time and has the disadvantage of separating samples
after the dispersion process [26]. The ultrasonic manufacturing method
is a process in which nanoparticles can be produced by applying a
temperature of 5000 °C and pressure of 500 bar to a local portion of the
solution [27]. Darvishi et al. manufactured bentonite in the form of
nanorods using an ultrasonic process [28]. However, because the study
was not applied to drilling mud, we designed similar conditions and
conducted an experiment to address issue. As a result, we succeeded in
producing nano-bentonite in a short time. Although the ultrasonic pro-
cessing time was short, there were several limitations. It was possible to
efficiently manufacture nanoparticles only when ultrasonic treatment
was performed 24 h after mixing bentonite, and the concentration of
bentonite was limited, which is disadvantageous for the mass production
of nano bentonite. (Fig. 1a). To improve this process, we introduced a
homogenizer. When a homogenizer is used, 24 h waiting period is not
required after mixing bentonite (Fig. 1b). Furthermore, it can also be
applied to high-concentration bentonite solutions, which is advanta-
geous for the mass production of nano-bentonite in a short period of
time. In this paper, we present a process for producing nano bentonite
through both ultrasonic and homogenizer processes, as well as an
analysis of the physical properties of drilling mud.
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Fig. 1. Schematics of manufacturing bentonite-based mud through the exper-
iments (a) the ultrasound process, (b) the homogenizer process.

2. Experimental details
2.1. Chemical materials

Xanthan gum (Sigma Aldrich) was purchased and used as received,
that is, without further purification. The bentonite acquisition was
supported by Clariant Korea.

2.2. Normal bentonite based drilling mud

The manufacture of drilling mud generally follows the American
Petroleum Institute Specification 13A (API). According to the API
specifications, the process is as follows. (1) The material is prepared and
(2) mixed, (3) lumps are scraped from the wall of the container and
mixed until they dissolve, (4) and then the contents are sealed and
stored. After storage, the mud is mixed for a few minutes to stabilize it,
and the rheological properties are measured. Deionized water (DI water)
and bentonite were mixed with drilling mud to minimize the influence
of other factors. Drilling mud composed of only normal bentonite was
mixed with DI water at a concentration of 5 wt%, and the drilling mud in
which xanthan gum was added was mixed with 5 wt% bentonite and 0.4
wt% xanthan gum.

2.3. Synthesis of nano bentonite by ultrasonication

Normal bentonite was mixed in DI water at a concentration of 1.25
wt%, sealed for 24 h, and then stabilized. A pulse of ultrasonic waves
was applied at an intensity of 60 W for 3 s, followed by rest for 2 s, and
each sample was treated for 2 h and 4 h. In the actual experiment, the
energy rate was calculated to be 250 kJ in 400 mL solution per hour.
During ultrasonic treatment, the bentonite solution was maintained at
4 °C by using chiller. After the treatment, the bentonite in the DI water
was dried and powdered.

2.4. Synthesis of nano bentonite by homogenizer

A rotor-stator was used for the rotating part of the homogenizer to
mix the drilling mud based on bentonite, and the process was performed
at the high rotational speed of 6000 rpm. The top view and dimensions
of the rotor-stator used are shown in Fig. 2(a); the stator diameter (D)
was 40.6 [mm], rotor diameter (Dy) was 33 [mm], stator gap (C;) was
1.3 [mm], rotor gap (C2) was 1.4 [mm], and gap between the rotor and
stator C3 was 0.8 [mm]. The three-dimensional structure of the rotor—
stator type homogenizer is shown in Fig. 2(b). As shown in Fig. 2(b),
multiple shear gaps are formed by the stator and rotor, which causes
strong turbulent shear stress, and turbulent jets are formed along the
stator gap to disperse the particles. We selected the vessel diameter (T)
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Fig. 2. Schematic images of the configuration of homogenizer (a) images of a rotor-stator type homogenizer and its (b) inner structure.

75.8[mm], and the gap between the vessel wall and the stator is not
large and a half of the rotor diameter. The mixing effect using a ho-
mogenizer with a small gap between the wall of the vessel is increased
compared to the case of a wide gap between the wall of the vessel and
the stator, since flow strength or the mean energy dissipation rate in-
crease with reduction of the vessel size. However, too small vessel yields
significant local viscous heating with drilling muds. A stainless-steel
vessel was selected because if a strong shearing force is generated at a
high rotational speed, scratches or other forms of damage may occur on
the vessel. In the manufacturing process, the amount of bentonite
(Clariant Korea, Seoul, Korea) and distilled water at the desired weight
percent were measured, placed in a container, and the rotation speed
was set to 6,000 rpm, followed by mixing by rotating the homogenizer.
To compare the mud with improved rheological properties using a ho-
mogenizer, the drilling mud was manufactured according to API speci-
fications using the 4-blade PBT45 (pitched bladed turbine, 45°)
impeller, which is the most commonly used impeller. The dimensions of
the used PBT45 were as follows: the ratio of the impeller diameter to the
vessel diameter (D/T) was 0.76, ratio of the impeller height to the vessel
diameter (H/T) was 0.17, ratio of the clearance between the impeller
and vessel diameters to the vessel diameter (C/T) was 0.12, and ratio of
the width to the diameter of the impeller (W/D) was 0.30. When the
mixing was completed, the drilling mud was sealed and aged at room
temperature for more than 48 h and then mixed using PBT45 for
approximately 5 min to stabilize it; precipitation occurred evenly
(Fig. 1b).

2.5. Characterization

FE-SEM images were obtained using a field-emission scanning elec-
tron microscope (Zeiss 300VP) at an acceleration voltage of 5 kV. TEM
images were obtained using a JEOL transmission electron microscope.
The surface charge of the bentonite particles was measured using zeta
potential (Otsuka ELSZ-1000). The thermal conductivity (KD2 pro) of
the drilling mud was measured using the transition hot wire method
[29]. Ultrasonicator (SONICS VCS0750, 20 kHz, compressive wave,
Sonics & Materials) was used to fabricate nano bentonite in solution
process. A rheometer was used to measure the viscosity and shear stress
according to the shear rate of drilling mud (MCR301, Anton Paar). A
particle analyzer was used to measure the particle size and distribution
of the drilling mud through laser diffraction technology (Mastersizer
3000, Malvern Panalytical).

3. Results and discussion
3.1. Synthesis of nano scale bentonite using an ultrasonic process

In this study, a total of seven different drilling muds were prepared:3
and 5 wt% bentonite based muds (N-B 3 wt%, N-B 5 wt%), mud
composed of 5 wt% bentonite and 0.4 wt% xanthan gum (N-B 5 wt% +X.
G. 0.4 wt%), 5 wt% bentonite based muds with 2 and 4 h of ultra-
sonication {U-B (2 h) 5 wt%, U-B (4 h) 5 wt%}, and 3 wt% bentonite
based muds with 2 and 4 h homogenizer process{H-B (2 h) 3 wt%, H-B
(4 h) 3 wt%}. It has been reported that drilling mud exhibits non-
Newtonian fluid behavior and yield stress when the concentration of
bentonite exceeds 1 wt% [8], and all drilling muds used in this study
showed viscoplastic behavior, including yield stress.

Field emission scanning electron microscopy (FE-SEM) measure-
ments were conducted to confirm the size and morphology of the
bentonite. It was confirmed that the particle size of N-B was several
micrometers (Fig. 3a), whereas in the case of bentonite produced
through ultrasonic treatment, the particle size decreased with time, and
the particle shape was a general 2-d structure (Fig. 3b, ), as in previous
research [30]. Transmission electron microscopy (TEM) was performed
to confirm the size of the smaller bentonite particles, and by comparing
the TEM images before and after ultrasonic treatment, it was confirmed
that even the smallest N-B particles exceeded 1 um (Fig. 3d), while the
bentonite treated using the 4 h ultrasonic process was reduced to tens of
nanometers (Fig. 3e). A particle size measuring device based on laser
diffraction technology was used to confirm the overall change in the
particle size through the size distribution of bentonite. Because
bentonite is a swelling material [31], the particle size distribution
measured in the solution was approximately 10 times larger than that of
bentonite measured by FE-SEM and TEM. The particle size distribution
data confirmed that the size distribution of bentonite was significantly
reduced as the duration of the ultrasonic treatment increased (Fig. 3f).
Detailed particle size distribution results are presented in Table S1.

3.2. Rheological properties of nano scale bentonite using the ultrasonic
process

For 3 wt% and 5 wt% drilling muds, the effects of bentonite con-
centration on rheological properties are compared. For the case of mud
with 0.4 wt% xanthan gum added to 5 wt% mud, xanthan gum, which is
commonly used as a thickener, is added to analyze the effect of the
polymer. The mud manufacturing process with a thickener, which is
commonly used to improve viscosity, can be used as a reference for
comparison with the process that uses ultrasonic waves for normal
drilling mud that only has bentonite.
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Fig. 3. Bentonite processed using ultrasonic treatment. (a) FE-SEM images of normal bentonite (N-B), (b) bentonite with ultrasonic treatment for 2 h (U-B 2 h),
bentonite with ultrasonic treatment for 4 h (U-B 4 h), (d) TEM images of N-B, (e) U-B 4 h, (f) size distribution of N-B, U-B 2 h, and U-B 4 h.

Fig. 4 shows rheological properties of 5 wt% normal bentonite based
drilling mud, mud with 0.4 wt% xanthan gum as an additive, and 5 wt%
normal muds that were subjected to ultrasonic processes for 2 h and 4 h,
respectively. By precisely measuring viscosity through a rheometer, the
viscosity behavior according to the shear rate of drilling mud manu-
factured by applying various processes was obtained, as shown in Fig. 4
(a).

The rheological properties of drilling mud, which is a non-Newtonian
fluid that exhibits shear thinning behavior by changing the viscosity
according to the applied shear rate, were measured in the range
0.008-1000 [1/s] through the shear rate using a rheometer at 20 °C
under the same conditions. The predictive nature of recently developed
rheological models can be incorporated to improve rheological charac-
terization of drilling muds with nanoparticles [32] To quantitatively
compare the measurement results of the rheological properties of dril-
ling mud, an explicit viscosity model that can be expressed as a function
of shear rate was introduced, and the regularized Herschel-Bulkley
model [33] in Eq. (1) was employed:

p@) =1(1—e ") /i +ky"! €Y

The regularized Herschel-Bulkley model is suitable for expressing the
viscosity behaviors of mud in the presence of yield stress, 7,, and facil-

10
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(]
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N
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% 107}
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itates straightforward numerical simulations of yield stress fluids [34].
In Eq. (1), k is the consistency index, n is the power-law index, and mis a
stiffness parameter. The curve-fitted rheological properties of all drilling
muds used in this study are presented in Table 1.

Fig. 4(b) shows the measured mud viscosity behavior obtained by
curve fitting using the regularized Herschel-Bulkley model. From the
measurement results of the rheological properties shown in Fig. 4(a) and
(b), it can be observed that the viscosities of the mud with a thickener
(xanthan gum) and mud subjected to an ultrasonic process are both
higher than that of the 5 wt% normal mud with the same concentration
over the entire shear rate range. When xanthan gum was added to the 5

Table 1
Curve-fitted rheological properties of all drilling muds.
7,[Pa] ms| k [Pa e s"] n[—]
N-B 3 wt% 0.747 100 0.0632 0.699
N-B 5 wt% 4.524 1000 3.142 0.278
N-B 5 wt% + X.G. 0.4 wt% 17.398 1000 4.290 0.282
U-B (2 h) 5 wt% 14.346 1000 2.815 0.265
U-B (2 h) 5 wt% 22.870 1000 3.854 0.225
H-B (2 h) 3 wt% 2.252 1000 0.275 0.390
H-B (4 h) 3 wt% 4.936 1000 0.350 0.312
(b)
10*
——N-B 5wt%
10°F ——N-B 5wt% + X.G. 0.4wt%

——U-B (2h) 5wt%
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0
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Fig. 4. Viscosity as a function of the shear rate for the four different drilling muds manufactured by ultrasonic treatment. (a) Rheological properties measured by

rheometer. (b) Fitted rheological properties by regularized Herschel-Bulkley model.
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wt% mud, the viscosity and yield stress were higher than those of the
mud treated for 2 h at low shear. However, comparing the n value, which
indicates the slope of the shear rate-viscosity behavior, shows that the
mud produced by the 2 h sonication process is lower; therefore, its shear
thinning behavior is stronger than that of the mud containing xanthan
gum. This can be considered a weakness because when a thickener is
used, the overall viscosity increases and the n value increases; therefore,
the shear thinning tendency is relatively weak, and the viscosity does
not decrease significantly at high shear in the process of fluid trans-
portation. However, for the mud prepared by performing an ultrasonic
process on 5 wt% normal mud for 4 h, the yield stress was higher, and
the n value was lower than those of 5 wt% normal mud and 5 wt% mud
containing xanthan gum. This mud can be considered ideal owing to its
high viscosity at low shear and low viscosity at high shear.

3.3. Synthesis of nano scale bentonite using homogenizer process

Fig. 5 shows the particle size and morphology of bentonite manu-
factured through the homogenizer process. It was confirmed that
bentonite particles manufactured by this process became smaller over
time, similar to those of the ultrasonic process, and it was confirmed that
the size of the particles decreased to within 1-2 pm (Fig. 5a and b). The
TEM images also show that the bentonite particles shrink to hundreds of
nanometers in 4 h (Fig. 5¢). In the bentonite particle size distribution,
the change in the particle size was significantly different, and this ten-
dency was the same as that of the ultrasonic process (Fig. 5d). As the
bentonite decreased to the nanoscale, the zeta potential was measured to
confirm that there were no other changes in the particle properties. It
was confirmed that the surface charge of N-B was not significantly
different from those of the bentonites treated using ultrasonic and ho-
mogenizer processes, and the two processes did not change any char-
acteristics other than the size of the bentonite particles (Table S2). In
addition, as the particles decreased, the change in the thermal conduc-
tivity of the drilling mud was measured, and there was a slight increase
in the thermal conductivity due to the increased specific volume of the
bentonite, but the increase was not significantly different from 10 %
(Table S3).

(a) H-B (2 h)
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3.4. Rheological properties of nano scale bentonite using the homogenizer
process

Fig. 6 shows the rheological properties of mud treated with 5 wt%
and 3 wt% normal muds, as well as those of mud treated with 3 wt%
normal mud using homogenizer processes for 2 h and 4 h. Fig. 6(a)
shows the viscosity behavior according to the shear rate of the drilling
mud manufactured by applying the homogenizer process, which was
precisely measured using a rheometer. Fig. 6(b) shows the results of
fitting the viscosity behavior according to the shear rate measured from
the mud. Based on the rheological properties shown in Fig. 6(a) and (b),
the viscosity of the mud subjected to the homogenizer process for 2 h
and 4 h is higher than that of the 3 wt% normal mud with a similar
concentration over the entire shear rate range. In the high-shear range,
the viscosity gradually converged to the result of 3 the wt% normal mud.
In particular, for the 3 wt% mud subjected to the homogenizer process
for 4 h, the behavior is similar to that of the 5 wt% normal mud at low
shear and shows strong shear thinning, as it converges to the viscosity of
the 3 wt% normal mud at high shear. For the yield stress, compared to
those of the 3 wt% normal mud, the rates of increase were approxi-
mately 3 and 6.6 times higher when the homogenizer process was
applied for 2 h and 4 h, respectively. Compared to that of the 5 wt%
normal mud, the yield stress was higher when the homogenizer process
was applied for 4 h.

The ultrasonic process was performed on a relatively small lab-scale.
However, In the homogenizer process, it can be considered as an ideal
process for controlling the rheological properties of mud because it is
applied at an industrial scale for pilot and mass production processes,
and the corresponding installation and process are simple.

3.5. Hydrodynamic mechanism of a homogenizer

Homogenizers are widely used to produce emulsions and particle
dispersions in industrial processes, such as chemicals, foods, and cos-
metics, owing to their scalability [35]. Homogenizers such as rotor
stators are characterized by a high-speed rotor in close proximity to a
stator and are called high-shear mixing devices owing to their very high
shear rate, which is in the order of 10* ~ 10°/s. It has been reported that
the high energy dissipation rate in the narrow gap between the stator

(b) H-B (4 h)

9 ——N-B
i ——H-B(2h)
—~ 8f —H-B(4h)
X 7t
<
> °r
o sl
c 5
o 4}
& o
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w1
ol i " ,
1 10 100 1000

Diameter (um)

Fig. 5. Bentonite processed using a homogenizer. (a) FE-SEM images of bentonite processed using a homogenizer for 2 h (H-B 2 h), (b) bentonite processed using a
homogenizer for 4 h (H-B 4 h), and (c) TEM images of bentonite processed using a homogenizer for 4 h. (d) Size distributions of N-B, H-B 2 h, and H-B 4 h.
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Fig. 6. Viscosity as a function of the shear rate for the four different drilling muds manufactured by homogenizer. (a) Rheological properties measured by rheometer.

(b) Fitted rheological properties by regularized Herschel-Bulkley model.

and rotor contributes to the high level of turbulent kinetic energy and
that the a shear gap is important for efficient dispersion [36,37].

In this study, a rotor-stator-type agitator was used, and as shown in
Fig. 7(a), a strong turbulent jet formed from the narrow flow path be-
tween the rotor and stator. Owing to the decreased particle size of
drilling mud in a strong turbulent jet, drilling mud with improved
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rheological properties can be mass-produced from nanoparticles using a
homogenizer. The high-shear homogenizer process is suitable from two
viewpoints compared to the process that uses an impeller. First, in the
process that uses an impeller, laminar flow agitation predominantly
occurs because of the high viscosity of drilling mud at low shear. On the
other hand, in the case of a homogenizer, a high-shear process is
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Fig. 7. Theory and analysis of homogenizer (a) schematic of the hydrodynamic mechanism of homogenizers, (b) the velocity field of the homogenizer calculated
from numerical analysis, and (c) the relationship between the power number and the effective Reynolds number (Np —Re.f) of the rotor-stator type homogenizer.
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dominant, and strong inner turbulent mixing occurs. Hence, it is possible
to efficiently disperse bentonite by improving the dispersibility of
bentonite agglomerates and particles through additional turbulent
stress. Second, because strong turbulent eddies are generated at the
microscopic scale, the liquid medium can efficiently penetrate the
bentonite agglomerates and particles, yielding improved wetting of the
bentonite agglomerates. As a result, the rheological properties are
improved by decreasing the particle size of the bentonite constituent of
the drilling mud from the turbulent jet generated by the shear gap of the
homogenizer.

3.5.1. Numerical analysis result of the homogenizer

To verify the experimental results, including the turbulent jet and
turbulent stress generated by the homogenizer, turbulent flow simula-
tions were performed using COMSOL Multiphysics 5.5. The standard
k —e model was used for the numerical analysis of the turbulent flow,
and because the homogenizer has a periodic geometry, we analyzed only
a quarter of the domain. For the boundary conditions, the rotational
speed was assigned at the rotor boundaries, and rotational periodic
boundary conditions were set on the sidewalls. As the rotor rotates at a
high speed, the fluid inside is pushed out, and bentonite suspensions at
the bottom of the homogenizer enter the homogenizer and are dis-
charged to the outside, forming a strong turbulent jet. Therefore, we
employed free-stress conditions at the upper and lower surfaces to allow
the fluid to enter and leave the homogenizer. To verify the accuracy of
the simulation, we performed a mesh refinement test using four different
meshes. Although not presented in this paper, the relative error of the
total power draw showed a uniform convergence as the number of un-
knowns increased. The accuracy of the flow simulation results was
guaranteed for up to three significant digits.

Fig. 7(b) shows the velocity field of a 5 wt% normal drilling mud at
6000 rpm under the same conditions as those in the experiment. The
velocity field shown in Fig. 7(b) is on the horizontal cross section at 2/3
of the height from the bottom. The first and third rows of teeth from the
center are the rotors, and the second and fourth rows of teeth are the
stators. When the first row of teeth (rotor) rotates, the flow enters nar-
row gaps in the second row of teeth (stator). As the flow enters and
contacts the third row of teeth (rotor), a circulating flow occurs at the
second row of teeth (stator). As the third row of teeth (rotor) rotates, it
faces the tip of the stator farthest from the center, and a turbulent jet is
emitted. The colors in the flow pattern in Fig. 7(b) indicate the dimen-
sionless turbulent dissipation rate (e/N3D2), where ¢ is the turbulent
dissipation rate [m?/s%], N is the rotational speed of the rotor [rps], and
D is the outer swept diameter of the rotor [m].

3.5.2. Power characteristics of the homogenizer with drilling mud

The quantification technique for agitator flow proposed by Metzner
and Otto was applied to quantitatively represent the complex non-
Newtonian fluid flow occurring in the homogenizer. Metzner and Otto
proposed a method to quantify the complex flow of non-Newtonian
fluids defined by the energy balance, in which the power supplied
from the outside is dissipated by the viscosity of the laminar flow inside
the system. Furthermore, they hypothesized that the effective shear rate
Tef> i proportional to the impeller rotational speed [38].

Yoy = KsN (2)

The Metzner-Otto constant, Kg, is a function of the geometry of the
system and is almost independent of the rheological properties of the
fluid.

In a Newtonian fluid, the power required by the agitator can be
defined by making it dimensionless using the power number, Np = P/
pN3D> | of the agitator. Np is proportional to the reciprocal of the Rey-
nolds number (Re = pND? /u) in laminar flow.

Np = Kp/Re 3
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Similar to the Metzner-Otto constant, Kg, the energy dissipation rate
constant, Kp, is almost independent of the rheological properties of the
fluid and is determined by the geometry of the system. P is the power of
the agitator, p is the density of the fluid, N is the rotational speed of the
agitator, D is the diameter of the agitator, and y is the fluid viscosity.

According to the flow quantification technique of Metzner and Otto,
in the same agitator geometry system, the power number and effective
Reynolds number relationship, Np —Res, of a non-Newtonian fluid that
shows shear thinning behavior can be defined using Kp.

Np = Kp/Reys,Res = pNDz/luqfﬁ”eff = (7o) “4)

The effective Reynolds number, Re.y, of a non-Newtonian fluid can be
defined through the effective viscosity, y,¢, where y 4 is a function of the
effective shear rate j,; and mimics the rheological properties of the
fluid.

In this study, the power, P = 2zNT, was calculated using the torque
(T) generated by the rotation of the homogenizer rotor in the numerical
analysis results, and the complex homogenizer flow was quantified using
the power calculated by applying the Metzner-Otto method. The energy
dissipation rate constant (Kp) of the rotor—stator type homogenizer used
in this study, calculated from the Newtonian fluid quantification results,
is 1514.793. The Metzner-Otto constant (Ks) is determined according to
the geometry of the system and is almost independent of the rheological
properties of the fluid. Therefore, it was calculated through a numerical
analysis of a power-law fluid with k = 10 and n = 0.5, and the Metzner-
Otto constant (Ks) is 144.343. The numerical analysis results of the 5 wt
% normal drilling mud in the homogenizer system were quantified using
the energy dissipation rate constant (Kp) and Metzner-Otto constant
(Ks). Fig. 7(c) shows the relationship between the power number and the
effective Reynolds number (Np —Res) of the rotor—stator-type homog-
enizer used in this study. The results of all fluids converge to a single
curve in a laminar flow (Np = 1514.793Re™ 1), which is consistent with
the Np —Re results for Newtonian fluids.

To define turbulent flow quantification, including the turbulent
dissipation rate (¢) and turbulent stress of the 5 wt% normal drilling mud
used in the experiment, a numerical analysis was performed at 6,000
rpm, similar homogenizer rotor speed as that for the experiment. When
the density (p) of the 5 wt% normal drilling mud is 1075 [kg/ms] and
the rotation speed is 6,000 rpm, the effective viscosity (4) according to
Teff Was defined using the Metzner-Otto constant (Ks), and a numerical
analysis was performed. The power number of the homogenizer mixing
the 5 wt% normal drilling mud was 0.424. The average turbulent
dissipation rate (&) around the stator, that is, the fourth row of teeth, at
which the turbulent jet occurs, is 1967.8 [m?/s%]. The volume-averaged
mean size, D[4,3], which is mainly used to monitor coarse particles,
such as bentonite particles of the 5 wt% normal drilling mud, is 64.7
[um]. Because the turbulent stress can be expressed as t = pe?/3d%/® for
the length scale (d), the average turbulent stress applied to the particles
can be estimated as 272.06 [Pa] in the jet of the homogenizer rotating at
6,000 rpm.

4. Conclusion

In summary, we presented two processes, that is, ultrasonic and
homogenizer processes, which are effective in replacing the conven-
tional ball milling process for manufacturing bentonite at the nanoscale.
Microscale bentonite was dispersed into nanoscale bentonites within
only a few hours of processing, and in particular, the homogenizer
process had the advantage of scalability, which allows a sufficient
concentration to be manufactured directly as drilling mud at a large
scale. In the case of U-B 5 wt% 4 h, the low shear viscosity increased
before and after ultrasonication processing of the N-B 5 wt% and the
rheological properties in the presence of polymer additive were quan-
titatively compared. In the case of drilling mud manufactured through
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the ultrasonic process, unlike the case of adding polymer, it was shown
that the viscosity increased at low shear and converges to the viscosity of
the mud having the same weight percent at high shear. H-B 3 wt%
showed a strong shear thinning behavior because it had a viscosity value
similar to that of N-B 5 wt% at low shear and converged to the viscosity
of N-B 3 wt% at high shear. We note that only 3 wt% of bentonite can
produce mud with similar or more ideal rheological properties than
those of 5 wt% by changing the manufacturing process. Considering the
amount of mud used in the actual drilling industry, the amount of
bentonite required for manufacturing can be reduced by 40 % compared
with the current manufacturing practice. In this study, two processes for
manufacturing bentonite particles on a nano-scale were reported, and
both processes have a wide range of applications because they can be
applied to a particle suspension containing particles.
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