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a b s t r a c t

Regulating rheological properties of water-based drilling fluids has always been a hot topic. This paper
proposed a new method for regulating rheological properties of water-based drilling fluids by ultrasonic
field. The experimental results showed that the ultrasound increased the viscosity and yield point of
bentonite suspension by reducing the particle size of clay, destroying the network structure between clay
particles, increasing the mud yield and the cation exchange capacity of bentonite, and promoting the
hydration dispersion of bentonite. The change of rheological property showed a memory effect at room
temperature and high temperature. Besides, the ultrasonic energy affected the network structure be-
tween clays and polymer chains, thus regulating the rheological properties of the bentonite-polymer
system. For two types of drilling fluids investigated, the rheology of the poly-sulfonate drilling fluid
was regulated by damaging the grid structure between additives and clays by low-power ultrasound and
reducing the clay particle size by high-power ultrasound, while the rheology of the deep-water drilling
fluid was mainly regulated by disentangling the spatial grid structure between additives. Additionally,
ultrasound showed no effect on the lubricity, inhibition and stability of drilling fluids, which proved the
feasibility of ultrasound to regulate rheological properties of water-based drilling fluids.
© 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

The increasing demand for oil and gas and the decreasing oil and
gas resources in the middle and shallow strata have driven the
exploitation of oilfield towards the deep formation and deep-sea
field, which puts forward higher requirements for drilling fluids.
Oil-based drilling fluid has some advantages in shale stability and
temperature resistance, while it is environmentally unfriendly and
high-cost (Ning et al., 2010; Zhao et al., 2008). At present, water-
based drilling fluid technologies have made breakthrough in the
aspects of anti-sloughing performance and high-temperature
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stability (Zhong et al., 2011, 2012, 2013). However, the regulating
method of rheological properties of water-based drilling fluids is
still a hot and difficult point worldwide. Presently, the main means
of regulating the rheology of water-based drilling fluids, including
reducing solids content and adding rheological regulators, have the
disadvantages of high cost, inflexible and environmentally
hazardous.

In this study, a newmethod using the ultrasonic field to regulate
the rheology of water-based drilling fluids is proposed. Ultrasound
is a sound wave with a vibration frequency higher than 20 kHz and
a short wavelength, which can generate cavitation, mechanical and
thermal effects on the suspension to change the rheology of the
suspension (Nguyen et al., 2013; Sainz Herr�an et al., 2010). Me-
chanical effect refers to that ultrasounds force the medium to
vibrate intensively and to produce a strong unidirectional force.
Cavitation refers to the resonance of the original or new micro-
bubbles as ultrasounds pass through the liquid at a certain
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Fig. 1. The working diagram of ultrasonic cell disruptor.
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frequency (Kirpalani and McQuinn, 2006). Thermal action means
that when sound waves pass through the medium, the medium
receives certain sound energy and causes local high temperature
(Santos-Zea et al., 2019). Ultrasonic dispersion mainly comes from
ultrasonic cavitation (Li et al., 2001). Ultrasonic cavitation means
that the alternating ultrasonic pressure is greater than the static
fluid pressure when there exists strong enough ultrasonic action in
a liquid medium. In the negative pressure region of sound pressure,
the peak value of the negative pressure can not only counteract the
static pressure but also form a local negative pressure zone in the
liquid. When the negative pressure is enough to overcome the
binding force between themolecules of the liquid, the liquid will be
pulled to form a cavity, resulting in cavitation bubbles. When the
positive pressure zone of sound pressure arrives, the cavitation
bubble produces a closed collapse. Such alternating reciprocating
motion forms uniform and effective agitation in the liquid, resulting
in the transformation of uniform dispersion of solid particles in the
suspension into a continuous phase. The effect of ultrasound on
rheological properties of the suspension has beenwidely applied in
the field of food processing. Ultrasound can effectively reduce
particle size and decompose some molecules in plants, thus regu-
lating rheological properties of the suspension (Fu et al., 2019;
Huang et al., 2018; Laux et al., 2018; Ruiz-Hernando et al., 2010).
Ultrasonic cavitation can produce huge energy, affecting the
morphology and surface properties of the suspension phase and
controlling rheological properties of other suspension systems such
as water-based drilling fluid (Dong et al., 1998; Marchessault et al.,
1961; Shafiei-Sabet et al., 2012, 2013; Wang et al., 2003).

Recently, a series of studies have been made based on this
theory. Yang et al. (2005) treated clay suspension with ultrasound
and the particle size became smaller, correspondingly the specific
surface area and the desorption rate of hexadecyl trimethyl
ammonium bromide increased. Yu et al. (2009) proposed that the
ultrasonic oscillation would efficiently reduce sludge particle size
without pollution. Manoochehri et al. (2015) prepared submicron
vermiculite particles by using a probe supersonic instrument.
Kuang et al. (2017) found that ultrasonic dispersion significantly
improved the dispersion stability of some substances in water.
However, the effect of ultrasound on rheological properties of
different systems has not been thoroughly investigated in these
studies.

At present, the research and application of ultrasound in the oil
field mainly include oil displacement, scale removal, cleaning
micro-cracks (Hamida and Babadagli, 2008; Ye et al., 2010). There is
no report on the improvement of drilling fluid performance by
ultrasound. Therefore, in this study, a new method is proposed to
regulate the rheology of water-based drilling fluid by ultrasound.
The mechanism of ultrasonic-assisted rheological regulation is
investigated. The rheological behavior of water-based drilling fluids
treated by ultrasound at different ultrasonic parameters is
analyzed. Besides, the influence of ultrasound on other properties
including lubricity, inhibition and settling stability of the water-
based drilling fluid is studied, and the feasibility of ultrasound
regulating the rheology of the water-based drilling fluid is
investigated.

2. Materials and methods

2.1. Materials and facilities

Calcium bentonite, sodium bentonite, commonly-used drilling
fluid tackifiers including amphoteric polymer (FA367 and 80A51),
polyacrylamide potassium salt (KPAM) and xanthan gum (XC) and
viscosity reducers involving sulfonated tannins (SMT), zwitterionic
viscosity reducer (XY-27) and silicon fluoride viscosity reducer
1699
(SF260) were all industrial grade. Methylene blue was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The
poly-sulfonate drilling fluid contained 4 wt% calcium bentonite-
base slurry, 0.2 wt% sodium hydroxide, 0.5 wt% flow regulator,
5 wt% fluid loss additive (SD101), 3 wt% fluid loss additive (SD201),
2 wt% anti-collapse agent, 3 wt% white oil (7#), 0.3 wt% Span80 and
barite. The deep-water drilling fluid was composed of 2 wt% cal-
cium bentonite-base slurry, 0.2 wt% sodium hydroxide, 0.35 wt%
flow regulator, 1 wt% inhibitor (SDJA), 0.5 wt% polyanionic cellulose
filtration reducer (PAC-LV), 5 wt% sulfonated phenolic resin filtra-
tion reducer (SMP-3), 1.5 wt% lubricant (LUBE), 4 wt% KCl, 10 wt%
NaCl and barite. The density of the poly-sulfonate drilling fluid and
the deep-water drilling fluid is 1.5 g/cm3.

Ultrasound generator (JY-92IIDN ultrasonic cell disruptor,
Ningbo Xinzhi Biotechnology Co., Ltd. Shanghai, China) possesses a
single processing capacity of 300 mL, an ultrasonic frequency of
20e24 kHz, an ultrasonic power of 0e950 W (watt), and an
adjustable temperature range from 25 �C to 90 �C.
2.2. Methods of ultrasonic treatment

During ultrasonic treatment, the suspension was placed in the
closed chamber of the ultrasonic cell pulverizer. The tip of the
amplitude transformer was submerged in liquid, and then the
chamber was closed and a desired ultrasonic power and ultrasonic
time were set. After ultrasonic treatment, the cooled suspension
was removed and its rheological properties were tested. The
working diagram of the ultrasound is shown in Fig. 1.
2.3. Rheological measurement

The commonly used Fann35A six-speed rotary viscometer
cannot fully characterize the rheological curve and rheological
parameters of suspension due to its limitation of shear rate. In this
study, the rheological measurement was performed on a Brookfield
rotation viscosimeter DV1 (Brookfield, USA) incorporating rheo-
logical theory (Huang et al., 2020). According to American Petro-
leum Institute (API) guidelines (API RP 13B-1 2019) in drilling
engineering, the apparent viscosity of the fluid could be measured
directly by the viscometer. The rotational speed of the viscometer



W.-A. Huang, J.-W. Wang, M. Lei et al. Petroleum Science 18 (2021) 1698e1708
was converted to the value of the shear rate, which is multiplied by
the apparent viscosity to obtain the corresponding value of the
shear stress. Then, the shear stress-shear rate curvewas drawn, and
the curve was fitted with the Herba model. According to the Herba
rheological equation, the flow index, consistency coefficient and
static shear force were obtained. In addition, the points with lower
shear rate were eliminated, and the remaining points were fitted
with the Bingham model. The fluid plastic viscosity and yield point
were obtained according to the Bingham equation.

2.4. Ultrasonic treatment on calcium bentonite suspensions

2.4.1. Investigation of changes in rheological properties
Bentonite is an important part of drilling fluid, and the appli-

cation of ultrasound has a direct effect on bentonite. In this paper,
calcium bentonite was selected to analyze the rule of ultrasound
regulating the rheological properties of suspension. The calcium
bentonite suspensions of different concentrations 1 wt%, 2 wt%,
3 wt%, 4 wt%, 5 wt%, 6 wt%, 7 wt% and 8 wt% were prepared and
placed at room temperature for 24 h, and then the samples were
treated by ultrasound at the power of 950 W for 20 min. The
rheological parameters including plastic viscosity, apparent vis-
cosity and yield point of suspensions were measured before and
after ultrasonic treatment.

The 8 wt% calcium bentonite suspension were prepared and
treated by ultrasound at the power of 760 W for 20 min. Then the
suspension was divided into 3 parts which were noted as suspen-
sion 1, 2, and 3, respectively. The changes of plastic viscosity,
apparent viscosity and yield point of 1 over time was evaluated and
memorability of effects of ultrasonic treatment was explored. To
investigate the influence of ultrasound on the temperature resis-
tance of suspension, suspensions 2 and 3were aged for 16 h at 70 �C
and 120 �C respectively, and the rheological parameters of sus-
pensions 2 and 3 before and after aging were compared.

Ultrasonic power and ultrasonic time are important parameters
of ultrasonic. The 4 wt% calcium bentonite suspension was pre-
pared and divided into 10 parts. The plastic viscosity, yield point,
fluidity index and consistency coefficient of suspensions under
different ultrasonic power (95, 285, 475, 665 and 855 W) and ul-
trasonic time (5, 10, 15, 20, and 25min) were explored, respectively,
and the rules of ultrasonic regulation of suspension rheological
properties were further analyzed.

2.4.2. Evaluation of calcium bentonite properties
The particle size distribution, mud yield and cation exchange

capacity of calcium bentonite in suspension were evaluated, and
the influence of ultrasound on calcium bentonite was analyzed. The
8 wt% calcium bentonite suspension was prepared and treated by
ultrasound at the power of 190, 380, 570, and 760 W for 10, 20, and
30 min, respectively. The particle size distribution and specific
surface area of bentonite particles before and after treatment were
determined by a Laser Particle Size Analyzer (Bettersizer 2000,
Dandong Baxter Instrument Co., Ltd, Liaoning, China).

Mud yield indicates the slurry-making capacity of bentonite,
that is the volume of suspension, whose apparent viscosity is
15 mPa,s, prepared by bentonite per unit weight. The less
bentonite is needed for the suspension to reach a certain viscosity,
the higher the mud yield is, and the stronger the slurry-making
capacity is. The calcium bentonite with different mass (70, 80, 90,
and 100 g/L) was used to prepare suspensions with different vis-
cosities. The suspensions were treated by ultrasound for 20 min at
the power of 760 W, and the apparent viscosities before and after
treatment were tested.

The 0.5 wt% calcium bentonite suspension was prepared and
treated by ultrasound for 20 min at the power of 190, 380, 570, and
1700
760W, respectively. The methylene blue capacity of the suspension
before and after ultrasonic treatment was determined by methy-
lene blue titration, that is, the total cation capacity of bentonite.
2.5. Ultrasonic treatment on calcium bentonite suspension
containing additives

The additives of FA367, 80A51, KPAM, XC, SMT, XY-27, and SF260
were added to the calcium bentonite suspensions (4 wt%) and the
plastic viscosity, apparent viscosity, yield point and API filtration of
suspensions before and after ultrasonic treatment (760 W, 20 min)
were tested. After ultrasonic treatment for 20 min at 760 W, the
suspensions were then aged at 120 �C for 16 h and the parameters
were measured.
2.6. Ultrasonic treatment on water-based drilling fluids

2.6.1. Rheological property investigation
The conventional poly-sulfonate drilling fluid and deep-water

drilling fluid were aged at 77 �C for 16 h. The aged drilling fluids
were treated by ultrasound at the ultrasonic power of 95, 285, 475,
665, 855 W, respectively. The rheological properties of drilling
fluids before and after ultrasonic treatment were tested to inves-
tigate the changes of the rheology of water-based drilling fluids by
ultrasound with different ultrasonic power.

In addition, the two aged drilling fluids were treated by ultra-
sound with the ultrasonic power of 475 W for 5, 10, 15, 20, 25, and
30 min, respectively, to investigate the changes of rheology of
water-based drilling fluids caused by ultrasonic time.
2.6.2. Measurements of other properties
The lubricity, inhibition and settling stability of drilling fluids

before and after ultrasonic treatment were tested.

(1) Lubricating property

Excellent lubricity of drilling fluids is essential for normal dril-
ling. The hydraulic lubrication coefficient of the aged drilling fluids
was measured by an extreme pressure lubrication instrument EP-
2A (Qingdao Taifeng Petroleum Instrument Co., Ltd, Shandong,
China) before and after ultrasonic treatment with the power of
760 W.

(2) Hydration inhibition property

The aged deep-water drilling fluid and poly-sulfonate drilling
fluid were treated by ultrasound with the ultrasonic power of
760 W for 20 min. According to SY/T 5613-2000, sodium bentonite
was selected to measure the linear expansivity in the drilling fluids
before and after ultrasonic treatment.

(3) Settling stability

The aged drilling fluids were treated by ultrasound for 20 min at
the power of 760 W. The drilling fluids before and after ultrasonic
treatment were placed in a measuring cylinder for 24 h, respec-
tively. The densities of the top and the bottom liquid column were
measured to calculate the static settling factor f, as shown in Eq. (2).

f ¼ rb
rt þ rb

(2)

where f is the static settling factor, rt and rb are the densities of the
top and bottom liquid columns, respectively.
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3. Results and discussion

3.1. Effect of ultrasound on calcium bentonite suspension

3.1.1. Effect of ultrasound on calcium bentonite suspensions of
different concentrations

The effect of ultrasound on rheological properties of the cal-
cium bentonite suspensions of different concentrations is shown
Fig. 2. (a) Apparent viscosity, (b) plastic viscosity, and (c) yield point of bentonite
suspensions of different concentrations before and after ultrasonic treatment.

1701
in Fig. 2. The apparent viscosity of the suspension increased after
sonication. The change of the plastic viscosity of the suspension
fluctuated and there was no obvious distinction before and after
ultrasonic treatment. When the bentonite concentration was
7 wt%, the apparent viscosity and yield point of the suspension
changes significantly. The above phenomena indicated that ul-
trasound could regulate the rheology of bentonite suspension. If
the suspension was treated by ultrasound at appropriate ultra-
sonic parameters, the rheological parameters of the suspension
would change more regularly to meet different requirements.
Given the bentonite is the basic material of the water-based
drilling fluid, the results provided an experimental basis for
regulating rheology of the water-based drilling fluid by
ultrasound.
3.1.2. Memory effects of regulating rheology by ultrasound
The changes of rheological properties of the treated suspension

over time were evaluated and the results are shown in Fig. 3. The
rheological parameters tended to be stable over time, which
indicated that the ultrasound changed the properties of the sus-
pension and the change was maintained. The apparent viscosity
and the yield point gradually increased after setting for 2 h. Ul-
trasonic cavitation could produce local high temperature and high
pressure, which caused disassembling of clay particles and
increased the specific surface area (Liu et al., 2015). The particles
were further hydrated and dispersed, and the local high temper-
ature reduced the free water content (Horst et al., 1999; Thompson
and Doraiswamy, 1999), which macroscopically increased the
viscosity of the suspension. Therefore, the water-based drilling
fluid could maintain rheological stability during drilling because of
the memory effect.

After ultrasonic treatment, the suspension was aged at 70 �C
and 120 �C for 16 h, and its rheological parameters changed
slightly, as depicted in Fig. 4. This indicated that ultrasound
changed the properties of the suspension, which could be main-
tained at high temperature. After aging at 120 �C for 16 h, the
apparent viscosity and the plastic viscosity of the suspension
remained unchanged, and the yield point first increased and then
decreased, but the slight change could be ignored. Therefore, the
high-temperature aging could retain or even strengthen the
regulation of the suspension rheology by ultrasound. This pro-
vided a guarantee for the water-based drilling fluid regulated by
ultrasound to maintain stable performance in the high-
temperature drilling process.
Fig. 3. Changes of rheological parameters of the ultrasound-treated calcium bentonite
suspension over time.



Fig. 4. Changes of rheological parameters of ultrasound-treated calcium bentonite
suspension before and after high temperature aging.
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3.2. Effect of ultrasonic parameters on rheological properties of
calcium bentonite suspension

3.2.1. Ultrasonic power
Fig. 5 shows the changes of the rheological parameters of the

calcium bentonite suspension after ultrasonic treatment with
different ultrasonic power. The plastic viscosity and yield point
Fig. 5. (a) Plastic viscosity, (b) yield point, (c) flow index, and (d) consistency

1702
increased almost linearly with the increase in ultrasonic power, and
there was no rheological mutation. The flow index did not change
regularly, while the consistency coefficient decreased greatly after
the ultrasonic power exceeded 665 W.

3.2.2. Ultrasound time
The effect of ultrasonic time on rheological properties of sus-

pension is shown in Fig. 6. With the increase in time, the plastic
viscosity of the suspension increased rapidly in a short time while
changed slowly after 5 min. The yield point gradually increased, and
the fluidity index slightly decreased. The consistency coefficient
increased rapidly within 10 min, and then changed slowly. All the
rheological parameters tended to reach equilibrium after 20 min of
sonication, indicating that the rheological parameters of the 100 mL
suspensionwere completely regulated by ultrasound within 20 min.

Therefore, both the ultrasonic power and ultrasonic time
changed the rheological parameters of suspension regularly, and
the ultrasonic power was the main factor. It is expected that the
regular change and controllability of the rheological properties of
the suspension can be realized by adjusting the ultrasonic
parameters.

3.3. Effect of ultrasound on calcium bentonite in suspension

3.3.1. Particle size distribution
The particle size and specific surface area of the samples before

and after ultrasonic treatment are shown in Table 1. D50 and the
coefficient of the suspension regulated by ultrasound of different power.



Fig. 6. (a) Plastic viscosity, (b) yield point, (c) fluidity index, and (d) consistency coefficient of suspension regulated by ultrasound of different durations.
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specific surface area did not change significantly when the ultra-
sonic power was lower than 570 W, while D50 decreased and the
specific surface area increased after the power reached 760 W. D90
gradually decreased with the increase in ultrasonic power. Due to
the ultrasonic cavitation, the cavitation bubble was formed in wa-
ter. In high-frequency vibration, cavitation bubbles are continu-
ously generated and ruptured, thus releasing energy and further
disassembling the bentonite particles (Hwangbo et al., 2013).
Table 1
Effect of ultrasonic treatment on particle size and specific surface area of bentonite.

Treatment conditions D50, mm D90, mm Specific surface area, m2/g

Unprocessed 5.604 20.50 0.529
190 W/10 min 5.637 23.83 0.565
190 W/20 min 5.570 20.92 0.571
190 W/30 min 5.704 23.06 0.562
380 W/10 min 5.604 23.16 0.579
380 W/20 min 5.316 17.70 0.594
380 W/30 min 5.421 19.65 0.584
570 W/10 min 5.570 18.92 0.571
570 W/20 min 5.617 19.42 0.568
570 W/30 min 5.387 19.76 0.586
760 W/10 min 4.106 18.08 0.732
760 W/20 min 3.482 16.39 0.892
760 W/30 min 3.842 16.67 0.840

Notes: D50 is the median particle size; D90 is the particle size with cumulative dis-
tribution up to 90%.

1703
Therefore, the particle size of the bentonite particles decreased and
the specific surface area increased (Chakma and Berruti, 1993;
Mohapatra and Kirpalani, 2016; Wang et al., 2004). The reason for
the mutation of D50 with the increase in ultrasonic power should be
that the energy generated by 760 W ultrasound just broke the
structure of the bentonite particles. Furthermore, the particle size
and specific surface area of bentonite under the same ultrasonic
power did not change with time, which indicated that the effect of
action time on particle size and specific surface area was not sig-
nificant. The reason might be that there were so few samples that
the clay particles in the suspension were completely treated in a
short time (less than 10 min).
3.3.2. Mud yield
Fig. 7 shows the change of apparent viscosity of suspensions

before and after ultrasonic treatment. The apparent viscosity of the
untreated suspension reached 15 mPa∙s when the mass of
bentonite in the suspension was 93.5 g/L. After ultrasonic treat-
ment, only 75 g/L of bentonite was needed to make the viscosity of
suspension reaching 15 mPa∙s, indicating that the suspension after
ultrasonic treatment had stronger slurry-making capacity and
higher mud yield. Compared with the apparent viscosity curve
before treatment, the curve after ultrasonic treatment was more
gentle and the increase rate of the apparent viscosity was slow,
which indicated that the ultrasound had a great influence on the



Fig. 7. The apparent viscosity of suspensions with different mass concentrations of
calcium bentonite before and after ultrasonic treatment.
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apparent viscosity of the calcium bentonite suspension. The
improvement of mud yield indicated that ultrasound improved the
hydration dispersion of bentonite, thereby increasing the apparent
viscosity of the suspension to the required viscosity at a low con-
centration. Therefore, ultrasound ensured that the low-
concentration bentonite suspension possessed excellent rheolog-
ical performance, which was beneficial to reduce the dosage of
solid phase and additive in drilling fluids.
3.3.3. Cation exchange capacity
Fig. 8 shows the cation exchange capacity of the suspension

treated by ultrasound with different ultrasonic power. The cation
exchange capacity increased gradually with the increase in ultra-
sonic power and tended to be constant after the power was over
600 W. Ultrasound caused the decrease of particle size of bentonite
and the increase of specific surface area, which led the bentonite
exposed more hydroxide ions and more hydroxide ions dissociated
to create an electric charge. Therefore, the cation exchange capacity
increased, which is a direct indicator of the enhanced hydration
degree of bentonite particles. The exchangeable cations could
adsorb the surrounding water molecules and bond to the surface of
the clay crystals, resulting in the destruction of the water structure
Fig. 8. Cationic exchange capacity of suspension after ultrasonic treatment with
different power.
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(Kim et al., 2016). The increase in the hydration degree decreased
the free water content in the suspension and macroscopically the
rheological properties of the suspension changed.

3.4. Effect of ultrasound on rheological properties of calcium
bentonite suspension containing additives

After ultrasonic treatment, the bentonite-polymer suspension
was aged at 120 �C for 16 h, and the rheological changes are shown
in Table 2. According to the data in Table 2, the plastic viscosity
increased while the yield point decreased largely after ultrasonic
treatment. After aging, the apparent viscosity, plastic viscosity and
the yield point of all suspensions changed slightly compared with
those ultrasound-treated suspensions, which indicated that ultra-
sound had no influence on the temperature resistance of the sus-
pension containing polymers. This phenomenon came from the
adsorption and encapsulation between polymers and bentonite
particles, which largely avoided the direct impact of ultrasonic
energy on polymer chains. Within the ultrasonic power range
studied, the ultrasonic energy was not strong to break the polymer
molecular chains. Besides, the decreases in the plastic viscosity and
yield point of the suspension indicated that the ultrasonic energy
mainly destroyed the network structure formed between bentonite
particles and polymer chains, and changed the orientation of the
polymers on the bentonite surface.

3.5. Effect of ultrasound on rheological properties of water-based
drilling fluids

3.5.1. Effect of ultrasonic power
The ultrasound with different ultrasonic power had a great in-

fluence on the rheology of water-based drilling fluids, as shown in
Fig. 9. The plastic viscosity and the flow index of the poly-sulfonate
drilling fluid increased gradually when the ultrasonic power was
less than 95 W, and the yield point and the consistency coefficient
decreased gradually. The bentonite particles did not change
significantly when the ultrasonic power was lower than 570 W, so
when the ultrasonic power was less than 95 W, the influence of
ultrasound on bentonite particles was slight, which mainly affected
the adsorption between drilling fluid additives and bentonite. The
lower power ultrasound (less than 570 W) destroyed the internal
grid structure, resulting in the decrease in yield point. The weak-
ening of the internal interaction force of the drilling fluids also
made it closer to the Newtonian fluid, so the flow index increased
gradually. Because of the high concentration of bentonite (4.0 wt%)
in the poly-sulfonated drilling fluid, the hydration effect of
bentonite particles gradually increased with the increase in ultra-
sonic power and bentonite played a leading role in the rheological
change of the drilling fluid. The stronger the ultrasonic power, the
stronger the hydration effect of bentonite and the smaller the
particle size.

With the increase in ultrasonic power, the plastic viscosity and
the yield point of the deep-water drilling fluid decreased steadily,
and the fluidity index and the consistency coefficient remained
unchanged. According to the formula of the deep-water drilling
fluid, the bentonite concentration of the drilling fluid was 2.0 wt%.
The viscosity and the yield point of the drilling fluid mainly
depended on viscosifiers and filter reducing agents, which
belonged to long-chain polymer additives, so the change of inter-
action between additives and bentonite particles caused by ultra-
sound play a leading role in regulating the rheological properties of
the drilling fluid. With the increase in ultrasonic power, the grid
structure between bentonite and polymer chains was destroyed,
and the plastic viscosity and yield point of the drilling fluid were
reduced.



Table 2
Rheological properties of calcium bentonite suspensions containing additives after ultrasonic treatment and aging.

Additives Conditions Apparent viscosity, mPa$s Plastic viscosity, mPa$s Yield point, Pa API filtration, mL

FA367 Before ultrasonic treatment 21.0 11.0 10.0 10.4
After ultrasonic treatment 19.0 13.0 6.0 11.2
After aging 14.5 10.0 4.5 9.6

80A51 Before ultrasonic treatment 8.5 5.0 3.5 14.0
After ultrasonic treatment 8.0 6.0 2.0 14.8
After aging 7.5 5.0 2.5 12.2

KPAM Before ultrasonic treatment 14.0 6.0 8.0 13.0
After ultrasonic treatment 11.0 8.0 6.0 12.0
After aging 10.0 7.5 2.5 14.4

XC Before ultrasonic treatment 17.5 11.0 11.0 18.5
After ultrasonic treatment 14.0 9.0 5.0 17.6
After aging 12.0 7.0 5.0 15.0

SMT Before ultrasonic treatment 6.5 5.0 3.0 15.6
After ultrasonic treatment 7.5 6.0 1.5 18.0
After aging 7.5 6.0 1.5 11.6

XY-27 Before ultrasonic treatment 5.0 5.0 0 15.2
After ultrasonic treatment 5.0 4.0 2.0 14.4
After aging 4.0 2.0 3.5 10.8

SF260 Before ultrasonic treatment 7.5 5.0 5.0 22.0
After ultrasonic treatment 12.5 10.0 5.0 18.4
After aging 8.0 5.0 3.5 13.2

Fig. 9. (a) Plastic viscosity, (b) yield point, (c) fluidity index, and (d) consistency coefficient of water-based drilling fluids treated by ultrasound with different power.
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3.5.2. Effect of ultrasonic time
Fig. 10 shows that the variation trend of rheological parameters

for the deep-water drilling fluid and the poly-sulfonate drilling
1705
fluid was similar. With the increase in ultrasonic time, the yield
point and the consistency coefficient decreased, while the plastic
viscosity and the fluid index changed more smoothly, resulting



Table 3
Lubrication coefficient of drilling fluids before and after ultrasonic treatment.

Drilling fluid Lubrication coefficient

Before ultrasonic
treatment

After ultrasonic
treatment

Deep-water drilling fluid 0.242 0.250
Poly-sulfonate drilling

fluid
0.160 0.157
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from the change of bentonite properties caused by ultrasound. It is
worth noting that the variation of yield point and consistency co-
efficient was mainly stable after the first 15 min, which indicated
that the influence of ultrasonic treatment on the internal structure
of the drilling fluid was tended to reach the balance after 15 min.

3.6. Effect of ultrasound on other properties of water-based drilling
fluids

3.6.1. Lubricating property
There was no obvious change in the lubricating performance of

the two drilling fluids before and after ultrasonic treatment, as
shown in Table 3, which indicated that ultrasonic did not affect the
performance of the drilling fluid lubricity.

3.6.2. Hydration inhibition property
The linear expansivity of the sodium bentonite were 50.7% in

water, 5.77% in the deep-water drilling fluid, and 10.21% in the poly-
sulfonate drilling fluid, respectively, as shown in Fig. 11. The results
indicated that the two types of drilling fluids had better ability to
inhibit clay hydration and swelling. After ultrasonic treatment, the
linear expansivity of the sodium bentonite changed to 5.64% in the
deep-water drilling fluid and 5.92% in the poly-sulfonate drilling
fluid, respectively, indicating that ultrasonic treatment did not
change the swelling inhibition performance of drilling fluids
Fig. 10. (a) Plastic viscosity, (b) yield point, (c) fluidity index, and (d) consistency coefficie
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significantly. However, the slightly decreased swelling rates after
treatment confirm that the ultrasound promoted further hydration
and dispersion of bentonite, thus reducing the freewater content in
the drilling fluid and then improving the inhibition performance.
3.6.3. Settling stability
The settling stability of the drilling fluid is closely related to its

rheology. The long-chain polymer additives in drilling fluid can be
adsorbed on the surface of bentonite particles and barite to form a
spatial grid structure, showing a stabilization effect on the drilling
fluids. However, ultrasound affected the structures between
bentonite particles or between bentonite particles and polymer
additives, which was not conducive to the settling stability of the
drilling fluid. As shown in Table 4, the settling stability of the two
types of drilling fluids decreased slightly after ultrasonic treatment
nt of water-based drilling fluid treated by ultrasound with different ultrasonic time.



Fig. 11. Linear swelling performance of the deep-water drilling fluid (a) and the poly-sulfonate drilling fluid (b) before and after ultrasonic treatment.

Table 4
The settling stability of drilling fluids before and after ultrasonic treatment.

Drilling fluid Settling factor f

Before ultrasonic
treatment

After ultrasonic
treatment

Deep-water drilling fluid 0.501 0.503
Poly-sulfonate drilling

fluid
0.502 0.505
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as expected. The ultrasound destroyed the network structure inside
the suspension to a certain extent, thus the newly formed structure
was weakened and the plastic viscosity decreased. Notably, the
ultrasonic power used in the experiment was not high and the
energy was too low to cause a sudden change in drilling fluid
density and settling stability. The overall impact of ultrasound on
the settling stability was not significant.

To summarize, after ultrasonic treatment, the rheological
properties of the water-based drilling fluids changed regularly,
while the lubricity, inhibition and settling stability were insensitive
to ultrasound. Therefore, the ultrasound could regulate the
rheology of the water-based drilling fluid without impacts on the
other performance of the drilling fluids. It is promising to apply this
physical method of regulating rheology by ultrasound to the dril-
ling process of deep wells and other complex conditions.
4. Conclusions

In this paper, we presented a physical method to regulate
rheological properties of water-based drilling fluids by ultrasound
and investigated the effects and mechanisms of ultrasound on the
calcium bentonite suspension and bentonite-polymer suspension,
as well as two types of water-based drilling fluids. Based on the
findings presented in this study, our conclusions are as follows:

(1) Ultrasound could regulate the rheological properties of the
bentonite suspension and the memory effect of the treated
suspension was observed at room temperature and 120 �C,
which maintained the rheological stability of water-based
drilling fluids during long time drilling. The increase in ul-
trasonic power and ultrasonic time regularly changed the
rheological parameters of the suspension, and ultrasonic
power was the main factor. The controllability of the rheo-
logical properties of the suspension could be achieved based
1707
on the varying regularity with ultrasonic parameters. Ultra-
sonic cavitation produced local high temperature and high
pressure, which decreased the particle size of bentonite and
increased the specific surface area, increased the mud yield
and reduced the required solids content of drilling fluids,
improved the hydration dispersion of bentonite in slurry
blending, and brought excellent drilling fluid performance
for the low-concentration suspension. Meanwhile, the cation
exchange capacity was increased and the free water content
was reduced, thus the rheology of the suspension changed.

(2) Ultrasound regularly changed the rheological parameters of
the drilling fluid containing a single drilling fluid additive,
and the change could be maintained at 120 �C. The ultrasonic
energy mainly affected the grid structure formed between
bentonite particles or between bentonite particles and
polymer additives instead of the polymer additives
themselves.

(3) For the poly-sulfonate drilling fluid, ultrasound with ultra-
sonic power less than 95 W mainly destroyed the grid
structure between bentonite particles or between bentonite
particles and polymer additives, and weakened the internal
interaction force of drilling fluid. The ultrasound at the po-
wer of more than 95 W decreased the particle size of
bentonite, increased the viscosity of the continuous phase
and the internal friction of the dispersed phase, thus causing
the rheology change of the drilling fluid. For the deep-water
drilling fluid, the rheology of the drilling fluid was regulated
by destroyed the grid structure between additives by ultra-
sound. Ultrasonic time have less effect on the rheology of the
water-based drilling fluids. Moreover, the basic properties of
water-based drilling fluids including lubricity, hydration in-
hibition and settling stability were not affected by ultra-
sound. Therefore, the new method for regulating the
rheology by ultrasound showed great potential to be applied
for the conventional drilling fluids.
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