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a b s t r a c t

Multistage fracturing of horizontal wells is a critical technology for unconventional oil and gas reservoir
stimulation. Ball-throwing temporary plugging fracturing is a new method for realizing uniform frac-
turing along horizontal wells and plays an important role in increasing oil and gas production. However,
the transportation and sealing law of temporary plugging balls (TPBs) in the perforation section of
horizontal wells is still unclear. Using COMSOL computational fluid dynamics and a particle tracking
module, we simulate the transportation process of TPBs in a horizontal wellbore and analyse the effects
of the ball density, ball diameter, ball number, fracturing fluid injection rate, and viscosity on the
plugging efficiency of TPB transportation. This study reveals that when the density of TPBs is close to that
of the fracturing fluid and a moderate diameter of the TPB is used, the plugging efficiency can be sub-
stantially enhanced. The plugging efficiency is greater when the TPB number is close to twice the number
of perforations and is lower when the number of TPBs is three times the number of perforations.
Adjusting the fracturing fluid injection rate from low to high can control the position of the TPBs,
improving plugging efficiency. As the viscosity of the fracturing fluid increases, the plugging efficiency of
the perforations decreases near the borehole heel and increases near the borehole toe. In contrast, the
plugging efficiency of the central perforation is almost unaffected by the fracturing fluid viscosity. This
study can serve as a valuable reference for establishing the parameters for temporary plugging and
fracturing.
© 2024 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

Multistage fracturing of horizontal wells is an important pro-
duction enhancement technique in the development of uncon-
ventional oil and gas reservoirs (Seale et al., 2006; Zeng et al., 2015).
Due to the in-situ stress complexity and stress interference phe-
nomenon among hydraulic fractures, some hydraulic fractures are
short and narrow, which leads to insufficient oil and gas production
(Olson, 2008; Roussel and Mukul, 2011; Zhao et al., 2016; Cheng
et al., 2019). In the hydraulic fracturing of horizontal wells, the
temporary plugging technique has been widely used to achieve
uniform fracture expansion (Wang et al., 2012; Xiong et al., 2018a;
Zhao et al., 2020; Zhou et al., 2022). By injecting fracturing fluid
containing temporary plugging balls (TPBs), the TPBs will transport
g).
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along the wellbore, and some of the TPBs will sit on the perforation
to form temporary plugs, inhibiting the expansion of the dominant
fractures and guiding the secondary expansion of the short frac-
tures (Xiong et al., 2018b; Zhang et al., 2020). However, the trans-
portation and sealing laws of TPBs have not been fully understood.
The throwing of TPBs in engineering practice relies mainly on
personal experience, and its efficiency is low and randomized.
Therefore, it is urgent to study the transportation and sealing law of
TPBs in horizontal wellbores.

To date, many experts have conducted various types of research
on TPB transportation in wellbores. Erbstoesser (1980) experi-
mentally simulated buoyant TPB-blocking perforations for frac-
turing fluid diversion to realize multifracture expansion. Baylocq
et al. (1999) proposed a design method for nonbuoyant ball tem-
porary plugging for hydraulic fracturing diversion, and the positive
impact enables the technology to be utilized in horizontal and in-
clined wells at a reasonable expense. Nozaki et al. (2013) conducted
a series of full-scale experiments to assess the plugging efficiency of
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Chengwancup@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2024.06.016&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2024.06.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2024.06.016
https://doi.org/10.1016/j.petsci.2024.06.016


Q.-H. Hu, W. Cheng, Z.-C. Wang et al. Petroleum Science 21 (2024) 3288e3297
TPBs and analysed howmany perforations were blocked in an acid-
fracturing field. Oberhofer (2016) proposed that the use of
degradable balls to achieve temporary plugging can improve frac-
turing efficiency. Zhu et al. (2021) developed a degradable pre-
formed particle gel, which has a good plugging effect. Li et al.
(2020) and Zou et al. (2020) investigated the fracture expansion
of temporary plugging segmental fractures via numerical simula-
tion and verified the effectiveness of ball-throwing temporary
plugging for fracturing. Cheng et al. (2021) analysed the forces of
TPB transporting and seating. Brown et al. (1963) investigated the
most important factors affecting the sealing performance of TPBs in
vertical wells, which provided a basis for the design of temporary
plugging processes. Marchioli et al. (2007) studied the effects of
gravity and lift on the particle transport velocity in vertical wells. Li
et al. (2005) proposed a complete transport model of the TPBs,
providing a theoretical basis for their migration in a wellbore. Li
(2017) conducted a series of experiments to simulate the sealing
law of TPBs on perforation boreholes, but these authors studied
only the sealing of perforations in a vertical well. Rong and Xu
(2020) used computational fluid dynamics and the discrete
element method (DEM) to investigate the mechanism of TPB
transport and sealing in the horizontal well. In their study, the
spatial distribution of TPBs in casings was determined, providing a
meaningful insight into the transportation and sealing of TPBs in
horizontal wellbores (Rong and Xu, 2020). However, his research on
the influencing factors of TPB transportation and sealing effects is
insufficient.

In this paper, the COMSOL computational fluid dynamics and a
particle trackingmodule are used to establish a horizontal wellbore
model with spiral perforations and to reveal the transportation
trajectory and sealing law of a plugging ball. Through the single-
variable method, we analyse the laws of movement and sealing of
TPBs and identify five major influencing factors that determine
plugging efficiency. This study provides theoretical and technical
support for parameter optimization of the ball-throwing plugging
fracturing technique in horizontal wells.
2. Numerical model

The transportation of TPB inside a horizontal wellbore is a
typical two-phase particle flow problem that involves several
physical processes. These processes include fluid flow inside the
wellbore, movement of the TPB inside the fluid and interactions
between them.

The fracturing fluid can be considered an incompressible New-
tonian fluid and a homogeneous continuous medium. The equa-
tions of fluid motion are based on the continuous medium
assumption and use the NaviereStokes equations to describe the
motion of the fluid (Norouzi et al., 2016; Barboza et al., 2021; Qu
et al., 2023).
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where t is the time, s; a is the solid-phase volume fraction; rf is the
liquid density, kg/m3; vf is the liquid flow rate, m/s; p is the fluid
pressure, Pa; t is the viscous stress, Pa; g is the gravitational ac-
celeration, m/s2; and Sf is the source term of the momentum ex-
change between the fluid and the particles, N/m3.

The solid-phase volume fraction (Li et al., 2009) is calculated as
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whereN is the number of TPBs; Vb,i is the volume of the ith TPB, m3;
and Vcell is the volume of the calculation cell, m3.

The source term of momentum exchange between the fluid and
the TPB is given by

Sf ¼
XN
i¼1

Fd;i

,
Vcell (3)

where Fd,i is the force of the fluid on the ith TPB (including fluid
drag force, resistance, lift force, additional mass force, and pressure
gradient force), N.

Newton's second law describes the microscopic motion of the
TPB in a horizontal wellbore, and the equation (Baldini et al., 2018;
Wu and Sharma, 2019) for the translational motion of the TPB in a
horizontal wellbore is

mb
dvb
dt

¼ mbg þ FP þ FD þ FS þ FM þ FVM (4)

where mb is the mass of the TPB, kg; vb is the transportation speed
of the TPB, m/s; Fp is the pressure gradient force due to the presence
of a pressure gradient of the fluid in the horizontal wellbore, N; and
FD, FS, FM, and FVM are the dragging force, shear lift, rotational lift,
and additional mass force of the fluid on the TPB, N, respectively.

The equation (Wang et al., 2018; Ismail et al., 2021) for the
rotational motion of the TPB is

I
dub
dt

¼
X

Tc þ Tf (5)

where I is the inertia tensor, kg m2; ub is the angular velocity of the
TPB, rad/s; Tc is the torque due to the contact force between the ball
and the ball, N m; and Tf is the torque due to the fluid shear, N m.

3. Model verification

Since the transportation of TPB in the horizontal wellbore is a
complex process, it is essential to verify the accuracy of numerical
simulation through visually physical experiments.

3.1. Verified by the TPB transportation state

Qu et al. (2024) conducted a series of TPB migration experi-
ments in a horizontal, transparent pipe with several spiral holes.
The TPB migration in the horizontal pipe at different times was
recorded by a high-speed camera. A geometric model of the same
size pipe with Qu's experiment (Qu et al., 2023, 2024) is used in our
numerical simulation.

When the fluid flow rate is 1.4 m/s and the diameter of TPB is
9 mm, the TPB migration trajectory in the numerical simulation
(see the sketch with ball trajectory in Fig. 1) is compared to the
experimental result (see the picture in Fig. 1). The TPB is suspended
until the end-top hole, which is basically consistent with the Qu's
experiment (Qu et al., 2024) (see Fig. 1).

When the fluid flow rate is 0.75 m/s and the diameter of TPB is
12 mm, the TPB transport is no longer in a suspension state (see the
picture in Fig. 2). The TPB moves closer to the bottom of the well-
bore, which is also consistent with the Qu's experiment (Qu et al.,
2024) (see Fig. 2).



Fig. 1. Comparison of TPB transportation at vf ¼ 1.4 m/s (experimental results from Qu et al., 2024).
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3.2. Verified by the threshold fluid velocity

To further verify the accuracy of the numerical simulation of TPB
transportation, the threshold velocities for ball suspension under
different conditions in the numerical simulation are comparedwith
them in the physical experiment in this section. The threshold
velocities for ball suspension in five cases with different ball den-
sities and diameters were given in the Qu's experiments (Qu et al.,
2024). The threshold velocities measured in this numerical simu-
lation are 1.18, 1.75, 1.47, 1.54, and 1.46 m/s, respectively. The
comparison between the Qu's experiment (Qu et al., 2024) and this
numerical simulation is given in Fig. 3. The maximum relative error
is 8.15%, and the average relative error is only 3.98%.
4. Example of a numerical simulation

The common casing size in horizontal well staged fracturing is
selected, and a casing length of 1200 mm is taken as the simulated
length. The perforation numbers P1, P2, P3, P4, P5, and P6 are
assigned from the borehole toe to the heel in the spiral perforation
(Fig. 4).

In Fig. 4, the borehole heel is set up as the fluid and TPB inlet.
The perforation outlet is set up as the pressure outlet, and the
borehole toe is set up as the plugging point. The specific parameters
are shown in Table 1.

Five major factors given in Table 2 affect the TPB migration and
sealing behaviour.
3290
The mesh division method adopts hydrodynamic alignment,
coarsening thewellboremesh, and refining the perforationmesh to
ensure the mesh independence. The mesh division is illustrated in
Fig. 5.

The model solution uses two-phase flow models, including the
discrete model and continuous medium model. To simulate the
behaviour of the discrete phase and track the TPBs' trajectory, the
particle trackingmodule of COMSOL simulation software is utilized.
To simulate fluid behaviour, the fluid flow module calculates ve-
locity and pressure fields based on fluid dynamics. Finally, the
model considers the interaction and coupling effects between the
continuous phase and the two phases simultaneously and performs
the model solving. The interaction and coupling effects between
the continuous phase and the discrete phase are then considered
simultaneously, and the model is solved accordingly. A flowchart of
the TPB migration simulation is shown in Fig. 6.

When the model parameters use the initial values (see them in
Table 2), the physical field of this model is solved in each time step,
and the final solution is obtained via postprocessing. The trajec-
tories of the TPBs at different times are then plotted in Fig. 7. The
pressure streamline of the flow field is shown in Fig. 8.

In Fig. 7, the TPBs in the horizontal wellbore moved downwards
due to gravity and were affected by various forces, such as drag
force, pressure gradient force, lift force, and additional mass force,
which caused translational and rotational movements in the hori-
zontal and vertical directions, respectively. The plugging balls
bounced back when they hit the wellbore wall until they reached



Fig. 2. Comparison of TPB transportation state at vf ¼ 0.75 m/s (experimental results from Qu et al., 2024).

Fig. 3. Comparison of threshold velocity between the physical experiment and nu-
merical simulation.
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the perforation or the borehole toe. To observe the final position of
the TPBs easily, their trajectories at the final time of the simulation
in the perforation section are plotted in Fig. 9.

From Fig. 9, the TPBs were more inclined to block the perfora-
tions near the borehole toe (P1 to P4) when they were transported
in the horizontal wellbore by gravity, drag force, pressure gradient
force, and lift force. Comparing the four perforations, the TPBs were
more inclined to block P3 and P4, indicating that the TPBs were
3291
more inclined to block perforations located in the middle of the
horizontal wellbore towards the bottom under the initial
conditions.

To improve the plugging efficiency of TPBs, the influence of five
major factors (See in Table 2) on the sealing pattern of TPB trans-
portation needs to be further explored in Section 5.

5. Analysis of influencing factors

The main factors affecting the sealing of ball transportation are
the ball density, ball diameter, and ball number, as well as the in-
jection rate and viscosity of the fracturing fluid. In this section,
numerical simulations are performed using the single-variable
method to analyse the influence of each factor on TPB sealing.

5.1. TPB density

Since the TPBs are affected by gravity in the horizontal wellbore
and their diameter is set to 15 mm, we adjust the amount of gravity
by only changing the density of the TPBs in this study. Assuming
that the initial conditions of the model remain unchanged, the
density of the TPBs is set to 800, 900,1000,1100, or 1200 kg/m3. The
number of balls plugging at the perforation is given in Fig. 10.

As shown in Fig. 10, when the density of the TPBs was 800 kg/
m3, no TPBs were present in central P4, P3 or P1 near the upper
borehole toe. However, there were TPBs in P6 and P5 near the
borehole heel. This outcome suggests that when the density of TPBs
is lower than that of the fracturing fluid, the TPBs are affected by
buoyancy forces and tend to block upper perforations near the



Fig. 4. 3D calculation model.

Table 1
Geometric parameters of the 3D calculation model.

Outer diameter, mm Inner diameter, mm Phase angle, � Perforation spacing, mm Perforation diameter, mm Density of the fracturing fluid, kg/m3

88.9 73.0 60 60 12.0 1000

Table 2
Input data for the 3D calculation model.

Parameter Initial value Value

Injection rate of fracturing fluid, m3/min 5 0.5, 1.0, 1.5, 2.0, 2.5
Viscosity of fracturing fluid, mPa s 50 10, 20, 30, 40, 50
Diameter of TPBs, mm 15 12, 13, 14, 15, 16
Density of TPBs, kg/m3 1000 800, 900, 1000, 1100, 1200
Number of TPBs 12 6, 9, 12, 15, 18

Fig. 5. Calculation model meshing.
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borehole heel. When the density of the TPBs was increased to
900 kg/m3, P4 and P3 remained unplugged by TPBs, while P5, P2, and
P1 were plugged. This result indicates that when the density of the
TPBs is 800 kg/m3 and that of the fracturing fluid is 1000 kg/m3, the
TPBs tend to plug the perforation between P6 and P1. With
increasing density of TPBs, the plugging efficiency of P1 near the
borehole toe improved. When the density of the TPBs was 1000 kg/
m3, perforations P6, P5, P4, P2, and P1 were plugged by the TPBs,
indicating that the plugging efficiency was greater. When the
density of the TPBs was 1100 kg/m3, TPBs were absent from per-
forations P6, P5, and P4 but present in perforations P3, P2, and P1.
This result indicates that if the density of the TPBs is greater than
that of the fracturing fluid, then the TPBs tends to block the per-
forations near the borehole toe due to the influence of gravity. In
addition, the perforations in the middle of the horizontal wellbore
are more effective than those in the other locations in the down-
wards direction. When the density of the TPBs was 1200 kg/m3,
perforations P5, P4, and P2 were plugged, while the other perfora-
tions remained unplugged. This result indicates that when the
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density of the TPBs is higher than that of the fracturing fluid
(1000 kg/m3) and increases from 1100 to 1200 kg/m3, the TPBs tend
to plug the perforations close to the borehole toe and downwards
facing. For engineering purposes, using TPBs with mixed input
density can be beneficial. Specifically, using TPBs with a density
lower than that of the fracturing fluid will ensure better plugging
efficiency near the borehole heel. Using TPBs with a density higher
than that of the fracturing fluid will similarly improve the plugging
efficiency near the borehole toe.

5.2. TPB diameter

To study the effect of the diameter of the TPBs on the transport
plugging efficiency, we assumed that the initial conditions of the
model remained unchanged and that the diameters of the TPBs
were set to 12, 13, 14, 15, and 16 mm. The number of balls plugging
at the perforations is given in Fig. 11.

As shown in Fig. 11, when the diameter of TPBs is 12 mm, there
were noTPBs near the borehole heel in P6 or P5. However, P4 and P3,



Fig. 6. Flowchart of the TPB migration simulation.

Fig. 7. Trajectories of the TPBs at different times.

Fig. 8. Pressure streamline of the flow field of 12 TPBs.
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which are in the central part of the perforation section, were
plugged, as were P2 and P1 near the borehole toe. For the TPBs with
3293
diameter of 13 and 14 mm, no TPBs were found in P6. However, for
the TPBs with diameter of 15 and 16 mm, P6 was plugged by TPBs.



Fig. 9. Trajectory of the TPBs in the perforation section at final time.

Fig. 10. Density of TPBs vs. number of TPBs in P1eP6.

Fig. 11. Diameter of TPBs vs. number of TPBs in P1eP6.

Fig. 12. Number of TPBs vs. the number of TPBs in P1eP6.
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However, with a diameter of 16 mm, no TPBs were found in P2 or P1
near the borehole toe. The above phenomena show that when the
diameter of the TPBs is small, the TPBs are easily carried and
plugged in the middle and near the borehole toe in the horizontal
well. As the diameter of the TPBs increases, it becomes easier for
the TPBs to plug perforations near the borehole heel in the upper
part due to the buoyant force. In brief, a smaller TPB diameter de-
creases the plugging efficiency near the borehole heel, while a
larger diameter increases the plugging efficiency near the borehole
3294
heel. The plugging efficiency is greater when the diameter of TPBs is
between 13 and 15 mm, and the plugging efficiency first increases
and subsequently decreases within this interval. TPBs of diameter
of 14 mm yield the highest plugging efficiency, indicating that a
moderate diameter of TPBs substantially improves plugging effi-
ciency. In other words, the plugging efficiency is greater when the
diameter of TPBs is approximately 1.08e1.25 times the perforation
diameter.

5.3. TPB number

In the study of the sealing law of TPB transportation, the TPB
number is also an important factor. A few balls may not be able to
achieve a better plugging effect, while many balls will increase its
cost. This study aimed to determine the optimal number of TPBs
needed to achieve the optimal plugging effect. Assuming that the
initial conditions of the model remain unchanged, the number of
TPBs is set to 6, 9, 12, 15, and 18. The number of balls plugging at the
perforation is given in Fig. 12.

As shown in Fig. 12, when the number of perforations was equal
to the number of TPBs, which was 6, only P4 and P2 were plugged
with TPBs. This outcome suggests that when the number of TPBs is
6, the plugging efficiency is low, and no clear pattern emerges.
When the number of TPBs was 9, TPBs were plugged in P2 or P1 but
not P6 or P5. This result indicates that with an increase in the
number of TPBs, the TPBs are inclined to be carried and plug the



Q.-H. Hu, W. Cheng, Z.-C. Wang et al. Petroleum Science 21 (2024) 3288e3297
perforations near the borehole toe. When the number of TPBs was
12, P6, P5, P3, P2, and P1 were plugged with TPBs. This result in-
dicates that when the TPB number is twice the perforation number,
the plugging efficiency is considerably greater than that for 6 TPBs.
When the number of TPBs was 15, perforations P6, P5, P3, and P1
were plugged with TPBs. Compared with that of 6 TPBs, the plug-
ging efficiency of the TPBs was considerably greater. However,
compared with that of the 12 TPBs, the plugging efficiency
decreased. Accordingly, when the TPBs reached twice the number
of perforations, the TPBs tended to interact more with each other.
This interaction led to their movement towards the borehole toe,
which resulted in a decrease in plugging efficiency. When the
number of TPBs was 18, only perforations P4, P2, and P1 were
plugged by TPBs. This result indicates that the plugging efficiency
decreases with an increase in the number of TPBs more than twice
that of the perforations.
5.4. Injection rate of the fracturing fluid

In horizontal well ball-throwing for temporary plugging frac-
turing technology, the injection rate is an important parameter that
affects TPB transportation and the plugging process. The position of
the plugging ball can be controlled by changing the injection rate,
which improves the plugging efficiency. Assuming that the initial
conditions of the model remain unchanged, the injection rates are
set to 0.5, 1.0, 1.5, 2.0, and 2.5 m3/min. The number of TPBs plugged
at the perforation sites is given in Fig. 13.

Fig. 13 shows that when the injection rate was 0.5 m3/min, the
P6, P5, P4, P3, P2, and P1 perforations had TPBs. The plugging effi-
ciency was high, indicating that effective plugging could be ach-
ieved at this injection rate. When the injection rate was 1.0 m3/min,
all the perforations had TPB plugging, and the total number of TPBs
was equal to that when the injection rate was 0.5 m3/min. This
result indicates that when the injection rate increases to 1.0 m3/
min, the plugging efficiency is still high. When the injection rate
was 1.5m3/min, P6 and P3 had noTPB plugging. This result indicates
that as the injection rate increases, the TPBs migrate at a faster
speed. Consequently, it becomes more difficult to plug perforations
near the heel of a horizontal wellbore, while perforations near the
borehole toe are easier to plug. When the injection rate was 2.0 m3/
min, except for P3, the perforations had TPBs. This result indicates
that the position of the TPBs can be controlled by adjusting the
injection rate so that the P6 perforation close to the upper part of
the borehole heel can be blocked. This method of adjusting the
injection rate can improve the plugging efficiency. When the in-
jection ratewas 2.5m3/min, TPBs were not observed at P6 or P3, and
the number of TPBs at P1 increased. This result suggests that as the
injection rate increases, it becomes more challenging to achieve
Fig. 13. Injection rate vs. number of TPBs in P1eP6.
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plugging at P6 near the upper part of the borehole heel and P3
located in the central part of the perforation section. To improve the
plugging efficiency, the injection rate must be regulated to a
moderate level.

5.5. Fracturing fluid viscosity

The fracturing fluid viscosity has an important effect on the
transportation and plugging process of TPBs in horizontal wells. To
study the effect of fracturing fluid viscosity on the TPB trans-
portation and plugging process, the initial conditions of the model
are unchanged. The fracturing fluid viscosity is set to 10, 20, 30, 40,
and 50 mPa s. The number of balls plugging at the perforations is
given in Fig. 14.

Fig. 14 shows that the viscosity of the fracturing fluid had a
considerable effect on the plugging process during TPB trans-
portation, especially at P6, P5, P2, and P1. Increasing the viscosity of
the fracturing fluid increased the number of plugging balls plugged
in P2 and P1 near the borehole toe and decreased the number of
plugging balls plugged in P6 and P5 near the borehole heel. This
outcome suggests that an increase in the viscosity of the fracturing
fluid will increase the plugging efficiency of perforations near the
borehole toe but decrease the plugging efficiency of perforations at
the upper part near the borehole heel. P4, located in the central part
of the perforation section and having a phase angle of 120�, was
plugged at each viscosity. This result indicates that the plugging
efficiency of this perforation is high at all fracturing fluid viscosities
in this area. In contrast, P3, located in the central part of the
perforation section with a phase angle of 180�, had only a few TPBs
plugged at all fracturing fluid viscosities. Upon comparison, it was
found that perforations located in the central part of the perforation
section and with a phase angle of 120� were more likely to be
blocked.

6. Conclusions

The numerical simulation results of each group were compre-
hensively compared and analysed, the influence laws of the five
major factors on the plugging properties of TPB transport were
summarized, and the following conclusions and recommendations
were drawn.

(1) Density of TPBs: When the density of the TPBs is lower than
that of the fracturing fluid, the TPBs tend to plug the upper
perforation. When the density of the TPBs is higher than that
of the fracturing fluid, the TPBs tend to plug the lower
perforation. When the density of the TPBs is close to that of
the fracturing fluid, all the perforations have a better plug-
ging effect. To enhance the plugging efficiency with a
Fig. 14. Fracture fluid viscosity vs. number of TPBs in P1eP6.
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specified ball diameter, it is suggested that the density of the
TPBs closely matches that of the fracturing fluid. Moreover, a
high plugging efficiency can be achieved by using TPBswith a
mixed density.

(2) Diameter of TPBs: This parameter has a substantial effect on
the plugging efficiency of TPB transportation. The plugging
efficiency of perforations near the borehole heel (P5 and P6)
is low when the TPB diameter is 12 mm. The plugging effi-
ciency of perforations near the borehole toe (P1 and P2) is low
when the TPB diameter is 16 mm. The plugging efficiency is
greater when the diameter of the TPB is approximately
1.08e1.25 times the perforation diameter.

(3) Number of TPBs: If the parameters of horizontal well ball
throwing for the temporary plugging fracturing process
remain unchanged, changing the number of TPBs will affect
the movement of the balls to plug the process. When the
number of TPBs is equal to the number of perforations, the
plugging efficiency is low. When the number of TPBs is
increased to twice the number of perforations, the plugging
efficiency will improve considerably. Increasing the number
of TPBs increases the ball contact area with the perforations,
which accelerates the process. However, with a larger
number of TPBs, the plugging efficiency near the borehole
toe will decrease. Moreover, when the number of TPBs is 3
times the number of perforations, the plugging efficiency
decreases. Too many TPBs can easily push and carry each
other to the borehole toe, thus decreasing the plugging
efficiency.

(4) Injection rate of fracturing fluid: In the case of a high injec-
tion rate in this study, it is difficult for the TPBs to effectively
plug the upper perforation near the borehole heel (P6), which
leads to a lower plugging efficiency. In the case of a low in-
jection rate, the TPBs can effectively plug the upper perfo-
ration near the borehole heel and realize the effective
plugging of the other perforations, which ensures a higher
plugging efficiency. In the ball-throwing temporary plugging
fracturing process, a higher plugging efficiency can be ach-
ieved by reducing the injection rate appropriately.

(5) Fracturing fluid viscosity: When the viscosity of fracturing
fluid increases during ball throwing for temporary plugging
fracturing, TPBs plug perforations near the borehole toe (P1
and P2) more easily but plug perforations near the borehole
heel (P5 and P6) with more difficulty. However, the plugging
efficiency of the middle perforations (P3 and P4) is almost
unaffected by the viscosity of the fracturing fluid.
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