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ABSTRACT

Ball-sealer plugging is a cost-effective method for hydraulic fracturing in vertical wells, yet the transport
and plugging behavior of ball sealers remains poorly understood. This paper investigates ball-sealer
plugging using both experimental and numerical approaches. A coupled computational fluid dynamics
(CFD) and discrete element method (DEM) model simulates ball transport under field conditions, vali-
dated by experiments in inclined pipes. Results show that plugging performance improves with a higher
flow rate ratio of the perforation, allowing effective plugging even when the ball is far from the target
perforation. There exists a threshold distance between the ball and the perforation under specific con-
ditions. The closer the ball is to the wellbore wall, the higher the likelihood of successful plugging. Low-
density balls can enhance plugging performance to some extent. At high flow rates, ball inertia along the
wellbore axis increases, reducing the ball's ability to redirect and weakening plugging performance. Ball
interactions also affect their positioning and plugging success. In vertical wells with multiple clusters,
prioritizing higher flow rates to the first fracturing cluster optimizes overall plugging performance and
minimizes excessive plugging in lower, under-stimulated clusters. These findings offer valuable insights
for optimizing ball-sealer deployment in well completions, improving operational outcomes.

© 2025 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Vertical well with perforations is a primary completion strategy
for hydrocarbon reservoirs with vertically stacked pay zones
(Miskimins, 2019; Qu et al., 2024b; Wang et al., 2012). Hydraulic
fracturing cooperates with ball sealers to stimulate multiple zones
at a much lower cost than packer fracturing (Qu et al., 2024a; Tan
et al., 2018). Balls temporarily plug some perforations to divert
fracture fluid to under-stimulated zones (Bilden et al., 1998; Chen
et al, 2023a; Liu et al,, 2023). It is successfully applied in acid
stimulation, matrix acidizing (Chen et al., 2024; Gabriel and
Erbstoesser, 1984), and horizontal well fracturing (Yuan et al,
2022). However, applying ball sealers in vertically perforated
wells introduces unique challenges. Numerous studies have shown
that ball sealers often fail to achieve effective diversion (Cheng
et al, 2021). In many cases, ball sealers do not plug the target
perforation at the precise moment, and the wellhead pressure
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response is minimal when the ball reaches the intended location
(Yuan et al., 2021). Due to the lack of in-depth understanding of the
transport and plugging characteristics and the absence of clear
guidelines, field operations often rely on the experience. It is
necessary to understand ball transport behavior in vertical well
with perforations.

Brown et al. (1963) proposed the equations of ball transport in a
vertical well. Once the inertial force on the ball was greater than the
drag force, the ball missed the perforations to the rathole. At best, it
seated only the lowermost perforations. Erbstoesser (1980) con-
ducted laboratory tests in a vertical pipe with side holes and found
that buoyant balls had a larger plugging performance than non-
buoyant balls. Field trials in Saudi Arabia confirm that buoyant ball
sealers are the optimal solution for the matrix acidizing of perfo-
rated completions. Nozaki et al. (2013) experimented with ball
plugging in a full-scale flow device to evaluate ball-sealer plugging
performance. The ball-sealer densities ranged from 900 to 1190 kg/
m?>. The maximum fluid velocity was 1.35 m/s. Due to gravity and
hole azimuth, the ball-seating behavior varies significantly be-
tween vertical and horizontal wells. Buoyant and nonbuoyant balls
had a statistical nature in perforation plugging. In a horizontal well,
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the plugging rate reaches approximately 85% with a ball sealer-to-
perforation ratio exceeding 2.5. Yuan et al. (2022) developed a
large-scale experimental system with a diameter of 84 mm to test
ball-sealer transport under high flow rates and pressures. Two
types of diverter balls with densities of 1260 and 1100 kg/m? were
used. The mean fluid velocity was up to 1.0 m/s. There are signifi-
cant differences in diverter transport due to varying flow distri-
bution among perforations. The ball can only enter a side hole as its
flow rate reaches a specific threshold. High-viscous fluid can
improve the plugging rate of high-side perforations. It is found that
the perforation flow ratio has an "oblique L-shaped" relationship
with the injection rate. However, during the pumping of balls, the
flow rate ranges from 2 to 5 m>/min (Miskimins, 2019), which is
challenging to achieve in a laboratory device. Since the flow rate
significantly affects the ball transport behavior, ball-sealer trans-
port characteristics and plugging performance still need to be
clarified, especially under field conditions.

Computational fluid dynamics (CFD) combined with the discrete
element method (DEM) becomes an excellent solution that studies
ball transport under high flow rate and pressure (Chen et al., 2023b;
Qu et al., 2022). The ball transport in a wellbore can be regarded as
coarse grain migration. The resolved CFD-DEM is particularly
suitable for the situation compared to the unresolved method
(Chen et al.,, 2024; Qu et al., 2023). It has scrutinized in a series of
papers on fluidized beds and hydraulic conveying (Washino et al.,
2023; Yamashiro and Tomac, 2022). Schnorr Filho et al. (2022)
simulated the hydraulic transportation of coarse particles through
a 90° elbow. Spheres measuring 6 mm in diameter and with a
density of 1140 kg/m> were randomly generated at the inlet. The
ratio of the pipe to ball diameter is 4.2. The results shed light on
tactics for mitigating settling and grain accumulation in elbows,
thereby improving the hydraulic conveyance of solid particles in
industrial environments. Xiong et al. (2021) conducted a numerical
study of the dynamic bridging process and the mechanism of par-
ticles becoming lodged in rectangular bend channels using the
CFD-DEM approach. They examined the influence of particle con-
centration, particle density, channel geometry, and fluid dynamic
viscosity on the bridging phenomenon. Particles with a diameter of
2 mm are easily bridged at the turn of the channel, especially at a
large bend angle. Particle concentration is the critical factor that
affects the probability of jamming. Wang and Liu (2020) investi-
gated complex particulate flows with thermal convection in a flu-
idized bed to validate the effectiveness of the proposed the resolved
CFD-DEM approach in modeling particulate flows involving both
momentum exchange and thermal convection. The approach can
accurately obtain the transport behavior of particles with different
sizes. The CFD-DEM approach is highly suitable for modeling ball-
sealer transport in vertical wellbores, especially under field
pumping conditions. However, no studies or publications have
specifically focused on this area to date.

Although ball sealers are widely utilized in hydraulic fracturing,
the understanding of their transport behavior in vertical wells re-
mains incomplete. This gap in knowledge is partly due to the
numerous influencing factors and partly because the experimental
parameters are significantly lower than those encountered in field
conditions. This paper explores the intricacies of ball sealer trans-
port and diversion in vertically perforated wells. The ball diversion
experiment validates the CFD-DEM model and parameters. The
effects of the ball position, injection flow rate, ball density, and flow
rate ratio on plugging performance are studied. The transport of
multiple balls and their plugging in between perforation clusters
are discussed under field conditions. The objective is to clarify the
transport behaviors and plugging performance of the ball sealer in
vertical wells and identify best practices for its implementation.
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2. Experimental and numerical method
2.1. Experimental device

Fig. 1 displays a schematic graph of the device to test the ball-
sealer transport in an inclined pipe with six holes. A transparent
acrylic pipe with an inner diameter of 50 mm and a length of 2 m is
used to mimic the wellbore. The injection port side can be elevated,
allowing for a wellbore with an inclination angle from 70° to 90°.
The 90° indicates a horizontal wellbore. Six perforations with an
inner diameter of 14 mm are used to simulate a perforation cluster,
arranged in a helical pattern with a 60° phasing angle and a 60 mm
spacing between the holes. These parameters match the actual field
perforation specifications (Miskimins, 2019). The liquid flows
through the perforations into buckets. The bucket is open, and the
pressure at the hole outlet is equal to atmospheric pressure. After
the test, the average flow rate for each hole can be determined. A
high-speed camera is perpendicular to the hole section, recording
ball transport.

2.2. Liquid and ball

Low-viscosity slickwater with a viscosity of 3 mPa s was pre-
pared to be consistent with the fracturing fluid on site. In Fig. 2, the
ball sealer (an acid copolymer) has a diameter of 13 mm and a
density of 1180 kg/m>, identical to the filed application (Angeles
et al, 2012; Nozaki et al., 2013). The injection flow rate is
0.772 m®/min in the 50 mm pipe, with a mean fluid velocity of
6.56 m/s. If the velocity remains constant, the equivalent flow rate
in a 110 mm casing would be 3.73 m?/min.

2.3. CFD-DEM equations

For ball transport in a vertical pipe, incompressible
Navier—Stokes equations govern the fluid flow, and the mass and
momentum formulas are given in Egs. (1) and (2) (Shen et al,
2022). The immersed boundary (IB) method calculates interaction
forces between Lagrangian points and surrounding fluid elements
(Schnorr Filho et al., 2022). For the fluid phase, the coupled mass
and momentum equations are solved using the pressure-implicit
with splitting operators (PISO) method. A second-order QUICK
scheme is employed to discretize the convective terms, while
divergence and gradient terms are computed using a semi-implicit
finite difference method.

Pﬂaaitﬂ-ﬂm (uﬂ'V>uﬂ = —Vp+ pgVug (1)
Veug =0 (2)
the boundary condition

ug =ur (3)
the initial condition

ug(x,t=0) =up(x) (4)
the ball—fluid interface condition on the ball boundary

up = vy (5)
oon = tpg (6)

Solid motions include translation and rotation, governed by
Newton's second law.
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Fig. 1. Schematic of ball-sealer transport in an inclined pipe with six helical holes.

Fig. 2. Ball sealers.

dv
mbd—tb =mug+Fpr+ > Fyy (7)
dw
d—tb = Z Tew + Tyt (8)

The force originating from the fluid on the ball sealer is
expressed by Eq. (9)
Fpr= > (—VP+MﬂV2"ﬂ)'V 9)

ceTy

2.4. Numerical model

Fig. 3(a) shows the model of the vertical well with six holes. The
vertical pipe has a diameter of 110 mm, simulating casing. Six side
holes are arranged on the right side in a spiral distribution. The
diameter of each hole is 12 mm, and the distance between adjacent
holes is 60 mm, aligning precisely with the actual parameters
specified for the experiment. The six holes serve as outlets, and the
inlet is at the upper boundary of the pipe. The distance between the
inlet and top perforation is 5 m to ensure sufficient fluid flow.
Hexahedral elements are used to discretize the flow space. Dy-
namic meshing was used during the simulation process, and
Fig. 3(b) illustrates an example of grid refinement employed in the
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simulation. The flow field influences the motion of the spheres in
the fluid, and dynamic meshing adjusts the grid based on particle
positions and velocities, ensuring accurate trajectory tracking. Dy-
namic meshing can adaptively adjust the mesh based on the
characteristics of different scales, reducing computational costs
while meeting the requirements of the analytical model (Washino
et al.,, 2023).

2.5. Numerical method

InTable 1, the properties of the ball and fluid are set based on the
field range. The time step is a crucial factor influencing the accuracy
of the CFD-DEM model simulation. For DEM, the time step should
be smaller than the distance travelled by the particle in a time step
to ensure reasonable contact with the walls. The time step Atpgy is
constrained by the time in Eq. (10).

In CFD computations, the Courant number is a critical parameter to
ensure numerical stability, as shown in Eq. (11). Typically, the
Courant number should be kept below 1 for stability (Shen et al,,
2022).

TCdb/z
1v + 0.8766

Atppm = 0163 (10)

_ VilAterp
Ax

Due to the minimum length of fluid elements being 0.3 mm and
the maximum fluid velocity being 15 m/s, C, equals 0.5. Typically,
the fluid phase's time step is ten times that of the solid phase. Atpgy
issettobe 1 x 10°%s, and Atcpp is set tobe 1 x 107> s.

Co <1 (11)

2.6. Simulation scheme

Table 2 lists the simulation scenarios where the parameter
ranges are based on field conditions. The ball position indicates the
distance between the ball and the perforation when the ball is
located below the perforation. When the I, is 10 mm, the ball is
closer to the hole. The total flow rate in the pipe will be split into the
flow rate continuing through the wellbore and the flow rate
diverting into the perforation. The flow rate ratio is the fluid flow
rate through the perforation to that upstream of the perforation,
expressed by Eq. (12).

_ i 100%

RpQP

(12)
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Fig. 3. Model sizes and fluid cells.

Dynamic mesh refinement

Table 1
Parameters for numerical model.
Type Parameter Numerical value Field value
Fluid properties Inlet velocity v, m/s 4-15 2-20
Density p, kg/m® 1000
Dynamic viscosity ur, Pa s 0.003 0.001-0.005
Ball-sealer properties Diameter dp, mm 13 6—-16
Density pp, kg/m? 1100—1300
Young's modulus E, Pa 9 x 107 10%-10°
Poisson's ratio v, 0.32 0.25-0.50
Restitution coefficient e 0.5 /
Sliding friction coefficient us 0.5 /
Rolling friction coefficient u, 0.05 /

Table 2
Simulation scheme.

Case Ball position Ip,p, mm Flow ratio R, % Fluid velocity v, m/s Flow rate Q,, m>/min Ball sealer density pp, kg/m® Inclination angle 6y, °
1 20-55 0.167 4.0 2 900—1300 0
2 30 0.1-0.5 4.0 2 900—1300 0
3 30 0.167 4.0-14.8 2-7 900—-1300 0

where Qp; is the flow rate of the perforation i, m?/min; Qp is the 3. Validation of the numerical model
injection flow in the wellbore, m>/min.
The numerical model and mesh size significantly affect ball

transport behavior and should be validated by experimental results.
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The model's dimensions are identical to the experimental device,
and fluid and ball properties are consistent with the experiment.
The mesh in the perforation section is refined and optimized to
ensure the mesh independence. Three wellbore models are estab-
lished with the cube length from 2 to 6 mm. It is found that ball
motion is highly sensitive to the grid size. In Fig. 4, mesh inde-
pendence is validated by comparing the ball trajectories around the
P2. The high-velocity ball with large inertia misses the P; and
transports toward the P, due to the influence of flow diversion.
When the mesh length is over 2 mm, the ball misses the P, and hits
the downstream wall, indicating inaccurate fluid flow around the P,
entrance. The drag force toward the P; is not enough, and the ball
cannot turn in time. Thus, the 2 mm length of the cubic element is
rational. Before the first perforation of Py, the ball position is stable,
and the length of 1.35 m between the inlet and the Py is enough for
the fully developed flow regime.

The inclination angle is 78°, and the orientation of the P; is
downward. The injection flow rate is 0.772 m>/min at the inlet, and
the fluid rates in the six holes are almost identical. Fig. 5 shows the
process of the ball diversion to the P4. The ball sealer is suspended
in the middle of the pipe and transported to the hole section
without settling to the bottom. The ball quickly passed through the
P1—P3 section and reached the right side of the P4. At t;, the ball was
no longer moving towards the wellbore bottom. Then, it turned to
the P4 due to the fluid diversion. At t3, it flowed into the P4 and was
stopped by a step inside the hole. The ball trajectories around the P4
are identical to the experimental results at three moments. The ball
missed the P4 a little distance due to inertia, then turned and
blocked the P4. Vector arrows indicate the fluid flow, and the
simulation fluid velocity of the hole exit is 14.0 m/s, similar to the
experimental velocity of 13.9 m/s.

Fig. 6 shows the process of the ball entering the downward hole
of the P,. In the experiment, as the ball sealer was suspended and
transported in the lower part of the pipeline, it was prone to enter
the heel-side downward hole of P,. The reason is that the drag force
is generated by fluid diversion and the ball's gravity is downward.
The numerical results accurately display the experimental process.

4. Result and analysis
4.1. Ball position Iy

Once the ball sealer enters the wellbore, it travels downwards

50

Mesh length
2mm x 2 mm x 2mm
4 mm x4 mm x 4 mm
6 mm x 6 mm x 6 mm

40 A

30 1

20 4

Wellbore diameter, mm

P,

0 T T
1.25 1.30

1.40 1.45

Wellbore axis, m

Fig. 4. Mesh independence validation.
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for thousands of meters. Due to the influence of liquid flow and
wellbore trajectory, the horizontal position of the ball in the well-
bore is variable. The relative position between the ball and perfo-
ration significantly impacts the plugging performance (Yuan et al.,
2022). Fig. 7 illustrates three scenarios where the distance (Ipp)
between the ball sealer and the Pq is reduced from 55 to 30 mm.
The liquid enters the inlet at a velocity of 4.2 m/s, gradually
decelerating as it exits through six perforations. There is a clock-
wise vortex at the lower boundary due to fluid compression. In
Fig. 7(a), as the ball sealer enters the perforation section, it expe-
riences disruption from the liquid diverting into the perforation,
causing its trajectory to the horizontal shift. Upon entering the
lower-speed area of the wellbore, it loops back to plug the Pg. In
Fig. 7(b), with a distance of 32 mm between the ball sealer and the
P4, the small ball's trajectory is significantly influenced by the fluid
flow around the P;. However, after colliding with the pipe wall, the
small ball misses the P; and flows downwards. In Fig. 7(c), the ball
successfully diverts to the P; and plugs it. A ball is prone to plug
when close enough to the perforation.

Fig. 8(al) and (b1) show enlarged views around the P;, marked
by red dashed boxes in Fig. 7(b) and (c). Due to fluid diversion, a
region of velocity variation forms around the entrance of P;, where
the fluid velocity rapidly increases. As the ball-sealer approaches
the Py, fluid diversion to the Py generates a drag force, dragging the
ball towards the P1. When the Ipp is 32 mm, the ball is located at the
edge of the region, but the drag force is insufficient to cause the ball
to turn quickly to the P,. When the Iy, is 30 mm, the ball resides
within the region, and the drag force causes it to plug into the P;.
Hence, 30 mm is a threshold distance.

Fig. 8(a2) and (b2) illustrate two velocities of the ball migration,
including the velocity along the wellbore axis (V) and the velocity
towards the Pq (V). Noted that the P is located at 5.0 m in the z-
axis direction of the wellbore. At 4.95 m in the z-axis direction, the
V,, begins to increase. For Ipp = 30 mm, V,, significantly increases
from O to 2.41 m/s, while V, remains relatively stable. However,
when the Ipp is 33 mm, V}, increases from 0 to 1.77 m/s. This
outcome underscores that the position of the ball sealer is crucial
for successful plugging. The ratio of V,, to V, indicates the tra-
jectory's deviation from its initial path, as shown in Eq. (13). The
diversion index (Sg) is the integral of R to evaluate the plugging
performance of the ball-sealer, as shown in Eq. (14). When I, de-
creases from 32 to 30 mm, the Sg increases from 0.0077 to 0.0099.
The larger the Sg, the faster the ball turns and plugs the perforation.

Vp
R=37 (13)
5
S = [Rdx (14)
0

Fig. 9 shows the correlations between Sg and Ipp at the three
densities, including buoyant and nonbuoyant balls. Solid symbols
indicate a successful plugging. The ball will plug the hole once the
Ipp is less than the threshold distance. The buoyant with a density of
900 kg/m? ball has a similar plugging performance to the non-
buoyant ball with a density of 1100 kg/m?, and the threshold of Ibp
is 30 mm, as shown in Fig. 9(a). For the ball with a density of
1300 kg/m3, the threshold value is 28 mm. Fig. 9(b) shows the
transport trajectories of three balls. As the Iy, is 30 mm, the ball
with a density of 1300 kg/m> misses the hole, while the low-
density balls can plug the hole.

In a vertical well, the closer the ball sealer is to the wellbore wall,
the greater the likelihood of successfully plugging the perforation.
The ball weight is small. Also, the transport direction is same as the
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Fig. 6. Ball sealer transport in the inclined pipe and plugging on the P,.

gravity in the vertical well. Thus, the density has minimal in-
fluences on the diversion plugging, and the lighter ball with a
smaller inertia force toward the wellbore axis has a better plugging
performance. Low-density balls can enhance plugging performance
to some extent.

4.2. Flow rate ratio Ry

Measurements from disposable fiber optics and downhole video
cameras provide sufficient evidence of a significant flow rate dif-
ference between the perforations. Preferential perforations receive
more fracturing liquid, while some do not have liquid (Savitski
et al., 2024). In Fig. 10, the injection flow rate is 2 m>/min, and
the flow rate of P; varies from 0.334 to 1 m3/min. In Fig. 10(a1), the
ball misses the perforation and collides with the wall behind the
hole. In Fig. 10(b1), the flow rate of the P; decreases, and a region of
velocity variation around the P; decreases. The ball is not located in
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the region, making it difficult to turn to the Pi. When the R, in-
creases to 0.5, the high-speed fluid exerts a significant drag force on
the ball, overcoming the inertia force in the vertical direction, and
the ball plugs the perforation, as shown in Fig. 10(a2). The ball
rapidly diverts towards the perforation with the high-flow rate. In
Fig. 10(b), as the flow rate ratio increases, the area of velocity
variation around the hole becomes more considerable. Therefore,
the ball is more likely to plug the perforation with a larger flow rate
ratio.

Fig. 11(a) illustrates the ball's velocity variation towards the
perforation as the flow rate increases from 0.1 to 0.5. When R, is 0.5,
V,, increases from 0 m/s at z=4.2 m to 17 m/s at z = 5.0 m, and the
ball plugs the perforation rapidly. However, when R;, is 0.1, V}, in-
creases at z = 4.7 m and achieves the maximum value of 1.06 m/s at
the Py. It indicates that the drag force in the V} direction cannot
overcome the inertia force, resulting in a slower turning speed. In
Fig. 11(b), the diversion performance gradually improves with the
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Fig. 7. Ball sealer transport in the vertical well at three positions of Case 1 (Table 1), front view.

increase in the Rp,. The threshold of the R, exceeds 0.167, with a
corresponding diversion index of 0.01. When the R, exceeds 0.167,
the ball will rapidly divert and plug the hole. Due to smaller inertia,
the buoyant ball is slightly easier to plug than the nonbuoyant.

As the ball's position is crucial, the relationship between R, and
Ipp is calculated to determine the blocking area. The critical flow
rate ratio for different positions is obtained based on many simu-
lations. In Fig. 12, the area to the left of the Ry, critical curve is the
blocking area. Fig. 12(b) shows the ball trajectories of two particular
scenarios in Fig. 12(a). As the Ry is 0.1, the Ipp should be no more
than 15 mm. When the Iy, is 78 mm, the R}, should increase to 0.95,
and the ball plugs the hole, even if it moves to the lower region.

The ball sealer will likely plug the perforation in a wellbore with
a large flow rate. However, the fracturing layer has many perfora-
tions, and the average Q, of each perforation might be very small.
The balls easily miss the hole, and the perforation scheme signifi-
cantly decreases the plugging performance. The result will guide
the completion design, including optimizing perforation parame-
ters and designing the ball sealer process.

4.3. Injection flow rate Qp

During the ball delivery stage, the injection flow rate signifi-
cantly affects the ball transport behavior and plugging performance
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(Tan et al., 2018). With a high flow rate, the ball moves quickly,
making it difficult to navigate and seal the perforation, resulting in
a slight increase in surface pressure. With a low flow rate, the ball
does not move with the fluid and might not plug the perforation. In
Fig. 13, the ball plugs the perforation when the flow rate is 2 m?/
min. When the flow rate increases to 7 m?/min, the average fluid
velocity is 14.8 m/s, and the ball has a large inertia. As the ball
approaches the perforation, its trajectory is altered by the diversion
effect toward the perforation direction. However, it fails to plug the
perforation and instead collides with the surface behind the
perforation. Fig. 14 compares the diversion indexes at two flow
rates. When the ball sealer moves to 4.4 m, the V}, starts to increase
until it plugs the hole, the V, increases from 0 m/s at 4.2 m to
241 m/s at 5 m, and Sg is 0.0099. In Fig. 14(b), V,, increases from
0 m/s at 45 m to 5.1 m/s at 5 m, while V; remains almost un-
changed at 15.58 m/s. Since the V, is large, the diversion index
decreases to 0.0067, and the ball needs more time to turn to the
perforation. At high injection flow rates, the ball's inertia is sig-
nificant, making it difficult to quickly change direction and plug the
perforation, causing it to continue moving along its original path.
In Fig. 15(a), the threshold of the Q, for high-density balls is
4 m?/min, while for low-density balls, it is 4.2 m?/min. When the Q,
is less than 4 m?/min, the liquid flowing towards the perforation
greatly influences on the ball diversion, significantly improving the
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plugging performance. Fig. 15(b) shows the plugging region by
calculating the relationship between Qp and Ipp. When the Qp ex-
ceeds 6 m3/min, the Ipp should be less than 22 mm to achieve
successful plugging.

The results indicate that, in many cases, increasing the injection
rate alone will not improve the plugging performance. The method
will increase the drag force toward the hole, and it also increases
the ball inertia. A low injection rate may increase the plugging
performance. Thus, the engineer continuously optimizes the ball
delivery rate based on the pressure response after plugging per-
forations, obtaining a flow rate range for the target block.
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5. Discussion
5.1. Interaction between balls

The mutual interactions between balls can change their relative
position during the downward transport. Fig. 16 shows ball trans-
port in a vertical well at three initial positions. In Fig. 16(a), six balls
are placed 10 mm from the wellbore wall at the inlet. After a 5-m
migration, the ball plugs the corresponding perforation. In
Fig. 16(b), the ball misses the Py, Ps, and Pg due to the increased
distance. Since the threshold of Ipp is 30 mm for a single ball, the
phenomenon of mutual interaction is proven. Also, the red ball
aligned with the Ps plugs the P4. Its trajectory is affected by other
ball migration and perforation attraction. In Fig. 16(c), three per-
forations are plugged as the Ipp is 35 mm. Mutual repulsion occurs
because of the small distance between adjacent balls, changing the
orientation and distance between the hole and ball. In Fig. 17(a), the
minimum percentage is 50% at a ratio of 1:1, identical to the liter-
ature (Nozaki et al., 2013). The top P; is hardly plugged, possibly
due to the large inertia.

5.2. Interaction between clusters

Fig. 17(b) shows the plugging percentage at the upper cluster in
a vertical well with two perforation clusters. The smaller the flow
rate ratio of the top cluster, the lower the plugging percentage, and
the balls transport to the lower cluster. When the cluster receives
20% of the injection liquid, the plugging percentage is 16.7%, and
only one hole is plugged. Typically, the minimum horizontal stress
gradually increases with the burial depth, and a hydraulic fracture
is easily generated at the shallow cluster. Based on the research,
increasing the number and diameter of perforations in the shallow
cluster is recommended to ensure a large flow rate ratio and a good
fracturing effect. Then, ball sealers are prone to plug more perfo-
rations in the upper cluster, diverting fluid to the lower cluster. This
approach helps prevent excess balls from bypassing the upper
cluster and blocking under-stimulated lower perforations. It in-
duces high fracturing pressures and insufficient fluid entry,
affecting fracture propagation.
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Fig. 17. (a) Relationship between the plugging percentage and I,; (b) Relationship between the plugging percentage and flow rate ratio between two perforation clusters.
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6. Conclusions

This study investigates the dynamics of ball sealer plugging
performance in perforations under a range of field conditions,
providing valuable insights into ball plugging. The main findings
can be summarized as follows:

(1) Plugging performance improves with an increased flow rate
ratio, whether for a single perforation or a cluster. Even when
the ball sealer is initially distant from the perforation, a
sufficiently high flow rate ratio can cause it to divert by 90°
and effectively plug the perforation.

(2) There exists a threshold distance between the ball and the
perforation under specific conditions. The closer the ball
sealer is to the wellbore wall, the higher the likelihood of
successful plugging. The plugging performance of balls with
a density of 900 kg/m® is better than that of balls with a
density of 1300 kg/m>.

(3) At high injection flow rates, the ball's inertia becomes sig-
nificant, making it difficult to quickly change direction and
plug the perforation, causing it to continue on its original
path. Lower flow rates can improve plugging performance,
and a recommended flow rate range is 2—4 m>/min.

(4) Interactions between multiple balls can affect their positions,
which in turn alters the relative distance between the balls
and the perforations, leading to variations in the plugging
performance of the perforations.

(5) In vertical wells with multiple perforation clusters, it is
crucial to ensure that the first fracturing cluster receives a
higher flow rate to improve plugging performance. This
prevents excessive balls that miss the first cluster from
plugging under-stimulated perforations in lower clusters.
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Nomenclature

un Fluid velocity, m/s

e Fluid viscosity, Pa s

o Fluid density, kg/m>

v Particle velocity, m/s

ur Boundary condition for the fluid velocity, m/s
Uy Initial condition for the fluid velocity, m/s

g Stress tensor

n Unit vector normal to the solid surface

trs Traction vector of the fluid

Petroleum Science 22 (2025) 1686—1698

g Gravity, m/s?

my Mass of particle, kg

wp Particle angular velocity, rad/s

1 Moment of inertia of the particle, kg m?
Tew Contact torque of particle to wall, N m

To £ Torque caused by fluid, N m

For Force contribution caused by the fluid on particle
Fiw Ccontact force of particle to wall

1% Volume of the fluid cell, m>

Al Transport distance between two frames, m
At Time interval between two frames, s
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