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ABSTRACT: The microsphere system has small initial particle size, excellent swelling performance, simple manufacturing process,
and strong plugging ability. It has great application potential in the field of plugging and profile control of deep reservoirs.
Microspheres can effectively plug the pores of fractured cores, inhibit the rapid breakthrough process, and improve the sweep
efficiency of the injected fluids. However, the microscopic plugging mechanism of microspheres on fractured cores is still unclear. In
this study, the distribution of microspheres after plugging was observed through specially prepared core models. Furthermore, the
microscopic plugging mechanism of microspheres in fractured reservoir cores was clarified, including direct microsphere plugging,
cluster bridging plugging, adhesion plugging, extrusion-deformation plugging, and extrusion-crushing plugging. Then, particle flow
simulation software was used to establish the fluid−solid coupling model of microsphere plugging, and then, the numerical
simulation of the plugging process was realized by Python module programming. Through this study, the plugging effect of
microspheres under different fracture opening conditions was clarified. Moreover, the effects of injection pressure difference, fracture
width, and particle size ratio on the fluid−solid structures of microsphere plugging were analyzed. The results show that the smaller
the particle size ratio, the greater the injection pressure difference, the fracture width, and the reduction magnitudes in fracture
porosity and core permeability and the higher the plugging rate. The numerical simulation results well support the microsphere
plugging mechanism obtained by experiments. The results of this study can provide theoretical and technical support for the
development of deep profile control and flooding and enhanced oil recovery technology of the polymer microsphere dispersion
system in fractured low-permeability reservoirs.

1. INTRODUCTION
Water (or gas) flooding is an important means to ensure stable
production of oil and gas. However, serious water invasion
often occurs in fractured reservoirs, which seriously affects the
recovery of oil and gas resources.1,2 Studies have shown that
polymer microspheres can achieve effective plugging of
reservoirs. According to the particle size, the microspheres
can realize direct, deformable, shear separation, bridging, and
adhesive plugging in the reservoir.3 They can enter the deep
reservoir via the fracture network and realize multidimensional
step-by-step plugging and profile control.4 Lei et al. (2007)5,6

found that the microspheres rely on the resistance of physical
barriers in the pores to control the water flow and the swept
volume. Moreover, the microspheres can pass through the

throats under the action of elastic deformation and create
resistance to the water flow at the adjacent throats.
Furthermore, the microspheres can continuously migrate to
the deep part of the oil layers. Liu (2010)7 found that in the
deep profile control and oil flooding process, nano/micron-
scale polymer microspheres can expand, bond, and coalesce
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with each other and preferentially plug the high-permeability
layers. The swelling characteristics of the microspheres can
make the flow diversion ability of the microspheres increase
after entering the deep oil layers. Fan (2012)8 found that the
streamlines formed by the plugging of polymer microspheres
would turn, and the low-permeability layers that had not been
affected before were affected. Then, the sweep efficiency of the
injected water and the production capacity of the oil wells are
significantly improved.9,10

Simulation of the particle flow process is often used in the
fluid−solid coupling in soil. In addition, some researchers have
also used it to simulate the fluid−solid coupling in the process
of sand production. However, there are few reports and
references on the application of particle flow simulation in
leakage and channeling prevention of microspheres. Common
fluid-structure interaction algorithms include Computational
Fluid Dynamics (CFD)-Discrete Element Method
(DEM),11−16 Lattice Boltzmann Method (LBM)-DEM,17−20

and Dynamic Fluid Mesh (DFM)-DEM methods. Besides
CFD and LBM, there are other methods such as REV,21

SPH,22 pore network method23,24 that can also be used to
solve the fluid-structure interaction problem in DEM.
However, none of these methods can well simulate the
fluid−solid coupling mechanism during the plugging and anti-
channeling process. Therefore, in this paper, the DFM-DEM
method is used to study the fluid−solid coupling problem of
microspheres.25,26 This method has high computational
efficiency and can well solve the fluid-structure coupling
problem of pore-throat-scale microsphere particles in a fluid
grid condition.
Previous studies mainly used sand filling models to evaluate

the microsphere plugging performance, and the adaptability of
the conclusions obtained in real fractured reservoir cores needs
to be verified. At the same time, there are few studies on the
plugging mechanism of fractured reservoirs by microspheres
using particle flow simulation software. In order to clarify the
plugging mechanism of microspheres on fractured oil
reservoirs, a specially prepared core model was used to observe
the distribution of microspheres in real cores after plugging of
microsphere. Then, the microscopic plugging mechanism of
microspheres in fractured reservoirs was clarified. Subse-
quently, particle flow simulation software was used to establish
the fluid−solid coupling model of the microsphere plugging,
and then, the numerical simulation of the plugging process of
microsphere injection was realized by the Python module
programming.
Figure 1 shows the idea of the whole study. The specific

research content includes the construction of the experimental
model and the numerical simulation of microsphere plugging.

2. EXPERIMENTAL EQUIPMENT AND MATERIALS
2.1. Experimental Equipment. A field-emission environ-

mental scanning electron microscope of the FEI Company was
used to carry out the microsphere plugging experiments. The
device can be used to perform nanoscale stereoscopic
observations of the samples without damaging the internal
structures of the rock. Meanwhile, the plugging mechanism of
the microspheres can be clearly observed.

2.2. Experimental Cores. Figure 2a shows the fractured
core slices used in the experiments. The cores used in the

experiments were taken from the fractured reservoirs in the ZD
area. Standard cylinder samples were selected for the
experiments, and the core slices with a thickness of about 2
mm were cut from the core by a cutting machine, and then, the
core slices were artificially fractured.
The current experimental model cannot directly observe the

distribution of microspheres inside the real core after the
plugging and anti-channeling of microspheres. In order to solve
this problem, a special experimental core model was prepared
(Figure 2). Two small matrix rock pillars with smooth end
faces were selected and artificially fractured, and then, the
experimental core slices were placed between the two fractured
cores and then placed in the core holder. The end face of the
selected cores and core slices are smooth. Only in this way,
they can be used to simulate the internal structures of the real
cores. The core model was used to conduct the plugging
experiments. After the experiments, the core slices were taken
out to observe the plugging situation of the microspheres
inside the real cores.

2.3. Experimental Scheme. The process of the experi-
ments is as follows: First, excess microsphere solutions were
injected into the core model; then, the core slices were taken
out and dried, and the plugging situation of the microspheres
in the pores was observed with a scanning electron microscope.

Figure 1. General sketch of the problem under study.

Figure 2. Preparation of the experimental core model.
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3. NUMERICAL SIMULATION MODEL
3.1. Simulation Workflow. First, DEM Software was used

to create a rock skeleton particle model representing fractured
oil reservoirs, and then, the simulation of the plugging and
anti-channeling process by microsphere injection was realized
by Python programming. The DEM-DFM algorithm flow used
in this model is shown in Figure 3. First, a DEM model is

established, and a rock skeleton particle model is generated
based on the large particles in the particle aggregates. Then,
the porosity and permeability of the rock skeleton grain units
are calculated based on the positions of all grains. Assuming
that the fluids are incompressible, then the Poisson equation
related to the fluid pressure is derived, and the Darcy’s law is
used to calculate the local flow characteristics. Furthermore,
the force of fluids exerted on each microsphere particle during
the fluid-structure interaction process was calculated, and the
velocity and displacement of the microsphere particles were
obtained. The process was repeated, and the fluid grid,
permeability, and fluid forces are automatically updated at
predetermined intervals. Finally, the calculation stops when the
total time step reaches the preset cycle. During the calculation
process, the fluid grid is dynamically updated at the

predetermined time intervals until the microsphere particles
begin to move.

3.2. Establishment of the Fluid−Solid Coupling
Model. In the process of numerical simulation, the number
of fluid grids needs to be generated first. The number of grids
in the xyz directions is 40 × 5 × 10, and the size of each grid in
the xyz directions is 500 μm. On the basis of determining the
number of fluid grids, the rock skeleton particle model and the
plugging and anti-channeling model of microspheres need to
be generated as well.
3.2.1. Rock Skeleton Particle Model. Table 1 shows the

physical and mechanical properties of rock skeleton particles
used to establish the model. The final rock skeleton particle
model is shown in Figure 4a. The particle size of the generated

rock skeleton particles ranges from 90 to 330 μm. In order to
simulate the plugging properties of microspheres in fractured
oil reservoirs, T-shaped fractures are generated in the
generated rock skeleton particle model by the particle removal
method. The final fractured rock skeleton particle model was
obtained (Figure 4b).
3.2.2. Microsphere Plugging and Anti-channeling Model.

Table 2 shows the basic attribute parameters of formation

fluids and microsphere particles used to establish the
microsphere plugging and anti-channeling model. The final
generated microsphere plugging and anti-channeling model is

Figure 3. Workflow of DEM-DFM coupling and calculation of
microsphere plugging and anti-channeling.

Table 1. Physical and Mechanical Properties of Rock Samples

classification parameter name parameter value

rock model size (length × width × height) (103μm) 10 × 2.5×5
particle size (μm) 90∼330
fracture width (μm) 300∼500
porosity 0.3

micromechanical properties of particles particle density (kg/m3) 2600
particle normal stiffness (GPa) 1
particle contact stiffness ratio 1.5
particle tangential stiffness normal stiffness /1.5
sliding friction coefficient between particles 0.5
bond tensile strength (MPa) 50
bond stiffness ratio 1.8
bond friction angle 45°

Figure 4. Rock skeleton particle model.

Table 2. Basic Attribute Parameters of Formation Fluids
and Microsphere Particles

parameters value

size (μm) 60
density (kg/m3) 1400
stiffness ratio 1.5
fluid viscosity (Pa·s) 1 × 10−3

fluid density (kg/m3) 990
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shown in Figure 5. It shows the situation when the
microspheres have not entered the rock skeleton particles.

Under the action of hydrodynamic force, the microsphere
particles begin to enter into the rock skeleton particles.
Because the rock skeleton particles themselves are very dense,
the microsphere particles mainly enter the core along the T-
shaped fractures. After the microsphere particles enter the
formation and come into contact with the rock skeleton
particles, the migration speed and direction of the microsphere
particles will change, and the force of the microsphere particles
in the fluids will also change, and this change will change with
the cycle of the calculation time step, and then, the data will be
updated automatically. By changing the injection pressure
difference, fracture width, and particle size ratio, the effects of
different factors on the process of microsphere plugging and
anti-channeling were obtained.

4. EXPERIMENTAL AND SIMULATION RESULTS
4.1. Experimental Results. The microspheres enter the

pores with the solution in the form of suspended particles. The
microspheres preferentially enter the areas with developed
fractures and high permeability and then migrate into the
pores. Since the microsphere particles are affected by surface
adsorption, mechanical trapping, hydrodynamic trapping, and
the interaction between the elastic microsphere particles
during the migration process,27,28 a retention phenomenon
will occur in the microsphere system on the surface of pores
and inside the throats. In this experiment, the plugging state of
the microspheres after entering the core was directly observed
using a scanning electron microscope (Figures 6−10).

According to the results shown in the Figures 6−10, the
microscopic plugging mechanism of microspheres in fractured
reservoir cores was clarified, including direct microsphere
plugging, cluster bridging plugging, adhesion plugging,
extrusion-deformation plugging, and extrusion-crushing plug-
ging.
4.1.1. Direct Plugging by Single Microspheres. Figure 6

shows the case where a single microsphere directly plugs the
fractures. When the pore throat size is smaller than the particle
size of a single microsphere particle, the microsphere particles

are trapped by the pore throat and then will stay at the
entrance of the pore throat to form a blockage. Pore throat
size, microsphere particle size, microsphere concentration, and
fluid flow rate all will affect the plugging of a single
microsphere. When the pore throat size remains unchanged,
the larger the microsphere particle size, the smaller the
concentration of the microspheres, the greater the fluid flow
rate, and the plugging of single microspheres is more likely to
occur.29,30

4.1.2. Bridging Plugging of Microsphere Clusters. Figure 7
shows the situation of the microsphere clusters bridging
plugging in the fractures. When the pore throat size is larger
than the particle size of the microspheres, multiple micro-
sphere particles aggregate together through secondary cross-
linking to form microsphere clusters and then the plugging will

Figure 5. Plugging and anti-channeling model of microspheres.

Figure 6. Direct microsphere plugging.

Figure 7. Bridging plugging of microsphere clusters.

Figure 8. Microspheres are adhered to the matrix and surface of the
pores.

Figure 9. (a) Extrusion-deformation and plugging of microspheres
and (b) microspheres returning to a spherical shape.

Figure 10. (a) Extrusion-crushing plugging of microspheres and (b)
crushed microspheres reform into smaller microspheres.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06088
ACS Omega 2022, 7, 46983−46991

46986

https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06088?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


form. Pore throat size, particle size of microspheres, number of
microspheres, elastic deformation capacity of microspheres,
and cross-linking strength of microspheres all affect the
strength of bridging plugging of microspheres. When other
conditions remain unchanged, the greater the number of
microspheres, the higher the cross-linking strength between
the microsphere particles, and the greater the strength of the
bridging plugging of microsphere cluster.
4.1.3. Adhesion Plugging. Figure 8 shows the case in which

the microspheres adhered to the matrix and fracture surfaces. It
is actually because the microsphere particles are in a state of
mechanical equilibrium, and the resultant force of the
microspheres points to the rock surface so that the micro-
spheres adhere to the matrix or fracture surface. The adhesion
of microspheres will reduce the cross-sectional area of the
channel and increase the roughness of the surface of the
channel, thereby increasing the seepage resistance and
conductive to plugging. Only when this force balance is
broken, such as when the fluid velocity changes, the adhesion
state of the microspheres will change.
4.1.4. Extrusion-Deformation and Extrusion-Crushing of

Microsphere Plugging. Figure 9 shows the situation of
plugging after the microspheres are squeezed and deformed.
The microsphere particles will be subject to the driving force of
the fluids and the reaction force acting on the throat wall.
When the driving force of the microspheres is greater than the
reaction force of the throat wall, because the microsphere
particles have a certain elasticity, the microsphere particles will
elastically deform and squeeze into the pore throats, resulting
in seepage resistance. The spherical shape is restored only
when the microsphere particles pass through the pore throats.
As shown in Figure 9a, the microspheres in the circle are
undergoing extrusion deformation, and Figure 9b shows that
the microspheres return to a spherical shape after passing
through the pore throats. The factors affecting the extrusion
deformation of the microspheres are the force among
microspheres, the size of pore throats and microspheres, and
the elasticity of the microspheres. When other conditions
remain unchanged, the greater the driving force, the easier the
microspheres pass through the core pore throats.
Figure 10 shows the situation of plugging after the

microspheres are squeezed and crushed. When the micro-
sphere particles pass through the pore throats, if the driving
force of the microsphere particles is too large and the pore
throat size is small enough, the microspheres will be crushed
because there is no time to have elastic deformation, as shown
in Figure 10a; the crushed microspheres will reform into
smaller microspheres after passing through the pore throats, as
shown in Figure 10b.

4.2. Numerical Simulation Results. In this simulation
process, 1−2 × 106 time steps are calculated, and each time
step is 2 × 10−8 s. In this study, the effects of injection pressure
difference, fracture width, and particle size ratio on the
plugging effect were compared.
4.2.1. Effect of Particle Size Ratio on Plugging. In order to

study the effect of particle size ratio on the plugging and anti-
channeling of microspheres while keeping other factors the
same (with an injection pressure difference of 1.5 MPa and a
fracture width of 450 μm), the particle size ratios of rock
skeleton particles and microspheres were calculated, respec-
tively, when the particle size ratios were 1.5−2.5, 2.5−3.5, 3.5−
4.5, and 4.5−5.5. Figure 11 shows the final numerical
simulation calculation results of plugging and anti-channeling

of microspheres under different particle size ratios. It can be
seen that the larger the particle size ratio, the more dispersed
the microspheres when they enter the fractures and pores and
the worse the plugging effect will be. This is because as the
particle size ratio increases, the pores between the rock
skeleton particles also become larger, resulting in the
subsequent injection of microspheres directly going into the
cores through these pores.
4.2.2. Influence of Injection Pressure Difference on

Plugging. In order to study the effect of injection pressure
difference on the plugging and anti-channeling of micro-
spheres, under the same conditions (with a fracture width of
500 μm and a particle size ratio of 2.5−3.5), the simulation was
conducted under injection pressure differences of 0.5, 0.75, 1.0,
1.25, 1.5 MPa. Figure 12 shows the final numerical simulation

calculation results of microsphere plugging and anti-channeling
under different injection pressure differences. It can be seen
that the final plugging forms of microspheres entering core
fractures under different injection pressure differences are
similar. In Figure 12, there are microsphere particles in the
yellow circles around the core fractures, which indicates that
when the fracture width is 500 μm and the particle size ratio is
between 2.5 and 3.5, a small amount of microsphere particles
can enter the pores between the rock skeleton particles by
extrusion deformation or crushing, and it can be observed that

Figure 11. Effect of particle size ratio on plugging and anti-channeling
of microspheres.

Figure 12. Influence of injection pressure difference on plugging and
anti-channeling of microspheres.
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the microsphere particles entering between the rock skeleton
particles can directly realize plugging with single microsphere
particles, and there are also multiple microsphere particles that
form cluster bridging plugging.
4.2.3. Influence of Fracture Width on Plugging. In order to

study the effect of fracture width on plugging and anti-
channeling of microspheres, the simulation process was
conducted under the same condition of a pressure of 1.5
MPa and a particle size ratio of 2.5−3.5 and under fracture
widths of 300, 350, 400, 450, and 500 μm. Figure 13 shows the

final numerical simulation calculation results of microsphere
plugging and anti-channeling under different fracture widths. It
can be seen that the plugging forms of microspheres entering
the core fractures under different fracture widths are quite
different. When the fracture width is 300 μm, there are very
few microsphere particles entering the core fracture pores,
which indicates that for this simulation process, the fracture
width should be set above 300 μm, otherwise the real
microsphere plugging and anti-channeling process cannot be
simulated. With the increase in fracture width, more and more
microspheres enter the fracture and participate in the sealing
process.

5. DISCUSSION
5.1. Influence of Particle Size Ratio on the Plugging

and Anti-channeling Mechanism of Microspheres. In
this study, direct microsphere plugging, cluster bridging
plugging, adhesion plugging, extrusion-deformation plugging,
and extrusion-crushing plugging were observed under the
microscope. Through the numerical simulation study, we
found that the particle plugging process is similar to the
experimental results. The experimental results given in Figure
14a−d are in good agreement with the numerical simulation
results.
Figure 15 shows a cross-sectional view of pores among rock

skeleton grains. The diameter of the inscribed circle in the
cross section of the rock skeleton particle is calculated
according to the following formula31−33

i
k
jjj y

{
zzz= + + + +D L L L D D D

2
3

1
2

( )1 2 3 1 2 3 (1)

Where D represents the diameter of the inscribed circle (μm);
L1, L2, and L3 represent the distance between the center of the
inscribed circle and the centroid of the rock skeleton particle
(μm); and D1, D2, and D3 represent the diameter (μm) of the
three rock skeleton particles forming the inscribed circle.
If the diameters of the three rock skeleton particles forming

the inscribed circle are equal, then L1 = L2 = L3 and D1 = D2 =
D3, and by substituting this into eq 1, we can obtain

=D D0.1547 0 (2)

where D0 represents the particle diameter of the rock skeleton
(μm).
Also, when the diameter of the three rock skeleton particles

forming the inscribed circle is the smallest, the smallest
diameter of the inscribed circle can be obtained; when the
diameter of the three rock skeleton particles forming the
inscribed circle is the largest, the largest diameter of the
inscribed circle can be obtained. In this simulation process, due
to the limitation of the calculation ability of software,
combined with the actual simulation situation, the particle
size of the microspheres is set to 60 μm, and then, the particle
diameter of the rock skeleton is obtained according to the set
particle size ratio. The range is 90−330 μm, compared to the
real core, and this is equivalent to enlarging the microspheres
and rock pores at the same time, so the conclusions obtained
from this calculation are consistent with the previous
experiments. According to eq 2, the diameter of the inscribed
circle between the rock skeleton particles can range from 13.92
to 51.05 μm, and the diameter of the pore throat formed
between the rock skeleton particles is between 13.92 and 51.05

Figure 13. Influence of fracture width on plugging and anti-
channeling of microspheres.

Figure 14. (a) Direct microsphere plugging, (b) adhesion plugging,
(c) extrusion-deformation plugging, and (d) cluster bridging plugging.

Figure 15. Schematic diagram of the cross section of pores among
rock skeleton particles.
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μm. The ratio of microsphere particle size to core pore throat
diameter α was obtained (Table 3).

Combining with Figure 14, the pores of the rock skeleton
can be further regarded as the extension of fractures, that is,
tiny fractures or dominant channels with narrow width. When
the particle size ratio is 1.5−2.5, that is, when the ratio of
microsphere particle size to fracture or dominant channel
radius meets 2.59 <α < 4.31, almost no microsphere particles
enter between the rock skeleton particles except for fractures,
indicating that the microspheres directly plug the fractures;
when the particle size ratio meets 2.5−4.5, that is, 1.44 <α <
2.59, a small amount of microsphere particles enter the
microfractures between the rock skeleton particles except for
the large fractures, and the larger the particle size ratio is, the
more microsphere particles enter the microfractures, indicating
that the microspheres can pass through fractures by extrusion
deformation (and maybe crushing) and then plug the smaller
pores; when the particle size ratio meets 4.5−5.5, that is, 1.18<
α < 1.44, a large number of microsphere particles enter the tiny
fractures between the rock skeleton particles except for the
fractures, but the microspheres have no substantial sealing
effect at this time; and when α < 1.18 or even smaller, the
plugging of microspheres is ineffective.

5.2. Factors Influencing the Filling Rates. Here, the
change in the microsphere filling rate ω is used to characterize
the filling degree of the microsphere particles in the fracture
pores. It reflects the reduction degree of the fracture porosity,
that is, the increase in the filling rate indicates the decrease in
the porosity. The higher the filling rate is, the better the
plugging effect is, and the fill rate is calculated as follows

= =

=

V

V
i
N

i

j
N

j

1

1 (3)

where Vi represents the volume of microsphere particles (μm3)
and Vj represents the fracture pore volume (μm3).
5.2.1. Particle Size Ratio. It can be found from Figure 16

that in some cases, the percentage of microsphere particles
filled has a certain abrupt increase, especially in the early stage
of the stable interval. The formation of step-by-step plugging
and anti-channeling in the middle period make the injection
pressure fluctuate, so that the filling curve will also fluctuate. As
more and more microsphere particles enter the pores, this
fluctuation becomes less and less obvious and eventually tends
to be stable. This phenomenon also exists in the practical
applications. However, with the progress of numerical
simulation calculation, this phenomenon gradually decreases.
At the same time, it can be found that the larger the particle
size ratio, the more obvious the fluctuation will be. This is
because the number of microspheres entering between the
rock skeleton particles increases, while that entering the

fractures decreases, resulting in a decrease in the final filling
rate of microspheres in the fractures.
It can be seen from Figure 16 that the model with a larger

particle size ratio has a smaller final fracture filling rate, while
the model with a larger particle size ratio has a longer
deceleration stage and more obvious fluctuations. It can be
seen from the two curves in Figure 15 that the fluctuation
phenomenon started very early and continued to appear in the
middle stage, so the final curve was jagged. The fracture filling
rate reflects the degree of reduction of the fracture porosity. In
Figure 17, it can be seen that the particle size ratio is negatively

correlated with the filling rate of microspheres in the fracture,
and the final fracture filling rate in the fracture decreases
linearly with the particle size ratio, that is, the larger the
particle size ratio is, the smaller the decrease in the porosity of
core fractures is and the worse the plugging effect will be.
5.2.2. Injection Pressure Difference. It can be seen from

Figure 18 that in the initial stage of microsphere injection, with
the increase in injection pressure difference, the faster the
filling rate of fractures grows, the shorter the deceleration stage
of the curve becomes, and the time for the final stabilization
becomes shorter. Figure 19 shows that the pressure gradient is
positively correlated with the filling rate of microspheres in the
fracture, and the final fracture filling rate increases linearly with
the injection pressure difference, that is, the greater the
injection pressure difference is, the greater the final fracture
filling rate is, the greater the decrease in fracture porosity is,
and the better the plugging effect will be. Therefore, an
injection pressure difference of 1.5 MPa is taken as the
standard value for the simulation.
5.2.3. Fracture Width. It can be seen from Figure 20 that in

the initial stage of microsphere injection, as the fracture width

Table 3. Distribution Range of the Diameter of the
Inscribed Circle

particle
size ratio

range of rock
skeleton particle
diameter (μm)

range of pore
throat
diameter
(μm)

ratio of microsphere
particle size to core pore
throat diameter (α)

1.5−2.5 90−150 13.92−23.21 2.59−4.31
2.5−3.5 150−210 23.21−32.49 1.85−2.59
3.5−4.5 210−270 32.49−41.77 1.44−1.85
4.5−5.5 270−330 41.77−51.05 1.18−1.44 Figure 16. Effect of particle size ratio on fracture filling rate (I, initial

stage; II, fluctuation stage; and III, stable stage).

Figure 17. Relationship between particle size ratio and fracture filling
rate.
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increases, the increase in fracture filling rate becomes faster, the
deceleration stage of the curve becomes shorter, and the final
stabilization time becomes shorter as well. The fracture filling
rate reflects the degree of reduction of fracture porosity. In
Figure 21, it can be seen that the fracture width is positively
correlated with the filling rate of microspheres in the fracture.
The final fracture filling rate increases linearly with the fracture
width, that is, the larger the fracture width is, the greater the
final fracture filling rate is, and the decrease in core fracture
porosity is greater, and the plugging effect is better.

6. SUMMARY AND CONCLUSIONS
Through this study, the following conclusions are drawn:
(1) The microscopic plugging mechanism of microspheres

in fractured reservoirs was clarified, including direct
microsphere plugging, cluster bridging plugging, adhe-
sion plugging, extrusion-deformation plugging, and
extrusion-crushing plugging.

(2) Based on particle flow simulation software, the fluid−
solid coupling model of plugging and anti-channeling of
microspheres was established, and then, the simulation
of the process of plugging and anti-channeling by
microsphere injection was realized by the Python
programming.

(3) When the ratio of the microsphere particle size to
fracture is 2.59 <α < 4.31, the pores are directly plugged;
when 1.44 <α < 2.59, the microspheres can pass through
the fractures through extrusion-deformation and ex-
trusion-crushing, and then, the smaller pores are
plugged; when 1.18 <α < 1.44, the microspheres have
no substantial plugging effect; and when α < 1.18,
plugging will not occur.

(4) The numerical simulation results of plugging and anti-
channeling by microsphere injections show that the
smaller the particle size ratio, the greater the injection
pressure difference, the fracture width, and the reduction
magnitudes in fracture porosity and core permeability
and the higher the plugging rate.

(5) Due to the functional limitations of the current
numerical simulation software, it cannot simulate the
heterogeneous situation. Therefore, there is still a certain
deviation between the numerical simulation results
based on the equivalent method and the actual plugging
situation of microspheres. In the future, we will try to
develop new algorithm schemes to seek the optimal
equivalent simulation method considering the homoge-
neity.
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Figure 18. Effect of injection pressure difference on fracture filling
rate (I, initial stage; II, fluctuation stage; and III, stable stage).

Figure 19. Relationship between injection pressure difference and
fracture filling rate.
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Figure 21. Relationship between fracture width and fracture filling
rate.
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