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During the development of loose sandstone reservoirs, the issue of production
decline and bottomhole pressure reduction caused by particle migration is
widespread, directly impacting well productivity. Understanding the mechanism
of particle migration in sandstone and determining the main factors affecting
this process are crucial for improving oilfield development. This study focuses
on an offshore oilfield and utilizes real digital core models constructed through
CT scanning technology. Numerical simulations of fluid-solid coupling were
conducted using Fluent and EDEM software to establish a coupled particle-oil-
water flow model. This model was employed to investigate particle blockage
modes and the effects of particle size, concentration, and injection rate on
particle migration in the reservoir. The results indicate that particle migration
primarily occurs in two blockage modes: pinhole blockage and bridging
blockage. In sandstone, particle retention rates are primarily controlled by
particle size, with larger pore-to-particle size ratios leading to higher retention
rates. Particle concentration and injection rate have relatively minor effects
on the final retention rate. As for migration distance, particle size significantly
influences migration, with larger pore-to-particle size ratios resulting in shorter
migration distances. Under low concentration conditions, concentration has a
minimal effect on migration distance. However, as the injection rate increases,
migration distance also increases. In summary, this study clarifies the particle
migration mechanisms and the key factors controlling migration in sandstone
formations, providing valuable theoretical support for oilfield development.
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1 Introduction

Amid the continuous growth of global energy demand, oil remains one of
the primary energy sources (Rahman and Miah, 2017; Mwakipunda et al., 2023).
However, as conventional oilfield development enters the mid-to-late stages, the issue
of reservoir damage has become increasingly prominent, leading to a decline in
oilfield production, which subsequently affects development efficiency and economic
viability (Yang et al., 2021; Shokrollahi et al., 2015; Song et al., 2021). Therefore,
how to effectively control reservoir damage and enhance recovery rates has become
a key technical challenge in oilfield development (Zhang et al., 2020). Particle
migration refers to the detachment of solid particles from the rock matrix under
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the driving force of fluid, followed by their migration through pore
channels, eventually accumulating in narrow areas and forming
blockages (Okere et al., 2023; Halim et al., 2022; Ikemoto et al.,
2023). This phenomenon is particularly evident in loose sandstone
reservoirs, where clay minerals (such as kaolinite, illite, and illite-
montmorillonite mixed layers) are prone to detachment under fluid
erosion, entering the pore fluid (Chen et al., 2017; Chen et al.,
2023). As one of the main forms of reservoir damage, particle
migration is widely considered a core factor leading to reduced
reservoir permeability and decreased well productivity. Especially
in loose sandstone reservoirs, the frequent occurrence of particle
detachment and migration, due to the loosely structured reservoir,
results in severe reservoir blockages, directly impacting oilfield
development efficiency (Zeinijahromi et al., 2012; Xing et al., 2023;
Miri et al., 2022; Xu et al., 2024).

The Bohai Sea region is one of China’s key offshore oil
and gas production areas (Radwan, 2021; Radwan et al., 2022;
Fernandes et al., 2023). Exploration results indicate that the
reservoirs in this block exhibit favorable properties, with an
average porosity of 27.1% and an average permeability of 1,178.1
mD, showing typical characteristics of high porosity and high
permeability (Zhang et al., 2017; Liu et al., 2015; Chao et al.,
2017; Guo et al., 2019). However, the reservoir structure is
loosely consolidated and primarily filled with clay minerals,
making the issue of particle migration particularly prominent.
Production data show that more than half of the wells in the
field experience early production decline and bottomhole pressure
reduction, closely linked to particle migration and pore blockages
(Xue et al., 2021; Zhu, 2009). To address this issue, extensive
experimental and simulation studies have been conducted to
reveal the mechanisms by which particle migration affects well
productivity. Traditional experimental methods simulate particle
migration through laboratory core flow experiments, assessing the
dynamic impact of particles on reservoir permeability. However,
laboratory studies are limited by the complexity of obtaining
core samples and experimental conditions, making it difficult
to accurately replicate the microstructure of the reservoir and
particle migration behavior. With the advancement of computer
technology, digital core models based on CT scanning technology
provide a new solution for simulating particle migration (Lei,
2020). Digital core technology captures the internal pore structure
of rocks through high-precision CT scanning, generating three-
dimensional geometric models that more accurately reflect the
pore morphology of the reservoir, providing a realistic geometric
foundation for numerical simulations (Lin et al., 2017; Hertel et al.,
2018; Wu et al., 2024). Combining Fluent and EDEM software
for fluid-solid coupling numerical simulations enables the dynamic
simulation of particlemigration paths, retention behaviors, and their
impact on reservoir permeability (Farokhian et al., 2019; Sun et al.,
2023; Reilly et al., 2017; Liu et al., 2009).

In this study, real digital core models of a typical block from
an oilfield were constructed based on CT scanning technology.
A numerical model of particle-oil-water three-phase flow was
established using Fluent and EDEM software. Through this model,
we systematically studied the effects of key parameters such
as particle size, concentration, and injection rate on particle
migration behavior, and analyzed the time-varying effects of
particles on reservoir permeability under different blockage

modes. Additionally, by fitting the simulation results with field
production data, the accuracy of the model was further validated,
providing reliable support for particle control strategies in oilfield
development, as well as offering theoretical support for the efficient
development of loose sandstone reservoirs.

2 Methods and materials

2.1 Construction of real digital core using
CT scanning

This study selected three typical sandstone samples with
varying permeability characteristics. Figure 1 and Table 1 present
the detailed features of these rock samples fromdifferent formations,
respectively. Using 3D CT scanning technology, the internal
structure of the rocks, including the skeleton and pore features, was
captured in detail. After cleaning and calibrating the collected data,
binarization and threshold segmentation techniques were applied
to generate high-quality geometric and STL models. Based on this,
a meshing tool was used to divide the digital core model into
multiple computational units, thereby accurately establishing the
computational domain and corresponding boundary conditions.

The next simulation experiments will be evaluated in detail
on the three sets of previously constructed digital core models.
The dynamic behavior of particles during oil-water displacement,
including their trajectory, retention time in the pore space, and
specific distance migrated, is systematically analyzed through
the precise adjustment of key parameters such as particle size
and injection concentration. Based on the simulation results, the
primary modes of particle migration, controlling factors, and their
temporal variation patterns were further quantified, clarifying the
migration behavior of particles in the reservoir and the pore
blockage modes they induce.

2.2 EDEM-fluent coupling principle

The EDEM-Fluent coupling method ingeniously combines
the advantages of the Discrete Element Method (DEM) and
Computational Fluid Dynamics (CFD) to provide an advanced
technical approach for accurately simulating particle movement
in complex flow fields. EDEM primarily handles the microscopic
movement of particles and their interactions, while Fluent is used
to compute the flow characteristics of fluids. This coupling method
enables a comprehensive and accurate description of particle
dynamics in fluids and the interactions between particles and
the fluid. In the specific coupling simulation process, Fluent first
simulates the flow of water and oil to obtain flow field distribution
information. Fluent, using the volume of fraction method (VOF),
tackles the solution of the Navier-Stokes equations and the patio-
temporal discretizationwithin the framework of computational fluid
dynamics (CFD). The continuity equation is Equation 1.

∂α f

∂t
+∇ ⋅ (α fu f) = 0 (1)

where α f is volume fraction of the fluid phase;
∂αf
∂t

is partial derivative
of the fluid volume fraction with respect to time; ∇ ⋅ (α fu f) is
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FIGURE 1
(A): Digital core modeling of cores with different reservoir properties. (B): Pore throat distribution characteristics of cores with different reservoir
properties.

TABLE 1 Table of physical parameters for cores from different reservoirs.

Sample code S1 S2 S3

Porosity (%) 14.1 17.4 23.8

Average Permeability (mD) 259 1,078 2,159

divergence of the product of fluid volume fraction and fluid velocity
vector. The momentum conservation equation (N-S equation) for
the fluid phase is Equation 2.

∂(α fu f)
∂t
+∇ ⋅ (α fu f ⊗ u f) = −α f∇

P
ρ f
+∇ ⋅ (α fτ) + α fg− FP (2)

where
∂(αfuf)

∂t
is partial derivative of the product of fluid volume

fraction and fluid velocity vector with respect to time;∇ ⋅ (α fu f ⊗ u f)
is divergence of the outer product of fluid velocity vector with
itself, multiplied by the fluid volume fraction; −α f∇

P
ρf

is negative
product of fluid volume fraction, gradient of pressure, and inverse of
fluid density; ∇ ⋅ (α fτ) is divergence of the product of fluid volume
fraction and stress tensor; α fg is product of fluid volume fraction and
gravitational acceleration vector; FP is particle-phase force per unit
volume. The phase equation of the VOF model is Equation 3.

∂(α fu f)
∂t
+∇ ⋅ (α fu f ⊗ u f) = −α f∇

P
ρ f
+∇ ⋅ (α fτ) + α fg− FP (3)

This flow field data is then transmitted to EDEM as boundary
conditions to control particle movement. Upon receiving the flow

field data, EDEM calculates the forces acting on the particles within
the flowfield, such as drag force, lift force, gravity, and capillary force,
and updates the position and velocity of the particles.

For the coupling between fluid flow and particle motion, the
resolved CFD-DEM method is used in this model to calculate the
momentum exchange between fluid and particles. In the DEM
approach, based onNewton’s second law, the governing equation for
themotion of particle withmassmp,i can be presented as Equation 4.

mp,i
dup,i
dt
=mp,iẌp,i = Fc,i + F f ,i + Fp,i + Fv,i + Fb,i (4)

where up,i is mass of the particle;Xp,i is time derivative of the velocity
of particle; is acceleration of particle; Fc,i is contact force on particle
which includes normal and tangential components; F f ,i is fluid drag
force on particle; Fp,i is pressure gradient force on particle; Fv,i is
viscous force on particle; Fb,i is buoyancy force on particle.TheHertz
model is used to calculate the particle-particle and particle-wall
contact force, as shown in Equation 5.

Fc,i = Fn,i + Ft,i = (knδnij − γn∆up,inij) + (ktδtij − γt∆up,i tij) (5)

where Fn,i is normal contact force component on particle; Ft,i is
tangential contact force component on particle; k and γ are the
elastic and viscoelastic constants; respectively; n and t are the unit
vectors in the normal and tangential direction; respectively; ∆up,i
is the relative velocity with respect to particle i; δ is the overlap
distance between two particles that are under contact. The Di Felice
model [34] isadopted to calculate the fluid drag force, as shown in
Equations 6–9.

F f ,i =
1
2
ρ f(|u f ,p − up,i|(u f ,p − up,i))Cd,i

πd2p,i
4

α2−χf (6)
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Cd,i,= (0.63+
4.8
Re0.5i
) (7)

Rei =
ρ fdp,iα f |u f ,p − up,i|

μ f
(8)

χ = 3.7− 0.65 exp[−
(1.5− lgRei)

2

2
] (9)

where Cd,i is drag coefficient; Rei is Reynolds number for particle
Fluid density; |u f ,p − up,i| is absolute value of the difference between
fluid velocity and particle velocity; dp,i is diameter of particle; μ f is
dynamic viscosity of the fluid; χ is a correction factor for the drag
coefficient. The viscous force and pressure gradient force acting on
particle i are calculated by Equations 10, 11.

Fv,i = −(∇ · τ f)Vp,i (10)

Fp,i = −(∇p)Vp,i (11)

where (∇ · τ f) is divergence of the fluid stress tensor; Vp,i is volume
of particle, ∇p is gradient of pressure.

The updated particle information is fed back to Fluent for
the next time step of flow field calculations. This iterative cycle
continues until the simulation conditions are met. Through this
process of data exchange and iterative updates, EDEM and Fluent
work in coordination to simulate particle movement in complex
flow fields. This method allows for in-depth investigation of the
effects of factors such as flow velocity, pore structure, and particle
size on particle movement. Additionally, it provides important
references and guidance for particle control, reservoir management,
and optimization in field applications.

3 3. results and discussion

3.1 Two modes of particle blockage

Figure 2 reveals two primary mechanisms of particle blockage:
pore throat blockage and bridging blockage. These two modes
are induced by particles of different sizes, each exerting varying
degrees of influence on fluid flow within the reservoir. Pore throat
blockage is typically caused by larger particles that cannot pass
through pore entrances or become lodged in narrow sections of the
throats, forming blockages. Pinhole blockage is typically caused by
larger particles that cannot pass through pore entrances and become
lodged in narrow sections of the flow path, forming blockages. This
type of blockage directly reduces the effective cross-sectional area
of the flow channel, increasing local flow resistance and leading
to a decrease in flow rate. The impact of pinhole blockage is
confined to pore entrances, but its restricting effect on flow channels
is pronounced, especially in reservoirs with higher permeability.
Bridging blockage, on the other hand, is caused by smaller particles.
These smaller particles can enter the pore spaces and gradually
accumulate within the pore channels, forming unstable bridge-like
structures. These structures not only trap subsequent migrating
particles but may also strengthen over time, eventually leading to
partial or complete pore blockage. Bridging blockage significantly

affects the overall flow capacity of the reservoir’s pore network,
potentially causing a severe reduction or even cessation of fluid flow.
In summary, pore throat blockage pinhole blockage and bridging
blockage have distinct effects on reservoir fluid flow. The former
primarily impacts the cross-sectional area at flow channel entrances,
while the latter may lead to deeper, more extensive blockages within
the reservoir.

3.2 The impact of particle retention rate

Particle retention rate refers to the proportion of particles
retained in porous media due to physical and chemical interactions,
serving as a key indicator for assessing the impact of particle
migration on reservoir damage. Based on previous literature reviews
and a detailed analysis of the rock properties in the target
block, this study focuses on particle retention rate as the core
evaluation parameter, systematically evaluated the retention rates
of cores with different permeabilities under different conditions.
The results in Figure 3 indicate that the low-permeability sandstone
sample S1, due to its smaller pore throat radius, experiences
more pronounced physical and chemical interactions between the
particles and the rock surface, as well as among the particles
themselves during flow. This strong interaction leads to significant
accumulation and retention of particles at the core inlet, with a
retention rate of 100%, demonstrating a severe blockage effect.
As the pore throat radius increases, the interactions between
particles and the rock surface, as well as between particles,
gradually weaken, and the particle retention rate shows a significant
downward trend, reflecting the importance of pore structure in
the particle migration and retention process. This study shows
that pore throat size and particle retention rate exhibit an inverse
relationship, providing a strong theoretical basis for reducing
particle blockage during reservoir management and water injection
development.

3.2.1 The impact of particle size on retention rate
Particle retention rate is influenced by the interplay of physical

and chemical interactions, and it serves as a key indicator for
assessing the impact of particle migration on reservoir damage.
Based on the previous core CT scanning results, particle sizes
are set to 8 μm, 20 μm, and 50 μm, representing small, medium,
and large particles in the reservoir, respectively. The simulation of
the impact of different particle sizes on retention rate shows that
as particle size increases, the retention rate gradually rises. The
analysis of Figure 3A clearly indicates the presence of a critical
particle size threshold during the particle migration process. When
particle size exceeds this threshold, the particles can no longer
pass through the core’s pore structure and are entirely retained
within the core. This critical size threshold is closely related to the
pore throat size of the rock—smaller pore throats correspond to
smaller critical size thresholds. In other words, the pore structure
of the rock significantly controls particle retention behavior, with
larger particles having a higher retention probability in small
pore throat reservoirs, making reservoir blockage more likely. The
study also shown that particle retention is not only correlated
with particle size, but is also influenced by the injection volume.
As the injection volume increases, the retention rate increases
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FIGURE 2
Schematic diagram of particle migration blockage modes. (Red: blockage particles; Blue: flowing particles).

until it reaches a constant. In summary, the particle retention
rate is a multifaceted parameter that is influenced by the complex
interactions between particles and the rock matrix, as well as the
injection volume.

3.2.2 The impact of particle concentration on
retention rate

Particle concentration not only affects the distribution
and migration patterns of particles in pores but also has a
significant impact on the retention rate. The simulated results
experimental data presented in Figure 3B reveal that, under low-
permeability sandstone conditions, particle concentration does
not significantly affect the final retention rate. This is due to the
dense pore structure of low-permeability sandstone, where even
at lower particle concentrations, particles quickly accumulate
during flow, blocking the pore network and causing nearly all
particles to be retained in the reservoir. However, as particle
concentration increases, the rate of particle retention accelerates.
This may be because higher particle concentrations facilitate
the faster formation of bridging structures, further accelerating
the pore blockage process. Bridging is particularly significant
in particle retention, as they can trap subsequent particles and
strengthen over time, potentially leading to partial or complete
clogging of pores. In medium to high-permeability sandstone,
an increase in particle concentration has a certain effect on
the final retention rate, but the increase is not substantial. This
is likely because medium to high-permeability sandstone has
better pore connectivity, allowing particles to continue migrating
through unblocked channels during flow. Despite the increase
in particle concentration, the openness and connectivity of
the pores provide more flow paths for particles, preventing a
significant rise in retention rate. Overall, particle concentration
accelerates the blockage process in low-permeability sandstone,

while its effect in medium to high-permeability sandstone is
relatively limited.

3.2.3 The impact of injection rate on particle
retention rate

The impact of injection rate on particle retention rate can
reveal the dynamic behavior of particles under fluid-solid coupling
mechanisms, aiding in a deeper understanding of particle flow
characteristics within the reservoir. Under simulation conditions
where particle concentration remains constant, the effect of injection
rate on particle retention rate is analyzed. The results in Figure 3C
show that the injection rate does not significantly affect the final
particle retention rate. This may be because, at a fixed particle
concentration, increasing the injection rate does not significantly
alter the number of particles entering the reservoir per unit of time,
thus having a limited effect on the final retention rate. However, an
increase in injection rate significantly shortens the time required
for particles to reach a stable retention rate. This indicates that
at higher injection rates, particles can enter the reservoir more
quickly and reach dynamic equilibrium, or a stable retention rate,
in a shorter period. Therefore, while the final retention rate is not
notably changed by variations in injection rate, higher injection rates
accelerate the particle migration process. In practical production,
although injection rate does not directly affect the final amount of
particle retention, it can speed up the interaction between particles
and the reservoir, allowing the system to reach a stable state in a
shorter time. This acceleration allows the system to reach a stable
state in a shorter time. In conclusion, the injection rate is a significant
parameter that affects the dynamic behavior of particles within
reservoirs. Although it does not directly alter particle retention rate,
it can significantly influence the time required for particles to reach
a stable retention rate.
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FIGURE 3
The impact of different factors on particle retention rate in different cores. (A) Impact of particle size. (B) Impact of particle concentration. (C) Impact of
particle injection rate. S1: 259 mD; S2: 1078mD; S3: 2159mD.

3.2.4 Analysis of the main-controlling factors
affecting retention rate

To investigate the main control factors affecting retention, the
injection volumes required to achieve a specific retention rate (100%,
60%, 40%) for each of the three different models (S1, S2, S3) were
analyzed and performed a principal component analysis (PCA).
PCA is a feature extraction technique that generates new features,
known as principal components, by combining and transforming
the original features of a dataset. These principal components
capture the most important features of the data and are commonly
used for downscaling and feature extraction. The most critical
formula in PCA is eigenvalue decomposition. For the dataset X,
each feature is subtracted by its corresponding mean to obtain the
centered data, as shown in Equation 12.

Xc = X− x (12)

Based on the centered data, the covariance matrix Σ is
calculated as in Equation 13.

Σ = 1
m
XT
c Xc (13)

Perform eigenvalue decomposition on the covariance matrix to
obtain the eigenvalues and their corresponding eigenvectors. Select
the first k eigenvectors corresponding to the largest eigenvalues as
the principal components. These eigenvectors form the projection
matrix W. Project the centered dataset onto the subspace spanned
by the first k eigenvectors to obtain the reduced-dimensional data,
as shown in Equation 14.

Xr = XcW (14)

Figure 4 of the analysis results identifies the controlling factors
affecting the particle retention rate as particle size, particle
concentration, and injection rate, listed in order of their importance.
Additionally, it was observed that particle size and particle
concentration have a significant effect on the retention rate, while
the injection rate has a relatively much smaller effect. It is worth
noting that the simulations do not account for particle detachment.
In a real development process, larger injection velocities can lead to
a significant increase in the number of detached particles.
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FIGURE 4
Factor loading matrix heat map. (The color shades and values on the
heat map provide a visual indication of the extent to which each
variable contributes to each principal component.)

3.3 Particle migration trajectory

To understand how particle migration is influenced by the
reservoir’s pore structure and permeability, we analysis the
behavior of particles within reservoirs of varying permeability
levels. The simulation results presented in Figure 5 demonstrate
that, in low-permeability sandstone, particles are prone to block
pore channels, leading to a significant reduction in the average
migration distance of the particles. Once blockage occurs, the
migration distance of the particles rapidly decreases, as most
particles are captured and retained near the front end of the
reservoir, making it difficult for them to continue migrating
deeper into the reservoir. The dense pore structure of such
reservoirs hinders particle movement, and the blocking effect is
more pronounced. In contrast, in medium to high-permeability
sandstone, the migration distance of particles is relatively longer.
Even after partial blockage occurs in the early stages, particles can
still migrate through channels that are not completely blocked.
Therefore, despite some initial pore blockages, particles can
continue to migrate within the reservoir. Over time, the migration
distance gradually stabilizes and reaches a relatively balanced
value. The results show that in higher-permeability reservoirs,
the connectivity of the pore structure provides more migration
paths for particles, allowing the migration process to continue
even when localized blockages occur. Over time, the migration
distance stabilizes and reaches a relatively constant, indicating a
dynamic equilibrium between particle migration and blockage.
Permeability has a significant impact on particle migration
behavior: migration is more restricted in low-permeability
reservoirs. Medium to high-permeability reservoirs exhibit stronger
connectivity of pores and migration capacity of particles, allowing
particles to continue migrating even in the presence of localized
blockages.

3.3.1 The impact of particle size on migration
trajectory

Particle size is a key factor affecting particle migration behavior.
By studying the migration trajectories of particles with different
sizes, the movement characteristics of various-sized particles

within the pore structure of the reservoir can be clarified, and
the interaction patterns between particles and pore walls can
be analyzed. The results in Figure 5A indicate that, as particle
size increases, the migration distance within the core exhibits a
progressively decreasing trend. This phenomenon can be attributed
to the higher collision frequency of larger particles with the
rock surface and other particles during movement, as well as
the more significant interaction forces they experience. Due to
these frequent collisions and stronger interaction forces, the
migration resistance of the particles increases, limiting their
ability to move through the pores and ultimately reducing their
migration distance. Larger particles are more likely to be affected
by flow resistance and geometric constraints in narrower pore
throats, making them more prone to being captured or retained
within the core. This trend indicates that the larger the particle
size, the poorer its flow capacity in complex pore structures,
and the shorter its average migration distance. By reasonably
controlling the particle size distribution, the risk of blockage
can be effectively reduced, thereby improving the reservoir’s
flow capacity.

3.3.2 The impact of particle concentration on
migration trajectory

Particle concentration directly affects the migration
distance of particles within the reservoir. The simulation
results shown in Figure 5B reveal that, under high-permeability
sandstone reservoir conditions, variations in particle concentration
have a relatively weak impact on migration distance. This can be
because the particle concentrations studied in the experiment
were low, resulting in weaker interactions between particles,
allowing them to be more easily carried by fluid flow. The pore
structure in high-permeability sandstone is more conducive to
particle migration, as it offers a more interconnected network
of pores. The fluid flow is more efficient, which can help to
transport particles through the pore network. This structure
allows particles to navigate the reservoir more easily, even at
higher concentrations. Consequently, blockage effects such as
bridging are less likely to occur, enabling particles to maintain
a certain migration distance within the core. This phenomenon
suggests that at lower particle concentrations, particle migration
behavior is primarily influenced by pore structure and fluid
dynamics rather than interactions between particles. These findings
indicate that, under certain conditions, the impact of particle
concentration on migration distance can be less pronounced.
In high-permeability sandstone reservoirs, the pore structure
and fluid dynamics play a more dominant role in determining
particle migration, particularly at lower particle concentrations.
However, it is important to note that the relationship between
particle concentration and migration distance can be more
complex in low-permeability reservoirs or at higher particle
concentrations. The interactions between particles will become
more significant, leading to a more pronounced impact on
migration distance.

3.3.3 The impact of injection rate on particle
migration trajectory

In fluid-solid coupling simulations, injection rate is a key
variable influencing particle migration. The fluid velocity directly
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FIGURE 5
The impact of different factors on particle migration trajectory in different cores. (A) Impact of particle size. (B) Impact of particle concentration. (C)
Impact of particle injection rate. S1: 259mD; S2: 1078mD; S3: 2159mD.

determines the path, speed, and direction of particle movement
within the reservoir. Under simulation conditions where particle
concentration remains constant, the effect of injection rate
on particle migration trajectory was analyzed. The analysis of
the simulation results, as depicted in Figure 5C, indicates that
the migration distance of particles in porous media increases
significantly with an increase in the injection rate. This effect is
particularly evident in medium to high-permeability sandstone,
where the impact of injection rate on particle migration distance
is more pronounced. This is because the more open pore structure
of medium to high-permeability sandstone allows faster fluid flow,
which can more effectively transport particles, enabling them to
migrate over greater distances. In contrast, in low-permeability
sandstone, where the pores are smaller and the structure is
more compact, fluid flow is slower, and particles face more
resistance during migration. In this case, even with an increased
injection rate, the improvement in particle migration distance
is less significant compared to medium to high-permeability
reservoirs. The results indicate that at higher injection rates, the

fluid velocity increases, potentially resulting in accelerated particle
migration. This higher velocity allows particles to travel further
within the reservoir before they are retained or blocked. The
increased velocity can also help to prevent the accumulation of
particles over short distances, thus reducing the likelihood of
pore blockages that could impede fluid flow. At lower injection
rates, the fluid velocity is reduced, which can cause particles to
settle and be retained more quickly. This can lead to a shorter
migration distance and a higher probability of pore blockages, as
particles interact more frequently with the pore walls and other
particles.

3.3.4 Analysis of the main-controlling factors
affecting migration trajectory

When clogging occurs, subsequent injections of particles
cannot pass through the clogged location, so the transport
distance tends to decrease. The maximum migration distance
represents the farthest distance that the particles can
migrate to the core. Therefore, the maximum migration
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FIGURE 6
The impact of different factors on particle migration trajectory in different cores. (A) Impact of particle size. (B) Impact of particle concentration. (C)
Impact of particle injection rate. S1: 259mD; S2: 1078mD; S3: 2159mD.

FIGURE 7
Schematic diagram of multiple digital cores in series.

distance (Y2) results under different particle size (X1),
particle concentration (X2), injection rate (X3) and core
permeability (X4) are summarized and regression analysis
is performed. Y2 = − 85.3852X1 − 105.9228X2 + 520.5166X3 +
3.6427X4 + 1610.14 (R2 = 0.939) The standardized regression
coefficients for particle size, particle concentration, flow rate
and core permeability were −0.3540, −0.0064, 0.1319 and

0.8857 respectively. The factors affecting the permeability
decline rate are sorted according to the degree of importance:
initial permeability, particle size, flow rate and particle
concentration. Permeability is the most critical factor affecting
the maximum migration distance, while particle size has a
significant but negative effect, and flow rate also has a certain
positive effect.
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FIGURE 8
Time-varying comparison of permeability before and after scale
upgrading.

3.4 The impact of particle transport on
core permeability

Permeability directly reflects the seepage capacity of the core.
To understand how particle transport affects permeability changes,
we analyzed the permeability damage rates of different permeability
cores under different conditions, the results are shown in Figure 6.

3.4.1 The impact of particle size on core
permeability

Figure 6A showed the effect of particle size on the permeability
damage rate of different cores at different displacement stages. With
the increase of injection volume, the permeability damage rate of
different cores showed a trend of increasing first and then flattening,
and the smaller the core permeability, the larger the particle size, the
higher the permeability damage rate. However, due to the different
pore throat sizes of different cores, the permeability damage rate
caused by different particle sizes is also different. For the S1 core
(259mD),more than 80% of the pore throat size is less than 16μm, so
when the particle size is 20 μm and 50μm, the particles will directly
block the pore throat. The permeability damage rate is more than
70% when the injection volume is only 1 PV. When the injection
volume is 3 PV, the permeability damage rate tends to be stable.
When the particle size is 8μm, the particle size is smaller than most
of the pore throat size, and the permeability damage rate tends to be
stable after the injection volume is 6 PV. For S2 core (1078mD), it
also shows roughly the same law. The more 50% of the pore throat
size of S2 core is less than 24μm, so when the particle size is 50μm,
the permeability damage rate increases greatly in the early stage, and
the upward trend slows down after 2 PV injection.The permeability
damage rate increases slowly under the condition of particle size of
8μm and 20 μm. For S3 core (2159mD), due to the further increase
of the proportion of large pore throat, the permeability damage rate
under different particle size conditions showed a gradual upward
trend, and tended to be gentle after 6 PV injection volume.

3.4.2 The impact of particle concentration on
core permeability

The particle concentration was changed by fixing the particle
size of 8 μm and the injection rate of 0.5 mL/min, and its effect on
the permeability damage rate was investigated. Figure 6B showed
that for different permeability cores, the permeability damage
rate increases first and then tends to be stable, but the particle
concentration has little effect on the final permeability damage
rate of the core. The pore throat of S1 core (259mD) is small,
and it is easy to form stable blockage when the injection volume
is small. Increasing the particle concentration can only advance
the time it reaches stability, and will not significantly increase
its final damage rate. For S2 (1078mD) and S3 (2155mD) cores,
the particle size under the corresponding conditions is small,
and it has certain resistance to particle blockage. Increasing
the particle concentration has little effect on the permeability
damage rate.

3.4.3 The impact of injection rate on core
permeability

Theparticle size was fixed at 8 μm and the particle concentration
was 0.5g/L.The injection rate was changed to investigate its effect on
the permeability damage rate. The results are shown in Figure 6C.
The results show that when the initial permeability is the same, the
injection rate has little effect on the permeability damage rate. At
the same injection volume and particle concentration, the number
of particles entering the core is equal, so the flow rate has little
effect on the core permeability damage.However, increasing the flow
rate will accelerate the core blockage and make it reach a steady
state faster.

3.4.4 Analysis of the main-controlling factors
affecting permeability damage rate

The results of permeability damage rate (Y6) under different
particle size (X1), particle concentration (X2), injection rate (X3)
and core permeability (X4) were further summarized and analyzed
by regression analysis. Y6 = 0.2067X1 + 4.6168X2 + 1.2551X3 −
0.0242X4 + 87.3049(R2 = 0.959) The standardized regression
coefficients of particle size, particle concentration, flow rate and
permeability were 0.1409,0.0458,0.0523 and-0.9681, respectively.
The results of the standardized regression coefficient show that
the factors affecting the permeability decline rate are in order of
importance: initial permeability, particle size, injection rate, particle
concentration, especially the initial permeability. The negative
coefficient indicates that the damage rate decreases when the
permeability increases.

3.5 History matching of typical well groups
considering particle migration

Through microscopic experiments and numerical simulations,
the changes in parameters such as permeability and relative
permeability under the influence of particle migration can be
obtained. However, the scale of microscopic and numerical models
is relatively small, necessitating the upscaling of microscopic results.
In terms of spatial scale, we employed a method that models
multiple sets of digital cores in series. With this approach, we
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FIGURE 9
Pressure field comparison of different models in the process of scale upgrading. (A) mixed model. (B) upgraded model. (C) Macro model.

FIGURE 10
Velocity field comparison of different models in the process of scale upgrading. (A) mixed model. (B) upgraded model. (C) Macro model.

FIGURE 11
History matching of liquid production for typical wells before and after considering particle migration. (A) HS-1. (B) HS-2.

observed that the effect of particle transport stabilizes after a certain
number of cores is reached, with no further changes occurring
with an increase in the number of cores. This finding suggests
that the system can be considered as the smallest representative
volume element (REV) at the macroscopic scale once the effect

of particle transport reaches saturation (Figure 7). Regarding time
scales, we addressed the issue by employing a dimensionless number
transformation. Specifically, we established a dynamic relationship
between permeability and over-volume multiplicity based on the
volume multiplicity relationship between detached and residual
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particles. This relationship elucidates the pattern of permeability
changes over time, thereby providing us with a temporal dimension
for modeling particle transport on a macroscopic scale. It is
noteworthy that in this process, we assume the same over-volume
multiplicity and the same degree of influence of particulate transport
in both digital cores and macroscopic grids. With the meticulous
treatment of spatial and temporal scales as described above, we
have successfully extrapolated the model obtained at the pore
scale to macroscopic numerical simulations. Then, a shared mortar
space is established between adjacent micro and macro regions,
and a segmented finite element basis function σ (x, y) is assigned
to it. Then, the basic equation of pressure is constructed and
projected to the interface according to the basis function and
initial coefficient in the mortar space. Finally, by iterating the
permeability model of the macro grid until the pressure and flow
in the two regions are continuous, the coupling of the micro model
and the macro grid is realized. At this time, the permeability
model of the macro grid is the upgraded model of the micro
model scale.

The time-varying law of permeability obtained by microscopic
numerical simulation is upgraded by scale upgrading method,
as shown in Figure 8. The results show that the time-
varying trend of permeability after upgrading is in good
agreement with that before upgrading, but the time-varying
variation range of permeability after upgrading is smaller than
that before upgrading, which reflects that the influence of
microscopic pore structure on macro scale shows a certain
decreasing trend.

Further, a micro-model and a macro-grid hybrid model are
established around the wellbore. The inner ring is a micro-
model area and the outer ring is a macro-grid. The mortar
method is used to solve the fluid velocity and pressure of the
hybrid model, as shown in Figures 9, 10. The results show that
the mixed pressure field and velocity field are continuous after
iteration. At the same time, the solution results of the converged
permeability model are similar to the velocity field and pressure
field of the mixed model, which further proves the accuracy of
the upgraded model. Finally, the upscaled results are imported
into the macroscopic reservoir model through Petrel’s Intersect
User Edits interface, and Python code is written to incorporate
the relationship between permeability, relative permeability, and
grid volume multipliers into the model. This ultimately enables
reservoir numerical simulations that consider the impact of particle
migration.

After considering the impact of particle migration, a history
matching analysis was conducted on the target reservoir of the
typical well group. The digital core data volume used in the pore-
scale simulation is derived from the CT scan of the reservoir
core in the oilfield corresponding to the macroscopic model, and
HS-1 and SH-2 wells are typical wells in the block. Figure 11
presents the analysis results for typical wells HS-1 and HS-2,
clearly indicating that the decline in production volume for both
wells is primarily attributed to particle migration effects. Based
on this, the study introduced a new particle migration model to
rematch these production data, aiming to more accurately reflect
the effect of particle migration on the liquid production capacity
of the well group. The results indicate that after introducing
the particle migration model, the history matching accuracy

of the typical wells' liquid production significantly improved,
demonstrating that the model can more effectively capture the
dynamic impact of particle migration on reservoir permeability and
liquid production capacity.This more accurate fitting result not only
deepens the understanding of the specific mechanisms by which
particle migration affects oil well production but also provides a
more reliable basis for optimizing and adjusting future production
strategies.

4 Conclusion

(1) In the process of particle migration in sandstone, two
blockage modes are observed: pinhole blockage and
bridging blockage. When the particle diameter is larger
than the average throat radius, pinhole blockage dominates;
bridging occurs when the particle diameter is small and the
concentration is high.

(2) The particle retention rate in sandstone is primarily
controlled by particle size. The larger the pore-to-particle size
ratio, the higher the retention rate; particle concentration
and injection rate have minimal impact on the final
retention rate.

(3) Themigration distance of particles in sandstone is significantly
influenced by particle size. The larger the pore-to-particle
size ratio, the shorter the migration distance; under low
concentration conditions, particle concentration has little
effect on migration distance; the higher the injection rate, the
further the particles migrate.

(4) After considering the impact of particlemigration in numerical
simulations, the accuracy of liquid production matching for
the typical well group improved. The numerical simulation
model established in this study is constrained by the reservoir
properties, particle characteristics, and field production
conditions of this oilfield, and may only be applicable to
this field. However, the research methodology has broad
applicability.
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