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Abstract

Particle invasion in porous media is an important phenomenon that could lead to formation damage during different
operations, such as waterflooding, workover, and drilling. In this paper, a 3D pore network model coupled with a particle
tracking method was developed to investigate particle retention and permeability reduction of a pore network system.
The proposed model considers the effect of hydraulic drag, gravity, and friction forces. Three mechanisms, including
surface deposition, straining, and bridging, have been considered in the development of the proposed pore network
model. The results of the proposed model show good agreement with experimental data. A sharp permeability reduction
is observed in the early time of the injection, which indicates the blockage of the small radius throats by particles, as well
as unstable fluid flow due to the distribution of the particles. Moreover, the number of throats with a small radius and
different contributing mechanisms cause the discontinuous decrease of the porous media permeability. The proposed
pore network modeling demonstrates that a small section of the pore network can reproduce the results of the experi-
ment, and a big pore network that is too time and cost consuming is not required.
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List of symbols Us Magnitude of the fluid velocity in the throat

Fy Hydrodynamic force (N) (m/s)

Fg Buoyancy force (N) U, Magnitude of the particle velocity in the throat

Fu Weight of particle (N) (m/s)

Fe Friction force (N) u Viscosity of the injected liquid (cp)

Fr Resultant of forces in the opposite direction of ¢ Density of injected fluid (gr/cc)
particle movement Pp Density of particles (gr/cc)

K Permeability of the medium (m?) @ Porosity of the porous media

K, Initial permeability of the medium (m?) @4 Porosity of the throat

Ly Length of the throat connecting pore i to pore j 0 The angle between the throat and the horizon
(m) y Coefficient for blocking radius calculation

P Pressure (Pa)

Tbiocking BlOCKing radius of the throat (m)

r, Effective radius of the throat (m)

r; Initial radius of the throat (m)

I Particle radius (m)

B An arbitrary integer number between 3 and 7
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1 Introduction

During different operations, such as water purification,
contaminants dispersion, and drilling mud invasion,
suspended solid particles are transported and filtered
in porous media [1]. In this light, a suspended particle
may be a separated piece of reservoir rock, a foreign
particle already exist in the injection fluid or a scale that
is generated in the reservoir due to the interaction of
the injected fluid with formation water. The invasion and
filtration of particles are called the deep bed filtration
(DBF). Studies have found that DBF could also happen
in water flooding and/or wellbore workover operation,
when the injected water is not filtered and contains a
massive amount of particles or ions that precipitate and
deposit in porous media.

The researchers have studied DBF experimentally
[2-6] and most studies have reported the permeability
reduction of the core samples versus time. For exam-
ple, Baghdikian et al. [6] injected clay suspensions in the
Ottawa sand pack to study the effect of ionic strength,
concentration, and flow rate of the injected fluid.
Moghadasi et al. [4] injected inert aluminum particles in
a cylindrical porous media made from glass bead. Men-
tioned studies reported that parameters, such as flow
rate, particle concentration, and the initial permeability
of porous media, could affect the permeability of the
medium. They also found that apart from the mentioned
parameters, the particles that are initially present in the
porous medium could affect the results of experiments
[4]. Another study by Alem et al. [7] examined the effect
of hydrodynamic force (fluid velocity) on particle depo-
sition in different axial distances from the fluid inlet. It
was shown that lower injection velocities enhance the
deposition of suspended particles, due to the reduction
in hydrodynamic forces [7].

Fig. 1 The schematic of the (a)

main mechanisms of particle
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capturing in porous media [8]
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According to the results of recent studies [1, 8],
traveling particles through the pores and throats of the
porous media could get stuck with one of the underlying
mechanisms, however, smaller size particles may cross
the pores without getting stuck.

Pore plugging) some of the particles may bridge or
plug the pores when traveling through pores and throats
as presented in Fig. 1a. These particles severely reduce the
permeability and porosity of the porous medium.

Surface deposition) other injected particles might be
deposited onto the surface of pores by mechanisms pre-
sented in Fig. 1b. These particles reduce the porosity while
causing an insignificant effect on the permeability of the
porous media.

The continuity equation of particles is widely used for
simulation of particle transport and filtration in the porous
media, where it was used by many researchers to simulate
experimental results of DBF [7-12]. Each study has tried to
develop the continuity equation of particles by defining:
(1) matching parameters or (2) capturing rate equations for
permeability and particles [9, 13]. While the results of con-
tinuity equations showed a good agreement with experi-
mental results, the story behind of pore-scale interactions
did not describe well.

Many researchers have tried to simulate DBF using pore
network modeling [5]. A pore network is a lattice of pores,
which are connected to each other via the throats [14]. The
lattice could be in either 2D or 3D geometry. Although cal-
culation problems might occur, the pore network mode-
ling is still widely used for pore-scale studies. Todd et al. [5]
performed a DBF study using a pore network by injecting
the micron size particles of aluminum into the sandstone
cores in order to study the behavior of pore blockage by
aluminum particles [5]. Figure 2 presents a throat, which
is bridged by aluminum particles.

On the other hand, Todd et al. [5] had largely ignored
the contribution of the bridging mechanism and the
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Fig.2 Pore bridging and surface deposition reported by Todd et al.
[5]

random location of pores in the presented model. A simple
random number was used for the selection of new throat
for particles when the particle is in the pore [5]. Subse-
quently, Rege and Fogler [15] presented a method with
higher accuracy for the selection of new throat based on
the fluid velocity of each throat. Other researchers have
considered the particle movement in the throats [1, 16,
171. Yang and Balhoff [1] considered the effect of fluid
velocity profile in the cross-section of throats. They used a
regular lattice for pore network and the bridging mecha-
nism was not contributed in the introduced model [1].

In comparison with straining, the bridging mechanism
is the main mechanism that causes a severe permeability
reduction in porous media. However, this mechanism has
been excluded by most of the researchers in pore network
studies. This study tried to present a pore network model
for simulation of DBF in a core scale that considers three
mechanisms of surface deposition, straining, and bridg-
ing. In the proposed model, particle path selection follows
the model proposed by Rege and Fogler [15]. A constant
flow boundary was assigned to the model. Moreover, a
random 3D pore location was selected for the model. In
addition, this study proposes a method for applying the
forces on particles that considers the effect of hydraulic
drag, gravity, and friction forces. In the proposed network
model instead of focusing on the complicated transverse
movement of a particle in throats, it was tried to present a
real particle injection situation. The results of the proposed
network model show a good agreement with the perme-
ability decline of experiments. The structure of the paper is
as follows: Section two presents the pore network model.
Section three describes the particle movement in the pore
network model. Results and discussions of the pore net-
work model are presented in section four, and section five
presents the conclusions.

2 Pore network model

As stated before, a pore network is a lattice of pores,
which are connected to each other using throats [14].
In the real case, the morphology of pores and throats
are complicated, and it is time-consuming to simulate
such a complex system of pores and throats by a numeri-
cal solution. In the presented pore network model,
the system is simplified into interconnected nodes
(pores), which are connected to each other using bonds
(throats). A random distribution of the interconnected
nodes (pores) is used in order to distribute the pores in
3D geometry. The number of pores connected to a single
pore (by throats) is known as the coordination number.
The present study uses the coordination number of 4,
which reflects that every single pore is connected with 4
adjacent pores [18]. Furthermore, as shown in Fig. 5, the
mean diameter of grains of porous media is selected as
the average distance between the pores (throats length).
A mass conservation equation can be derived for each
pore as presented below:

n 987xr* /p. — P,
Z ij < IL J> —0 )
= 8 ij

where r; and L; are radius and length of the throat con-
necting pore i and j, uis the fluid viscosity, P, and P; are the
pressures in pore i and pore j. Solving Eq. 1 for each pore
represents the pressure at pores and the flux (velocity) in
throats. The initial value of the throats radius is set accord-
ing to the normal distribution function. Then the mean
radius of throats is changed to match the permeability of
studied porous media. In this light, the pore network with
a specified mean radius of throats, throats length, and the
spatial distribution of pores is the representative of the
porous media.

The effect of surface deposition mechanism on the
permeability alteration of the pore network is not signifi-
cant, while the straining and bridging reduce permeability
dramatically. Due to fact that the mentioned mechanisms
are able to reduce the permeability of the pore network
and consequently increase the resistivity against the fluid
flow when the particles are injecting with a constant rate,
the filed pressure needs to be updated in each time step.
On the other hand, in each step, all the particles are mov-
ing simultaneously, and the interaction between moving
particles in the throats is neglected.

To apply constant flow boundary conditions, new inlet
pressure is determined for the pore network, then, it is
required to recalculate the pressure field. Meanwhile, to
inject a constant concentration of the particles into the
inlet face of the pore network, a certain number of par-
ticles need to be injected into the interface of the pore
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network after several time steps. It is worth mentioning
that MATLAB software is used for numerical computing.

3 Particle movement

A mechanism for particle deposition in throats is pre-
sented based on the consequent of forces acting on the
particle. It should be mentioned that this study assumes
there is no interaction between particles. A particle
selects a new throat based on the mechanism explained
by French [19]. When a particle is presented in the pore,
and it’s required to choose a new path, the straining of
bridging mechanisms may occur. These particle capturing
mechanisms have been investigated below.

3.1 Surface deposition mechanism

The main forces acting on a particle in a throat are hydro-
dynamic, gravity, and friction forces. The hydrodynamic
force always moves the particle forward in the throats. In
this regard, gravity could either agree or disagree with the
direction of particle movement. The friction force always
disagrees with particle movement direction in the throat.
The friction force includes mechanical friction (kinetic or
rolling friction force), van der Waals, and electrical forces.
However, the effect of van der Waals and electrical forces
are neglected in this study. Figure 3 illustrates the forces
acting on a particle in the pore network.

In Fig. 3, F,, is the hydrodynamic force, Fg is the buoy-
ancy force, F, is the weight of particle and F; is the friction
force. When the particle enters a throat, a random num-
ber is generated between 0 and 1. If this number is less
than 0.5, it is assumed that the particle is moving on the
throat surface, and if it is greater than 0.5, it is assumed
that the particle is moving at the fluid bulk. If the particle
is moving on the throat surface, another random number

Flow

direction .

Fig.3 The schematic of acting forces on a particle
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is generated. If this number is less than 0.5, it is assumed
that the particle is rolling on the throat surface, and if it is
greater than 0.5, it is assumed that the particle is drawing
on the throat surface. Table 1 shows the variation of fric-
tion force in these 3 situations.

where, x is the rolling friction factor (x=0.0001) and z is
the sliding friction factor (z=0.1) [20]. The hydrodynamic
force is calculated according to the equation presented
below:

FH = 6”Mrp(Uf - Up) (2)

In this equation, r,, is the radius of the particle, Uy is the
fluid velocity and U,, is the particle velocity. The resultant
of forces in the opposite direction of particle movement
is shown by F, as presented below:

Fr = F; + (Fy — Fg)sin(9) (3)

At equilibrium condition, we have F,, = F, so by merg-
ing Eqgs. 2 and 3, the particle velocity is calculated based
on Eq. 4.

F¢ + (Fy — Fp) sin(0)
6rur,

Up=Ur - @

If U, < 0, the particle deposits on the throat’s surface
and surface deposition occur. In this condition, the poros-
ity and the effective radius of throat reduce according to
the equation presented below [21]:

re =ri\/o; (5)

wherer, is the effective radius of the throat, r; is the initial
radius of the throat, and ¢, is the throat porosity. As men-
tioned before, the permeability reduction of the throats
during the surface deposition mechanism is insignificant.
The surface deposition mechanism is shown in Fig. 4.

3.2 Straining mechanism

The particle will be trapped in the throat where the par-
ticle’s radius is larger than the radius of the throat. When
straining occurs in a throat, it is assumed that the radius
of the throat will decrease by 95 percent. The assumption
of a 95 percent reduction of throat radius is supported
by optimizing the pore network model results with the

Table 1 Friction force acting on a particle

The friction force Particle situation

FF=0
F¢ = (Fy — Fg) cos(0)x
F¢ = (Fy — Fg) cos(0)z

Particle is moving at the fluid bulk
Particle is rolling on the throat surface
Particle is drawing on the throat surface
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Fig. 4 Effective radius of the
throat after particles deposi-

tion [20]

experimental data. In addition, due to the irregular shape
of the particles and throats, the possibility of a 100%
blockage of a throat by particles is low. Therefore, the
chosen value (95%) is within the range of 0% (the throat
radius is fully open to flow) to 100% (the throat radius is
fully blocked).

It is important to note that in real pores and throats
systems, as shown in Fig. 5, the radius of a throat is not
uniform. As the throat radius is smaller in some sections
compared to other sections, the thinner section will have
a higher chance of straining and bridging compared to the
thicker sections. Hence, it is closer to the reality to define
a blocking radius for the smaller throat than the effective
radius of the throat. This blocking radius will be compared
with particle radius to identify the presence of straining
or bridging.

rblocking=yre0<y<-I (6)

where ryoing is the blocking radius of the throat, r, is the
effective radius of the throat, and y is the coefficient for
blocking radius calculations. It should be mentioned that
the value of y is considered to be 0.95.

3.3 Bridging mechanism

When a group of particles (in the same time step) want to
enter a throat, two conditions have to be met. In this light,

Fig.5 lIrregularity of throat
radius

0

the bridging will occur at the throat entrance if the two
underlying conditions (Inequality 7 and 8) are met.

2 2
nxr, > anb,ockmg 7)

rp > ﬂrblocking (8)

where I is the particle radius, nis the number of particles,
and fis an arbitrary integer number between 3 and 7 [22],
which is considered as equal to 3 in this study. Inequality 7
shows that the total area of particle cross-section must be
two times bigger than the area of the throat cross-section.
Similar to the straining mechanism, it is assumed that the
radius of the throat will be reduced when there is a 95 per-
cent blockage as the bridging never blocks the pores com-
pletely. Due to the considerable permeability reduction
in the bridging mechanism, the pressure field of the pore
network is recalculated in the next time step of simulation.

4 Results and discussion

An experiment of Moghadasi et al. [4] study is selected
to verify the proposed pore network. They injected inert
aluminum particles into a glass bead in order to study the
effect of fluid velocity [4]. In the experiment, the diameter
of glass beads was around 480 um, the mean diameter of
particles was 7 um, the initial permeability of the medium

Throat thinning

@ Pore
Throat
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was 159 Darcy and the fluid injection rate was 25 cc/min. In
order to avoid a huge amount of calculations, only a small
piece of the real core is simulated by the pore network.
A square shape was selected for the cross-sectional area
of the pore network, which is smaller than the core. The
special position of the modeled pore network is shown
in Fig. 6.

500 pores are selected for this space (1 X 1 x 4 mm?).
The particles are injected from the interface with two dif-
ferent particle concentrations of 1000 ppm and 2000 ppm.
The particles are moving through the throats until they
get stuck by the straining or the bridging mechanisms, or
deposit on the throats surface using surface deposition
mechanism. Figure 7 shows a selected section of the 3D
pore network after 100 min of injection. This figure helps
to demonstrate the structure of the network and distribu-
tion of the channels, pores, throats, and particles. In this
figure, the green circles present the pores, the red circles
present the moving particles, and the arrows present the
throats. The direction of each arrow shows the direction of
fluid flow in the throat. It is worth mentioning that Fig. 7 is
not representative of the entire 500 pores, as well as, stuck
particles. It can be seen in Fig. 7 that the concentration of
moving particles in the right hand (fluid inlet) is higher
than the left hand of Fig. 7. This is due to the fact that most
of the particles are deposited near the inlet face area and
a few particles can reach to the outlet.

Moghadasi et al. [4] experimental results are simulated
using the proposed model in this study. Subsequently,
the permeability of the first 4 mm of the glass bead is
selected for comparison with the obtained results of pore
network simulation. Figures 8 and 9 illustrate the dimen-
sionless permeability variation (K /K;) versus time for injec-
tions of particles with the concentrations 1000 ppm and
2000 ppm. As shown in these two figures, the results of

pore network modeling highly agree with the experimen-
tal data. A higher permeability reduction is observed for
the case with 2000 ppm particle concentration compared
to the case with 1000 ppm particle concentration. This is
due to the fact that the presence of more particles in the
injection fluid increases the chance of pore-blocking by
the mentioned mechanisms.

As can be seen in Figs. 8 and 9, for the total simula-
tion time (~ 1600 min), 40% (for the case with 1000 ppm
particle concentration) and 60% (for the case with
2000 ppm particle concentration) of permeability reduc-
tion are observed during the first half the simulation time
(~800 min), while permeability reduction is less than 5%
for the rest of the simulation time (800-1600 min) [4].
It shows in the early times of injection, the particles are
blocking the small radius throats that are closer to the
interface of porous media, so the permeability of the sys-
tem is reducing so rapidly. It can be inferred that the area
near the injection spot experience a significant blockage
and consequently permeability reduction. It can cause
severe formation damage and a reduction in the efficiency
of the injector. At the end of the injection process, there
are only a few throats with a small radius that exist in the
outlet of the pore network. This shows that the perme-
ability of the system is changing smoothly at this moment
[4, 23, 24].

As shown here, while the results of modeling show
a good agreement with the observation data, the plot
of the pore network is not continuous as the observa-
tion data. This could be due to the occurrence of unsta-
ble flow in the early stage of the modeling, where the
particles shifted out of the throat and into the new
throat [25]. In the second half of the simulation time
(800-1600 min), the changes reduced with a more sta-
ble reduction of the permeability reduction. On the

Fig. 6 The special position of
the modeled pore network
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Fig. 8 Permeability reduction in the modeled pore network and observation data (C=1000 ppm)

other hand, when there is a limited number of throats
(for example 2000 throats), the permeability of porous
media is decreased discretely during a long period of
injection (for example 1000 min). Only a small amount of
throats (about 100-200) were plugged (by the straining

or bridging mechanisms) and subsequently, the small
value of permeability reduction is not able to make a
continuous permeability reduction in the porous media.
Furthermore, although the surface deposition is the
most highly-occurred particle capturing mechanism, it
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Fig. 9 Permeability reduction in the modeled pore network and observation data (C=2000 ppm)

does not lead to continuous permeability reduction. This
is because the permeability reduction caused by surface
deposition is not so significant.

5 Conclusion

In this study, a 3D pore network model was proposed
to simulate the permeability reduction due to the injec-
tion of particles to highlight the application of the pore
network modeling when deep bed filtration is involved.
Surface deposition, straining, and bridging mechanisms
were controlling the movement of particles. The severe
permeability reduction is observed during the injec-
tion of particles, where a higher concentration of the
particles causes a higher value of permeability reduc-
tion. The obtained results from the pore network are
in good agreement with the presented experimental
results, which believes this is due to the contribution of
the bridging mechanism in the DBF process. This study
showed that although the permeability variation of the
media is not continuous due to the limited number of
pores, a small selected portion of porous media could
be the representative of real porous media.

The success of simulation in terms of computational
time and cost is highly dependent on the number of
pores and selected volume for simulation, which can
be named as limitations of this study. In the future, this
study can direct to the way, which considers a higher
number of pores and stability of the arch.
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