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Abstract: The pneumatic conveying process of fine particles through filters was studied by CFD-DEM
simulation method. The porous media model and porous structure were used to simulate the airflow
state and the blocking effect of fine particles when they flowed through the filter. Under different
particle feed rates and initial particle velocities, the effects of the plugging rate and settling velocity in
pleated filters were analyzed, and the effect of particle deposition height on fluid zone was studied.
The results showed that particles should avoid the feed rate of 250–750 g/s and choose the initial
particle velocity of 3–6 m/s to achieve lower plugging rate and faster settling velocity. The position
of the filter should avoid the particle inlet to avoid the increase of non-uniformity. Timely cleaning of
particles in the filter box can improve the filtering performance.

Keywords: pleated filter; pneumatic conveying; porous media model; CFD-DEM

1. Introduction

With the deepening understanding of the concept of environmental protection in all
walks of life, the treatment requirements of fine particles are also rising [1–3]. Due to its
good fluid permeability and porous structure, the pleated filter screen is widely used in
the filtration of fine particles in industries including traditional minerals, metallurgy, and
other fields to obtain clean air [4–7]. During the filtration of particles, the porous media
structure of the filter screen plays the role of the filter, making it difficult for small particles
to be discharged into the air. The folded structure on the surface of the filter screen plays
the role of a baffle. When larger particles arrive here, they are blocked and settle or get
stuck between the folded structures. The blockage of small particles in the filter screen can
be widely removed by means of reverse pulse airflow [8]. However, it is difficult to remove
large particles between the fold structures due to the limitation of gravity and resistance.
The large surface area of large particles will not only cause the failure of the porous media
action at the location of blockage but also have a great impact on the porous media action
inside the fold. Without affecting the normal operation of the filter screen, it is difficult to
remove the large particles stuck in the middle of the filter screen fold. Moreover, particles
in the filter screen will deform the filter screen and affect the filter performance [9,10].
Therefore, in order to ensure the efficient operation of the filter screen, it is necessary to
study the dynamic characteristics of particles at the filter screen, avoid the particle sticking
in the filter screen, and improve the performance of the filter screen [11].

Due to the complexity of the filter screen structure and the tightness of the conveying
process, investigation of the filter screen filtration performance and particle deposition
process through experimental research takes a long time and the process is relatively
complex [12]. The simulation research on the blocking effect of the filter screen on fluid
and particles can not only save time but also ensure the accuracy of the results. Moreover,
the changes of filter screen structure and particle shape and size can be fully considered.
Computational fluid dynamics (CFD) and discrete element method (DEM) are often used
in the study of fluid and particles, which can accurately characterize the continuous motion
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characteristics of fluid and the interaction between particles and solid phase. The research
on the structure of porous filter screen by CFD mainly considers the influence of solid-phase
pore wall structure on the fluid flow direction [13]. Compared with plane filters, pleated
filters have a lower pressure drop [14]. The pleated structure of filter screen will have an
obvious impact on the fluid flow velocity [15,16], and dense pleated filter screens can reduce
the flow velocity more [17]. The stability between pleated filter gaps will also affect the
flow field [18]. In addition, the influence of temperature on fluid motion characteristics is
also a main research direction. The high viscosity caused by high temperature leads to low
filtration efficiency [19,20], and the fluid will also erode the filter [21,22]. Most of the studies
are aimed at optimizing the filter structure or improving the simulation reliability according
to the flow characteristics such as filter pressure loss and velocity distribution. However,
the simple CFD method lacks the consideration of the interaction between particles and
solid phase, so it is difficult to accurately describe the complex gas–solid two-phase flow
process. DEM can fully simulate the kinematic and dynamic characteristics of particles,
such as predicting the number of particles in the conical hopper and the particle discharge
time [23], analyzing the gate load before unloading the dustbin according to the particle
accumulation characteristics [24], optimizing the conveyor structure based on the particle
conveying speed and interaction force [25], and studying the influence of particle shape
on the load movement of the tumbling mill [26]. At present, the numerical research on
the filtration process of the filter rarely considers the filtration process of particles, and the
existence of particles will have a great impact on the efficient work of the filter. Therefore,
the CFD-DEM coupling method can fully consider the filtration effect and deposition
characteristics of particles when they flow through the filter [27].

The pressure drop caused by airflow will have a great impact on the filtration per-
formance of the filter [28–30]. The complexity of the filter screen makes it difficult to
mesh and calculate. The simplification of the filter structure provides the possibility for
simulation [31], but it is difficult to simulate the real pressure drop behavior. Porous media
model [32] can simulate the pressure drop of fluid in complex porous structure, but it
cannot simulate the pressure drop caused by particle blocking. Therefore, large errors will
occur in the simulation. The CFD-DEM coupling method can realize the interaction of
particle information and flow field information [33,34]. When the particles accumulate in
the filter screen, the corresponding pressure drop of the fluid phase will occur, which can
greatly solve the problem of insufficient consideration of pressure drop caused by particle
accumulation [35] in the porous media model.

Aiming to study the distribution of particles considering actual pressure drop caused
by the filter screen, the CFD-DEM coupling method is used. The porous media model
is used to simulate the airflow pressure drop in the CFD software. Moreover, the real
porous structure is applied to demonstrate the blocking of particles in the DEM software.
It allows the filtration process of particles in the flow field transport state to be more
accurately simulated. This work will provide a reference for the determination of conveying
parameters of fine particles and the improvement of filter screen performance.

2. Numerical Model and Simulation Conditions
2.1. Filter Configuration and Performance Evaluation Indexes

Figure 1 shows the overall structure configuration of the filter equipment. As can be
seen from the overall structure configuration in Figure 1a, the particles/airflow enter the
filter box at the feed pipe when work starts. Subsequently, the larger particles settle to the
deposition box under the action of gravity, and the others follow the airflow to the filter.
Under the barrier of the screen, deposition process occurs in some particles, and the rest
of the particles gather inside the filter. Ultimately, the particles are discharged through
the auger after falling to the deposition box, and only relatively clean air is output at the
discharge pipe. Figure 1b shows the overall structural dimension: the diameter of the feed
pipe Df = 200 mm and the length Lf = 154 mm; the discharge pipe diameter Dd = 132 mm
and the length Ld = 220 mm; the length L × width W × height H of the filter box is 400 mm
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× 600 mm × 600 mm. The deposition box is composed of discharge part and transition
part with height H1 = 40 and H2 = 80, respectively. The length of discharge part L1 = 218
mm, and the width is consistent with the width of the filter box.

Figure 1. Overall structure configuration of filter equipment. (a) overall structure configuration
(b) device size drawing.

The accumulation of particles in the filter seriously affects the filtration performance [36].
Therefore, the cleaning process must be carried out when there are more particles in it.
However, this will result in a serious decline in the work efficiency. In order to accurately
characterize the filtration performance of the filter for particles, the plugging rate α was
used to describe the ratio between the particle content in the filter and the particle content
blocked by the actual filter. This is calculated by Equation (1) [37,38].

α =
(Cin f − Cover)

(
1− Cin f

)
Cin f (1− Cover)

2 ∗ 100% (1)

where Cinf represents the proportion of particles whose size is smaller than the maximum
distance between adjacent folds in the feed and Cover indicates the proportion of particles
whose size is smaller than the maximum distance between adjacent folds outside the screen.

The content of particles in the filter box will affect the secondary filtration of particles.
The velocity component along the gravity direction is defined as the settling velocity.
Faster settling velocity of particles is conducive to reducing plugging rate. The velocity of
particles in the direction of gravity has an important relationship with the speed of particle
deposition, which can be used to characterize the settling velocity. Moreover, the standard
deviation is used to describe the uniformity of particles accumulated in the filter.

2.2. Computational Fluid Dynamics

Considering the interaction between airflow and particles, the continuity equation
and momentum equation of air are given by Equations (2) and (3), respectively [39].

∂ρg

∂t
+

∂

∂xj

(
ρgvj

)
= 0 (2)

∂
(
ρgvi

)
∂t

+
∂

∂xj

(
ρgvjvi

)
= − ∂p

∂xi
+

∂

∂xj

[
µg

(
∂vi
∂xj

+
∂vj

∂xi

)]
+ ρgg + Fs (3)

where ρg is the density of the air, vi and vj are the velocity vectors of the air, p is the pressure
of the air, µg is the effective viscosity of the air, and Fs is the momentum source term.
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The porous media model in CFD introduces the momentum source term into the
momentum equation to simulate the viscous loss and inertia loss caused by volume pressure
drop, as shown in Equation (4).

Fs = −(∑3
j=1 Dijµgvj +

1
2 ∑3

j=1 Cijρg|v|vj) (4)

where Dij is the viscous drag coefficient and Cij is the inertial drag coefficient. The values
of Dij and Cij can be obtained by fitting several groups of velocity and pressure loss values.

The standard k-ε turbulence model can well calculate complex turbulence. The kinetic
energy equation and diffusion equation are shown in Equations (5) and (6), respectively.

∂
(
ρgk
)

∂t
+

∂

∂xi

(
ρgkvi

)
=

∂

∂xi

[
(µg +

µt

σk
)

∂k
∂xi

]
+ Gk − ρgε (5)

∂
(
ρgε
)

∂t
+

∂

∂xi

(
ρgεvi

)
=

∂

∂xi

[
(µg +

µt

σε
)

∂ε

∂xi

]
+ C1ε

ε

k
Gk − C2ερg

ε2

k
(6)

where k is turbulent kinetic energy, ε is dissipation rate, turbulent viscosity µt is expressed by
Equation (7), Cµ is a constant determined by experience, generation term of turbulent kinetic
energy Gk is shown in Equation (8), and C1ε and C2ε are constants related to Reynolds number.

µt = Cµρg
k2

ε
(7)

Gk = µt(
∂vi
∂xj

+
∂vj

∂xi
)

∂vi
∂xj

(8)

2.3. Discrete Element Method

In the discrete element method, the translational and rotational motion of particles can
be expressed as Equations (9) and (10), respectively, according to Newton’s second law [40].

m
dv
dt

= mg + ∑ Fc + Fd + Fl + Fb (9)

I
dω

dt
= ∑ Tc + Tg (10)

among them, Fi refers to various forces on particles: solid contact force Fc, fluid resistance Fd,
buoyancy Fb, and lift Fl, including Saffman lift and Magnus lift. m and I represent the mass
and moment of inertia of the particle. Tc is the torque caused by particle collision. Tg is the
torque caused by fluid viscosity.

In this paper, Hertz–Mindlin contact model is adopted, and the simplified mechanical
model in two-dimensional is shown in Figure 2. It shows that the solid contact force FC is
composed of spring elastic force caused by the tension spring and torsion spring, sliding
friction brought about by the friction slider, and damping force resulting from the dashpot.
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Figure 2. Hertz–Mindlin mechanical model.

2.4. Definition of Pressure Drop Coefficient in Porous Media Model

For simple homogeneous porous media, the viscous resistance coefficient and inertia
resistance coefficient are constant. Pressure drop ∆p = −Si∆n, ∆n is the thickness of
porous media. ∆p can be expressed by Equation (11) and Ci and Di are the inertia resistance
coefficient and viscous resistance coefficient of porous media model, respectively.

∆p =
1
2

ρ∆nCi|v|vi + ∆nDiµvi (11)

∆p can be expressed by velocity and pressure drop as Equation (12). a and b (b 6= 0) are
constants.

∆p = av2 + bv (12)

The corresponding relations of quadratic coefficient and primary coefficient are Equa-
tion (13) and (14), respectively.

a =
1
2

ρ∆nCi (13)

b = Diµg∆n (14)

Based on the above derivation, the pressure drop coefficient Cp is defined as shown
in Equation (15). In the complex porous media model, Cp has different values in different
positions due to different fluid velocity and direction. It can fully characterize the porous
media model.

Cp =

∆p
Diµg∆n − v

v2 (15)

2.5. Simulation Conditions
2.5.1. Filter Model and Simulation Setup

In this simulation work, computational fluid dynamics software and discrete element
method software were FLUENT and EDEM, respectively. Hexahedral structure mesh was
used, and the calculation boundary is shown in Figure 3. The mesh was divided into
fluid domain and porous media domain, in which the filter belonged to porous media
domain. The interior boundary was adopted at both the inner and outer screens, and the
wall boundary was adopted at the bottom of the filter. The pressure inlet and outlet were
set at –460 Pa and –2500 Pa, respectively. It was assumed that there was no air leakage
at the particle outlet. To make the research more in line with the actual project, the flow
field was calculated through the coupled algorithm. The air density and dynamic viscosity
were 1.225 kg/m3 and 1.789 × 10−5 m2\s, respectively. The viscous resistance coefficient
and inertial resistance coefficient of the filter were 2.225 × 108 and 10.256, respectively,
according to [41]. Other relevant parameters are shown in Table 1 [42].
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Figure 3. Mesh model of fluid computing domain.

Table 1. Material parameters used in simulations.

Details Index Value

Particle
Poisson’s ratio [-] 0.25

Shear modulus [Pa] 1.0 × 108

Density [kg·m−3] 2600

Wall
Poisson’s ratio [-] 0.3

Shear modulus [Pa] 7.9 × 1010

Density [kg·m−3] 7850

Particle–Particle
Coefficient of restitution [-] 0.25

Coefficient of static friction [-] 0.75
Coefficient of rolling friction [-] 0.05

Particle–Wall
Coefficient of restitution [-] 0.5

Coefficient of static friction [-] 0.5
Coefficient of rolling friction [-] 0.05

2.5.2. DEM Model of the Filter and Particles

In the discrete element software, the filter screen is mainly used to block particles.
According to the actual engineering application, the pleated filter was used in this work,
as shown in Figure 4. The outer and inner filter diameters were 100 mm and 66 mm,
respectively. Their height was 380 mm. The maximum distance between adjacent folds in
the radial direction was 3 mm.

Figure 4. Geometric model of filter screen.

To make the particles more truly reflect the actual engineering application, non-
spherical particles were also considered in the simulation. The similarity between non-
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spherical and spherical particles with the same volume was evaluated by sphericity [43,44],
as shown in Equation (16).

ϕs =
Ssp

Snsp
(16)

where ϕs is sphericity, and Ssp and Snsp are the surface areas of spherical and corresponding
non-spherical particles, respectively.

The non-spherical particle model is shown in Figure 5. Its overall outline was based
on the cube geometry, and it was generated by eight independent spheres with radius rmin.
The distance between two adjacent spheres was 1.42rmin, and the sphericity was about 78%.

Figure 5. Non-spherical particle model.

In the simulation, the size distribution of particles was random. Figure 6 shows a
schematic diagram of particle blockage in filter screen. Given that the distance between
adjacent folds of the filter screen in the middle of the radial direction was 3 mm, 3 mm was
taken as one of the dividing boundaries [45]. When the particle diameter is greater than
3 mm, the possibility of particles becoming stuck in the filter screen is very small, so 3–6
mm particles were taken as a research scope. Particles in the range of 1–3 mm diameter
have a greater probability of getting stuck in the filter screen, which is the focus of research.
Therefore, particles with diameter less than 3 mm were divided into 1–2 mm and 2–3 mm.
Based on the results of measurements, the proportion in the ranges of 1–2 mm, 2–3 mm,
and 3–5 mm was calculated as 27.5%, 57.3%, and 15.2%, respectively. According to the
principle of equal volume, the non-spherical particles were set.

Figure 6. Schematic diagram of particle blockage in filter screen.
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2.5.3. Mesh Sensitivity Study and Experimental Verification.

Cp can fully characterize the porous media model, so it is very representative to study
the mesh sensitivity of porous media model. To correspond to normal working conditions,
mesh with 10,000 to 200,000 cells was simulated. Positions A and B, as shown in Figure 4,
were selected for research (A and B were located at the inlet side). The results in Figure 7
show that when the number of cells reached 130,000, the CP on the filter remained at a
certain value. Considering that the minimum cell size was greater than the particle volume
in the simulation process, this condition was not met when the number of cells exceeded
160,000, and the optimal number of cells was determined to be 131,004.

Figure 7. Mesh sensitivity study.

2.5.4. Model Accuracy Validation

Model accuracy verification idea: the test-measured pressure values at the outlet and
inlet of the pipe were used as simulation input parameters, and the test-measured velocity
values at the outlet and inlet of the pipe were used as verification values; these values were
compared with the outlet and inlet velocity values obtained through simulation to verify
the accuracy of the simulation model.

As shown in Figure 8a, a pressure measurement test was conducted using a micro
differential pressure sensor, the schematic diagram of which is shown in Figure 8b; the
test-measured pressure at the inlet (−460 Pa) and pressure at the outlet (−2500 Pa) were
used as simulation input values, and the 500 g/s dust particle feed rate and 9 m/s particle
initial velocity was selected for the simulation test. A thermal anemometer, as shown in
Figure 8c, was used for the inlet and outlet wind speed measurement test; the schematic
diagram is shown in Figure 8d, where the thermal anemometer telescopic rod top sensor
was placed inside the pipe for the wind speed measurement at that lo-cation, and 6 random
measurements of the fluid velocity values at the inlet and outlet were recorded.
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Figure 8. Model accuracy validation test. (a) pressure measuring test (b) principle of pressure
measurement (c) wind speed measuring test (d) principle of wind speed measurement

The outlet and inlet wind speed values measured by the thermal anemometer were
recorded and organized to obtain Figure 9. The average speed at the inlet measured in
the six tests was 15.25 m/s, and the average speed at the inlet measured in the model
simulation was 14.37 m/s, with an error of 7.6% between simulation and test; the average
speed at the outlet measured in the test was 18.45 m/s, and the average speed at the outlet
measured in the model simulation was 17.32 m/s, with an error between simulation and
test of 6.1%. The validity of the simulation can be verified to ensure the accuracy of the
simulation results, to a certain extent.

Figure 9. Outlet and inlet wind speed test measurement results.

3. Results and Discussion
3.1. Effect of Initial Conditions of Particle on Filtration Process

After the filter started to work, the particles were transported by the dynamic action
of airflow. In order to reveal the influence of fluid on particles transportation, the feed rate
of particles was set at 500 g/s, and the initial particle velocity was set at 9 m/s, producing
the CFD velocity vector diagram in stable state, as shown in Figure 10. It was found that
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the airflow entered at a constant speed at the inlet. Under the blocking effect of the filter,
some of the air flowed back and around, and the rest flowed into the inner side of the filter
after decelerating. The airflow direction determined by the geometric structure allowed the
cyclonic airflow to easily occur at the bottom of the filter box. The cyclonic airflow ‘a’ was
formed by the a1 airflow blocked by the filter, the a2 airflow blocked by the airflow b2, and
the a3 airflow blocked by the airflow at the box and at the inlet. The b3 airflow forming the
cyclonic airflow b was blocked by the filter, b1 and b2 were blocked by the airflow along
the box direction, and b2 was also blocked by a2. The formation of cyclonic airflow was
not only related to the airflow direction and box structure but also affected by the adjacent
cyclonic airflow. Its formation caused the airflow to lose a lot of energy, resulting in the
formation of low-speed region of airflow. The existence of anticyclonic airflow was due to
the symmetry of fluid in the xoy plane about the xoz plane. The change of airflow direction
caused by collision led to the generation of anticyclonic airflow, which caused serious loss
of fluid momentum and forms a low-speed region. The formation of the low-speed region
accelerated the deposition of particles.

Figure 10. Velocity distribution and vortex formation diagram.

The DEM simulations based on the particle velocity distribution (q = 500 g/s, vp = 9 m/s)
are shown in Figure 11. At this time, the content of particles in the deposition box reached a
dynamic stable state. It can be seen that the density of particles was the largest on the side
near the inlet of the filter, the particles accelerate into the box at the inlet, and the speed was
the largest near the filter. Under gravity and the impact of the filter, most of particles were
deposited at the bottom of the box. By comparing the data of particle content and particle
size distribution at different positions in the filter, it can be found that the content of particles
in the filter was the least back against the inlet, and the larger particles entered the filter on
the side near the inlet under the action of inertia force and fluid conveying force. Most of
the small particles entered with the airflow on both sides of the filter. Spherical particles and
non-spherical particles had similar particle motion processes.
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Figure 11. Snapshots of the screening process in DEM simulations: (a) spherical particles and
(b) non-spherical particles.

The cartridge flow line diagram based on the velocity distribution gives the cartridge
xoz plane (left side diagram) and xoy plane (right side diagram) pressure cloud diagram as
shown in Figure 12.Through the analysis of the flow line, it can be seen that the cartridge
porous media had an obvious deceleration effect on the fluid, and due to the existence of
airflow inertia force and viscous force along the circumference of the filter, the flow velocity
gradually decreased from near the inlet side to far from the inlet side, and the air was
continuously accelerated from the outlet after deceleration by the cartridge. Due to the
existence of porous media of the cartridge, the pressure was distributed in a gradient along
the radial direction of the cartridge, and the pressure in the low-pressure area on the side
near the entrance was higher than the pressure far from the exit, and the area was larger.
The reason for this effect may be that the high flow rate brings about a large flow rate which
made this area more obviously affected by the pressure at the entrance, and the range of
low-pressure area decreased from the corresponding center to both sides.

Figure 12. Velocity and pressure distribution of the filter.

The particles are required to stay in the filter box as little as possible during the
recovery process and to be deposited in the deposition box as fast as possible so that the
particles are not carried into the screen again by the airflow. The deposition rate and settling
speed of the filter particles can not only better evaluate the performance of the filter use
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but also reflect the rationality of the system structure parameters and working parameters,
to a certain extent.

3.2. Effect of Initial Conditions of Particle on Filtration Performance
3.2.1. Effect of Working Parameters on Plugging Rate

In the process of recycling, the particles should stay in the filter box as little as possible
and settle in the deposition box as soon as possible to avoid the particles being brought
into the filter again by the airflow. The deposition rate and settling velocity of particles
can not only better evaluate the performance of the filter but also reflect the rationality of
the system structure parameters and working parameters, to a certain extent. Therefore,
to ensure the long-term and efficient use of the filter, it is of great significance to study
the performance of the filter under different particle shapes, particle feed rates and initial
particle velocities.

In the case of spherical particles and non-spherical particles, we adjusted the particle
feed rate q and initial particle velocity vp to obtain the particle content in the filter and
analyze the influencing factors of plugging rate. Figure 13 shows the effect of working
parameters on plugging rate, which shows that the feed rate of spherical particles and non-
spherical particles had the same trend in the influence of initial particle velocity on plugging
rate. The maximum difference between the plugging rate of non-spherical particles and
that of spherical particles was no more than 2%, and non-spherical particles accumulated
more easily in the filter. Figure 13a shows the effect of particle feed rate on plugging rate
when the initial particle velocity was 9 m/s. Considering spherical particles as an example,
when the feed rate increased from 100 g/s to 500 g/s, the plugging rate increased from
10.57% to 13.2%. When the feed rate is small, most particles will stay in the filter and
accumulate with the increase of feed rate, resulting in the increase of plugging rate. When
the feed rate increased from 750 g/s to 1000 g/s, the plugging rate decreased from 13.37%
to 12.28%. At this stage, due to the influence of the size structure of the filter, the passage of
particles into the filter was blocked. At this time, a large number of particles entered the
deposition state under their own gravity and fluid action after collision, so as to reduce the
deposition rate. The maximum plugging rate of 14.96% when the feed rate was about 660
g/s. At this time, the largest proportion of particles accumulated in the filter. The particle
feed rate was well matched with the size of the filter, and small particles were brought
more easily into it by airflow. In order to allow the filter to have low plugging rate and
maintain good filtration performance, the feed rate of particles should avoid 500–750 g/s
as far as possible.

Figure 13. The effect of working parameters on plugging rate: (a) feed rate (b) initial particle velocity

Figure 13b shows the effect of the initial particle velocity on plugging rate when the
particle feed rate was 500 g/s. It can be seen that when the initial particle velocity increased
from 3 m/s to 6 m/s, the plugging rate of non-spherical particles increased sharply by
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0.97%. With the increase of the initial particle velocity, the particles will reach the filter in a
short time and reduce the content in the deposition direction caused by their own gravity,
resulting in more particles enter the filter. When the initial particle velocity rose from 9
m/s to 15 m/s, the plugging rate showed a slow downward trend, and the difference
between the plugging rates did not exceed 0.45%. Because the particles adopt the elastic
model, the larger initial particle velocity will lead to higher collision energy, the particles
will move backward under the action of elastic force and hinder the normal movement of
other particles. As a result, particles entering the filter will be reduced. Between 6 m/s and
9 m/s, the plugging rate of the filter had the maximum value, and the maximum plugging
rate of non-spherical particles was 14.55%. At this time, particles will enter the filter at a
faster velocity while reducing the gravity action from other particles. Meanwhile, particles
entering the filter will not rebound out of the filter due to large collision, or even affect
other particles from entering the filter. In order to reduce the plugging rate of particles in
the filter, the initial particle velocity should be maintained in the range of 3–6 m/s, and the
lower the velocity, the lower the plugging rate.

3.2.2. Effect of Working Parameters on Particle Settling Velocity

Figure 14a,b show the effect of particle feed rate and initial particle velocity on settling
velocity, respectively. It can be seen from Figure 14a that the effect of feed rate of spherical
particles and non-spherical particles on settling velocity showed the same change law.
Before the feed rate of 750 g/s, the change rate of spherical particle settling velocity with
feed rate was significantly faster than that of non-spherical particles. After that, the change
rate of non-spherical particles was more obvious. At 100–250 g/s, with the increase of feed
rate, the collision probability between particles increased, resulting in the loss of particle
kinetic energy due to the interaction between particles and the decrease of settling velocity.
In the range of 500–1000 g/s, the particle settling velocity increased with the increase of
feed rate. The reason is that the settling effect caused by the gravity of more large particles
will act on small particles, increasing the velocity of particles in the gravity direction, and
then accelerating the settling velocity. When the feed rate was about 300 g/s, the settling
velocity was the minimum. At this time, the particle collision loses more kinetic energy
and the gravity of large particles acts less on small particles, resulting in a slow settling
process of particles. The results show that the effect of feed rate on particle settling velocity
was mainly divided into kinetic energy loss caused by particle collision and the effect of
large particle gravity action on small particles. When the feed rate changed from small to
large, the former dominant factor gradually shifted to the latter. In order to increase the
settling velocity of particles in the filter box and reduce secondary filtration, the feed rate
should be as large as possible while avoiding the range of 250–500 g/s.

Figure 14. The effect of working parameters on settling velocity: (a) feed rate (b) initial particle
velocity.
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As can be seen from Figure 14b, with the increase of the initial particle velocity, the
overall particle settling velocity showed a downward trend. Non-spherical particles had a
maximum settling velocity of 1.32 m/s when the initial particle velocity was 3 m/s, and
spherical particles had a minimum settling velocity of 1.14 m/s when the initial particle
velocity reached 15 m/s. The lower initial particle velocity of particles made most particles
settle under the action of gravity before colliding with the filter. With the increase of velocity,
the particle activity increased. The particles not only collided with the filter and box but
also collided with each other. The higher initial particle velocity will cause the newly
entered particles to significantly slow down the rebounded particles, so that the particles
have a low settling velocity. Choosing a lower initial particle velocity was conducive to the
settlement of particles in the filter box.

3.3. Analysis of Accumulation Position of Particles in Filter

When the particle reached the filter, the entering position mainly depended on the
initial particle velocity, the conveying airflow, and the blocking effect of the filter on particles
and airflow. Reasonable prediction of the position of particles entering the filter can better
optimize the structure and adjust the conveying parameters. As shown in Figure 15, the
filter was divided into top, middle, and bottom parts along the axial direction. The normal
of the inlet plane points to the outside, which is the positive direction of the x-axis, and
the gravity is in the negative direction of the z-axis. According to the angle between the
projection of the cutting line on the xoy plane and the positive direction of the x-axis, the
filter is divided into four parts along the circumferential direction: front, back, left, and
right. The twelve calculation domains of the filter can realize the comprehensive extraction
of particle information.

Figure 15. Calculation domain division of filter screen.

The standard deviation of particle content in different calculation domains was used
to characterize the non-uniformity, and the accumulation position of particles in the filter
was numerically analyzed. Figure 16 shows the influence of working parameters on the
non-uniformity of each calculation domain. It can be seen that the axial distribution of
particles in the filter was more uniform than that in the circumferential direction, and the
distribution of non-spherical particles in the filter was more varied. Figure 16a shows the
effect of feed rate on non-uniformity of calculation domain. With the increase of feed rate,
the non-uniformity of particles in the filter showed an upward trend, and the maximum
standard deviation was 0.128. In the axial direction, the increase of feed rate will lead to
the increase of the gravity action of large particles on small particles, and the deposition of
particles in the bottom part will increase, thus increasing the axial non-uniformity. In the
circumferential direction, there were a large number of particles entering the front part of
the filter, resulting in obvious non-uniformity. Within a certain range, the more particles
entering per unit time, the more particles increasing in the front part. However, the front
part was limited by the spatial structure, and the circumferential non-uniformity gradually
decreased with the increase of feed rate.
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Figure 16. The effect of working parameters on non-uniformity of each calculation domain. (a) feed
rate (b) initial particle velocity

Figure 16b shows the effect of initial particle velocity on the non-uniformity of the
calculation domain. The initial particle velocity increased from 3 m/s to 6 m/s, and the
particles entered the filter from the front part at a faster speed, which increased the axial
uniformity and decreased the circumferential uniformity. After 9 m/s, the particle unifor-
mity increased because the higher initial particle velocity led to more particle collisions.
After the collision, the particles dispersed, and the settling velocity decreased. The par-
ticles had more time to enter the filter from each calculation domain under the action of
airflow, resulting in the improvement of uniformity. The maximum standard deviation of
non-uniformity with initial particle velocity was 6.566, and the standard deviations in axial
and circumferential directions were maintained within 0.543 and 1.842, respectively.

The increase of feed rate improved the non-uniformity of particles blocking in the
filter, while the increase of initial particle velocity made the blocking of particles in the filter
more uniform. The blocking of particles in the local position of the filter will greatly reduce
the filtering performance at this position, even causing damage to the filter damaged and
making it unable to be used. As a result, the service life of the filter is greatly reduced. In
order to increase the uniformity of particles blocking in the filter, the feed rate should not
be too large, but a larger initial particle velocity should be selected to maintain better filter
performance and longer filter life. In addition, the large number of particles entering the
front part was the main reason for the obvious difference in non-uniformity. Therefore,
the position of the filter should avoid the inlet position of particles or the baffle should be
added at the front part of the filter to avoid a large number of particles entering.

3.4. Effect of Particle Deposition Height on Motion Characteristics of Gas-Solid Two-Phase Flow

After the particles flowed into the filter box and were filtered by the filter, most of the
particles smaller than the diameter of the screen pore were deposited at the bottom of the
box. The deposition height of the particles at the bottom of the box will change the airflow
conveying direction and the distance between the particles and the filter. Under the action
of airflow, some particles at the bottom of the box will rise again to the filter for secondary
filtration, further increasing the burden of the filter.

Figure 17 shows the velocity vector diagram of the airflow region affecting the move-
ment of particles: (a)–(d) are the velocity vector diagrams of the fluid zone at different
deposition heights h, and the rising zone, the descending zone, and the low impact zone of
the airflow is marked. In the rising zone, the particles were mainly affected by the vertical
downward gravity and the upward lift. When the lift was greater than, equal to, or less
than the gravity, the acceleration of the particles under the action of the fluid was upward,
equal to 0, or downward, respectively. For small particles, the secondary filtration process
will be carried out after rising with the airflow, while large particles will reduce the settling
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velocity in this zone. In the descending zone, the lift was downward. No matter how much
the lift, the particle acceleration was downward in this zone and was always greater than
zero. Regardless of the particle size, the particles will eventually accelerate the deposition in
this area. In the low impact zone, it can be approximated that the particles are only affected
by gravity, and the particles will finally realize a stable deposition process in this zone. As
can be seen from Figure 17, with the continuous increase of particle deposition height, the
area of rising zone, descending zone, and low impact zone showed a downward trend; the
change of rising zone was the smallest, which shows that the increase of particle deposition
height reduced the airflow movement area and made its distribution more centralized. In
addition, the reduction of the area of low impact zone increased the airflow movement
area in the deposition box. To a certain extent, the rising number of particles was reduced.
In order to improve the performance of the filter, the area of the descending zone should
be increased as much as possible while reducing the area of the rising zone. Reducing
the particle deposition height can realize the rapid settlement of particles and reduce the
secondary filtration of particles. Compared with other studies on pneumatic conveying
under small particles, it can be concluded that the porous medium model can better reflect
the interaction between fluid and filter structure under the condition of particle filtration
with filter device.

Figure 17. Velocity vector diagram of airflow region affecting particle motion: (a) h = 0 mm
(b) h = 40 mm (c) h = 80 mm (d) h = 120 mm

4. Conclusions

The CFD-DEM model of particles filtered by the filter is established, and the filter
is divided into different calculation domains. The effects of particle feed rate and initial
particle velocity on the plugging rate and particle settling velocity were studied, the
distribution and uniformity characteristics of particles in the filter were analyzed, and the
effect of airflow on particles under different particle deposition height was studied. The
following conclusions can be drawn from this study:

(1) In the process of dust air flow transportation, the large feed rate hinders the passage
of dust particles into the filter, the large initial particle velocity increases the rebound speed
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of dust particles, and the gravity effect of dust particles promotes the settlement of itself
and other dust particles. In order to make the filter have a low blocking rate to maintain
good filtration performance, the dust particle feed rate should avoid 500–750 g/s as far as
possible, and the initial particle speed should be maintained in the range of 3–6 m/s, and
the lower the speed, the lower the blocking rate.

(2) In order to increase the settling speed of dust particles in the filter box and reduce
the secondary filtration, the feeding rate of dust particles should be selected as large as
possible while avoiding the range of 250–500 g/s. A lower initial particle velocity is
conducive to the settling of dust particles in the filter box.

(3) With the increase of particle deposition height, the area of fluid rising zone, falling
zone, and low influence zone decreases, and the increase of accumulation height reduces
the amount of particle rising, to a certain extent, which can achieve better filter performance.
The position of the filter should be away from the inlet position of the dust particles to
reduce the uneven blocking of the dust particles in the filter. Cleaning the dust particles in
the filter box in time can improve the filtering performance of the filter [18,29].
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