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Abstract
The bulk materials loading and unloading process is common in industrial plants. In order to understand the dust generation 
mechanism, a physical model of the particles flow impacting the wall process was established in this study. The CFD-DEM 
coupled calculation method is used to study the entrained air flow field and the particles flow motion characteristics. The 
results show that with the increase of the wall angle, the farther away from the impact point from the position where the 
entrained air reaches a steady state, the escape outline distance is longer; As the drop height increases, the ‘peak’ position 
of the entrained air of the same section moves backward, and the height of the escape outline is higher; As the mass flow 
increases, the ‘peak’ value of entrained air velocity gradually decreases, and the height of the escape outline becomes higher. 
The typical particle energy loss coefficient in the process of particle flow impacting the wall is greatly affected by the wall 
angle among the three variables. The α increases from 15° to 75°, the � increases from 0.19 to 0.74. The research results 
can provide a theoretical basis for the control of dust emission in industrial plants.
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1  Introduction

Industrial progress is the source of social development. 
Bulk materials such as coal powder, aluminum powder, and 
cement occupy a considerable proportion of industrial raw 
materials. The process of bulk materials loading and unload-
ing is common in industrial production [1]. It includes two 
stages: the dropping stage (primary dust generation) and 
the impacting wall stage (secondary dust generation) [2]. 
In the dropping stage, due to the mutual drag, the particles 
drive the surrounding air to move with them, and the drive 
air is called entrained air. Dust (inhalable fine particles) is 
difficult to settle in the air by gravity, and it easily escape 
to the surrounding with the entrained air. The fugitive dust 
accumulated in the industrial plant seriously polluted the 
production environment and endangered the physical and 
mental health of the first-line workers [3, 4].

The ventilation manual clearly states that the reduce 
dust escape requires to the control entrained air volume 
[5]. In the 1960s, Hemeon [6] pioneered to study the par-
ticles flow free fall process, and proposed a single particle 
falling model under the action of gravity to predict the 
entrained air volume. Because of the single particle model 
has great limitations in practical applications, Tooker [7] 
modified Hemeon's theory and introduced new parameters 
to calculate the entrained air volume. Arnold and Cooper 
[8, 9] conducted further studies on entrained air volume, 
and found that the cross-sectional area of the particles flow 
core area is decreases with the drop height increase, while 
the radius of the boundary layer is increases with the drop 
height increase. Ullmann [10] analyzed the forces on air 
and particles based on Hemeon's research, simplified the 
particles flow falling process to a completely turbulent 
state, and established a new equation for entrained air vol-
ume. Ogata [16, 17] conducted an experimental study on 
the glass beads falling process, and proposed a entrained 
air model at Rep < 500. Uchiyama [13, 14] found that the 
particle velocity in the particles flow is greater than the 
a single particle falling velocity, and the entrained air 
velocity at the axis is the largest. The particle diameter 
is larger, the entrained air velocity is greater. Liu [15, 16] 
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verified the entrained air formula obtained by Hemeon and 
Cooper, and base on the finite volume method derived a 
new entrained air formula by establishing a cylindrical 
coordinate system during the particles flow falling process. 
Ansart [17, 18] established a new calculation formula in 
order to avoid the influence of empirical parameters on the 
entrained air volume in the particles flow falling process. 
Hamzeloo [19] analyzed the particle diameter distribu-
tion at the transfer point, and through experimental test 
obtained the characteristics of entrained air caused by 
the particles flow falling process under different particle 
diameter. Esmail [20, 21] analyzed the characteristics of 
the entrained airflow field caused by the particles flow 
falling process based on the law of volume conservation, 
and found that the entrained air volume can be calculated 
by the volume of the cone flow field formed by the par-
ticles flow falling process. Li [22, 23] used the product 
of entrained air velocity and diffusion area to obtain the 
calculation formula of entrained air volume based on the 
π theory. Sun [24–26] derived the entrained air volume 
formulas involving the particles flow initial velocity and 
the void ratio of the particles flow core area during the 
free and adherent falling process of the particles flow, 
and then used the PIV system to tested the characteris-
tics of entrained air, and it was found that the entrained 
air flow field was mainly affected by the larger particles 
(325–350 μm used in the experiment).

Research on the particles flow impact on the wall, Thorn-
ton [27] studied the comparison of different collision numer-
ical models under the particles collision with the wall. John-
son [28] studied the particles flow impacting the inclined 
surface, and showed different shapes after the impact. Cun-
dall [29] proposed a numerical calculation method that uses 
Newton's second law and contact model to describe parti-
cle motion and collision. For the numerical calculation of 
gas—solid two-phase flow, commonly used models include 
TFM, non-slip single-phase flow model, direct numerical 
simulation and CFD-DEM coupled calculation. Regarding 
the particles flow impacting the wall process, the CFD-DEM 
coupling model is widely used that it can well consider the 
collision between particles, and the collision between par-
ticles and the wall.

As mentioned above, the current research on dust genera-
tion during bulk materials loading and unloading mainly 
focuses on the falling stage. Although the collision between 
particles and the wall is involved, it does not consider its 
influence on dust generation. Whether the correlation 
between the two is still unknown. Therefore, it is necessary 
to conduct in-depth research on the dust generation mech-
anism of particles flow impacting the wall. The research 
results can provide a theoretical basis for the control of dust 
emission during bulk material loading and unloading in 
actual engineering.

2 � Materials and methods

2.1 � DEM‑CFD approach

For the numerical modelling of the particles impact the 
wall, a coupled multiphase Euler–Lagrange CFD-DEM 
approach was used. For description of the fluid motion, an 
ANSYS Fluent [30] is used, while Discrete Element Code 
is employed to solve the respective transport equations for 
the particle phase. For the organization of the data transfer 
between CFD and DEM, a two-way coupling is applied, 
which is explained in detail by Rickelt [31].

2.1.1 � Fluid phase modelling

CFD-DEM coupling calculation treats fluid motion as a 
continuous phase. Therefore, the fluid governing equa-
tion is the local average variable of the mass and energy 
conservation in the calculation unit. Considering that the 
volume fraction of the study is less than 10%, the void 
ratio is ignored in the governing equation [31]. The equa-
tion is as follows:

where uf , �f , t,P,Fp−f , �andg stands for fluid velocity, fluid 
density, time, fluid pressure, interaction force between fluid 
and particles, stress tensor and gravitational acceleration, 
respectively.

The interaction force between gas and solid is very 
complicated. In this research, it can be calculated by the 
following equation:

where fp−f ,i represents the total fluid force acting on parti-
clei , kcell represents the total number of particles in the CFD 
cell, and Vcell represents the volume of the CFD unit.

2.1.2 � Solid phase modelling

The particles are solved by DEM. The basic idea of 
DEM is to use Newton's second law and contact model 
to describe the movement of the particles. The contact 
model used in this paper is the soft sphere model, and 
the contact force model is the Hertz-Mindlin non-slip 
model [32]. Based on Newton's second law, the particle 
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governing equation is derived. At time t, the governing 
equation of the particle translation and rotation in the two-
phase flow is:

where mi, Ii, vi,�i is the mass, moment of inertia, transitional 
velocity and rotation velocity of particle i respectively. The 
forces involved in the model include the gravitational force 
of particle i, the force between particle i and particle j, or 
the force between particle i and the wall, and the interaction 
force between particle and fluid. The force between the par-
ticles or between the particles and the wall includes the con-
tact force fp−g,i and the damping force fd,ij . In this study, in 
order to simplify the model, the Safman Force, pressure gra-
dient force, buoyancy force and Magnus force are ignored, 
and the drag force that plays a key role in the movement of 
the particle flow is retained. The influence of porosity is 
ignored in the previous fluid control equation, so the drag 
force model needs to choose a model without porosity-Free 
Stream drag force model. The torque is composed of two 
parts, one part is the contact moment Tc,ij , the other part 
is the rolling friction moment Tr,ij . For spherical particles, 
the normal contact force cannot produce a moment, and the 
contact moment is produced by the tangential contact force. 
The detailed formula is shown in Table 1.

C
D
=
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24∕Re Re ≤ 0.5

24
�
1.0 + 0.15Re

0.687
�
∕Re 0.5 ≤ Re ≤ 1000

0.44 Re > 1000

.where �n is the amount of normal overlap, �t is the amount 
of tangential overlap, E∗ is the equivalent Young's modulus, 
vi is the Poisson's ratio of particle i, R∗ is the equivalent 
radius, m∗ is equivalent mass, � is the damping coefficient, 

(4)mi

dvi
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= fp−g,i + mig +

ki∑
j=1

(
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(5)Ii
dwi
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ki∑
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Sn is the normal stiffness, St is the tangential stiffness, vrel
n

 is 
the normal relative velocity, vrel

t
 is the tangential relative 

velocity, �r is the coefficient of rolling friction, �i is the 
angular velocity of the particle, vrel

p−g
 is the relative velocity 

of particle-gas, dp is particle diameter, CD is the drag coef-
ficient, e is the coefficient of restitution.

2.2 � Coupling model

Literatures [34–36] show that the numerical solution method 
of CFD-DEM has been developed and mature. DEM is to 
simulate a single particle, and CFD is to simulate the flow 
field based on a calculation unit. In this study, a two-way 
simulation of fluid and particles is adopted, and the reali-
zation path is shown in Fig. 1: at each time step, based on 
the fluid flow field, DEM will provide information, such 
as particle position and velocity, to evaluate the volumetric 
particle—fluid interaction force. CFD will use these data 
to update the fluid flow field, thereby generating new parti-
cle–fluid interaction forces. Combining the generated force 
into the DEM will generate motion information for a single 
particle at the next time step. According to this coupling 
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Fig. 1   Coupled computing realization path
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method, the movement of particles, including collisions 
between particles and between particles and walls, can be 
well considered for the influence of the flow of the medium.

2.3 � Numerical setup

This paper selects a space body with a size of 
800 mm × 1000 mm × h as the research object, and its physi-
cal model is shown in Fig. 2. h is the vertical distance from 
the hopper outlet to the wall. α is the angle between the wall 
and the horizontal direction. For the computational grid, 
we choose a structural grid, and perform local grid refine-
ment on the flow path of the particles flow. For the size of 
the refined grid, we chose a hexahedral grid with a size of 
approximately 5 mm × 5 mm × 10 mm.

The diameter of bulk material in the actual produc-
tion process is R-R distribution, and the particle shape is 
irregular. Yaşar [37] found that the diameter of fine coal 
ranges from 25 to 500 μm. Luo [38] found that the den-
sity of fine coal is between 1300 kg/m3 and 1900 kg/m3. 
Firstly, the entrained air is mainly affected by larger par-
ticles, and the small particles have less influence on the 
entrained air. Second, adopting multiple particle sizes will 
require more computing time and significantly increase 
the computing cost. Furthermore, with multi-sized parti-
cles, particle segregation is expected and entrained air may 
become more non-uniform. Finally, the author obtained 
a median diameter of 335 μm based on the particle size 
distribution test of fine coal [26]. In this paper, taking fine 
coal as an example, the particle diameter is 335 μm and 
the density is 1600 kg/m3. And the shape of the particles 
set to sphere. The turbulence model selected the K-ε RNG 
model as following Klemens [39], near-wall processing 
adopts standard wall functions. Select pressure inlet and 
pressure outlet for boundary conditions. The impact wall is 
a smooth and non-slip static wall. For particle–particle and 

particle–wall collisions, select the standard Hertz-Mindlin 
non-slip model to predict. In CFD-DEM simulation, it is 
very important to determine the appropriate gas–solid time 
step. The time step of the particle is limited by Rayleigh 
time [40], which is calculated as Eq. (6). In the actual 
process, 20% ~ 30% of ΔtR is taken as the time step of the 
particle phase, and the time step of the liquid phase can be 
10 to 100 times that of the particle phase. Detailed bound-
ary conditions is shown in Table 2.

Fig. 2   Physical model

Table 2   Detailed boundary conditions

Set object Parameter Value

Particle phase Shape Sphere
Material Coal
Size 335 μm
Density 1600 kg∕m3

Particle–particle rolling friction 
coef

0.05

Particle–particle static friction coef 0.6
Particle–particle restitution of coef 0.5
Shear modulus 1.1 × 107 Pa
Poisson’s ratio 0.23
Initial velocity 0.5 m/s

Wall Material Steel
Density 7850 kg∕m3

Particle–wall rolling friction coef 0.05
Particle–wall static friction coef 0.4
Particle–wall restitution of coef 0.5
Shear modulus 7.9 × 1010 Pa
Poisson’s ratio 0.3

Fluid phase Air density 1.225 kg∕m3

Air viscosity 1.8 × 10−5Pa ⋅ s

Time step 2 × 10−4s
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In this paper, the numerical simulation conditions are 
shown in Table 3. The effects of the impact wall inclina-
tion angle (α), the drop height (h) and the hopper outlet 
diameter (d) are studied respectively. For the study of dif-
ferent inclination angles, under the conditions of a height of 
1000 mm and hopper outlet diameter of 6 mm, numerical 
simulations were carried out for five cases of α = 15°, 30°, 
45°, 60° and 75°. For the study of different drop heights, 
under the condition of an inclination of 45° and an hopper 
outlet diameter of 6 mm, numerical simulations were carried 
out for five situations of h = 600 mm, 800 mm, 1000 mm, 
1200 mm and 1400 mm. For the study of the influence of 
different hopper outlet diameters(mass flow), three cases of 
d = 4 mm, 6 mm and 8 mm were studied under the condi-
tions of an inclination of 45° and a height of 1000 mm. The 
relationship between hopper outlet diameter and mass flow 
rate is Eq. (7) [41].

(6)ΔtR =
�Ri

0.1631�i + 0.8766

√
2�p

(
1 + �i

)
Ei

(7)mp = 0.583�b

√
g
�
d − 1.4dp

�2.5

Table 3   Simulation conditions

Influence parameter Inclination angle Drop height Hopper outlet diameter

Influence of wall inclination angle 15°, 30°, 45°, 60°, 75° 1000 mm 6 mm
Influence of drop height 45° 600 mm, 800 mm, 1000 mm, 

1200 mm, 1400 mm
6 mm

Influence of particles flow mass flow 45° 1000 mm 4 mm, 6 mm, 8 mm

Fig. 3   The model of simulated 
and experimental

Fig. 4   Comparison of entrained air velocity simulated between exper-
imental
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Fig. 5   The influence of wall inclination angles on entrained air in the wall normal direction
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where mp is the particles flow mass flow, �b is the parti-
cle bulk density, d is hopper outlet diameter, dp is particle 
diameter.

2.4 � Model validation

In order to verify the numerical model, the author used his 
own experimental compared to the numerical calculation 
results. The experimental is used the PIV system to test the 
characteristics of the entrained air flow field caused by the 

particles flow vertical fall process [26]. Then use ICEM CFD 
to establish the corresponding physical model, and choose 
the numerical calculation method used in this research to 
calculate the process. The simulation and experimental mod-
els are shown in Fig. 3.

As shown in Fig. 4, the experimental entrained air veloc-
ity on the four sections of h = 0.1 m, 0.3 m, 0.5 m, 0.7 m and 
numerical calculation results are dimensionlessly processed. 
The ordinates is va/vcore. va is the entrained air velocity at 
different positions. vcore is the entrained air maximum veloc-
ity at different heights. The abscissa is (y-ycore)/Ra. y is the 
different positions at different heights. ycore is the particle 
flow core positions at different heights. Ra is the entrained 
air radius at different heights. It can be seen from Fig. 4 
that the experimental results and the numerical calculation 
results are in good agreement.

3 � Results and discussion

3.1 � Influence of wall inclination angles

In order to understand the influence of wall inclination 
angles on the entrained air and the particles flow movement 
characteristics, five different angles of α = 15°, 30°, 45°, 60° 
and 75° were studied in this paper.

The condition of the entrained air flow field selects the 
velocity distribution on four different sections along the 
wall normal direction(A–A, B-B, C–C, D–D). As shown in 
Fig. 5, the entrained air velocity distribution along the wall 
surface normal direction under different angles. When the 
angle is constant, the section A–A to D–D the entrained air 
velocity distribution along the the wall normal direction is 
roughly Gaussian. The entrained air velocity close to the 
wall increases sharply due to the existence of the boundary 
layer, and then decreases sharply as the distance from the 
wall increases. In addition, it can be seen from Fig. 5 b–d 
that the ‘peak’ of entrained air velocity fluctuation appears 
during the decrease of the entrained air velocity in the wall 
normal direction. The reason for the ‘peak’ is that the par-
ticles flow collides with the wall for the first time and then 
collides with the wall again.

The phenomenon of two ‘peak’ in Fig. 5c is caused by 
three collisions between the particles flow and the wall. It 
can be seen from Fig. 5a that when the wall inclination is 
15°, there is no second ‘peak’ in the wall normal direction. 
The reason no ‘peak’ phenomenon is that the wall inci-
dent angle is small, the particles flow shadowing effect has 
a greater impact, and there are fewer particles that cause 
rebound, and the influence on the entrained air velocity in 
the wall normal direction can be ignored.

Fig. 6   The influence of wall inclination on the escape outline of parti-
cles flow impacting the wall
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It can be seen from Fig. 5e that when the wall inclination 
angle is 75°, the ‘peak’ position appears closer to the maxi-
mum entrained air velocity position, because the rebounding 
particles are closer to the wall. At the same section, as the 
wall inclination increases, the maximum entrained air veloc-
ity also increases. The position of the maximum velocity is 
closer to the wall as the angle increases (the thickness of the 
boundary layer is smaller).

From section A-A to D-D, the maximum entrained air 
velocity gradually decreases. In addition, due to the differ-
ence in angles, there has been a phenomenon that it remains 
unchanged after being reduced to a certain value. The 
entrained air maximum value is positively correlated with 
the forces experienced by the particles in the motion of the 
gas–solid two-phase flow, including gravity, the interaction 
force between the particles, and the force between the fluid 
and the particles. After the particles flow impacts the wall, 
the entrained air velocity is increased by the impact force 
between the particles and the wall.

The escape outline is the profile of the rebounding por-
tion of the particle flow with the highest concentration in 
space after the particle flow impacts the wall. As shown 
in Fig. 6, the particles flow escape outline presents a para-
bolic distribution under different wall inclination angles. The 
angle has a greater influence on the particles flow escape 
outline. As the angle increases, the distance between the 
first impact point and the second impact point gradually 
increases. The height of the particles flow escape outline 
gradually decreases with the increase of the angle. The angle 
between the particles flow escape outline and the wall nor-
mal direction gradually increases with the increase of the 
angle. From the gas–solid two-phase flow, it can be seen 
that the entrained air spatial distribution is related to the 
particles flow spatial distribution, so the particles flow dis-
tribution along the wall can well reveal the entrained air 
velocity distribution.

It can be seen from Fig. 7 that under different wall 
inclination angles, the typical particle velocity remains 
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Fig. 8   The influence of drop height angles on entrained air in the wall normal direction
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the same before it impacts the wall for the first time. How-
ever, the velocity changes greatly after the first impact on 
the wall. The main reason is that the energy loss during 
the impact of typical particle with wall of different angles 
is different. In order to describe the energy loss in the 
process of particle impacts the wall, this study introduces 
a new dimensionless parameter energy loss coefficient. 

The energy loss coefficient is the square of the rebound 
velocity compared to the square of the velocity before the 
particle impacts the wall, and the expression is Eq. (8).

where v1 is the velocity before the particle impacts the wall, 
v2 is the rebound velocity。The value of � is 0 ~ 1. The value 
is closer to 1, the velocity loss is smaller.

As the angle increases, the energy loss coefficient of the 
first collision between the typical particle and the wall is 
gradually increases. The α increases from 15° to 75°, the 
� increases from 0.19 to 0.74, and the increase rate is also 
increased. After the collision, the rebounding particle veloc-
ity changes from gradual decrease to gradual increase. When 
the particle collides with the wall for the second time, the 
typical particle energy continues to lose and the velocity 
decreases again. Then, continue this process until the parti-
cles roll down along the wall. The particles velocity gradu-
ally increases as they roll on the wall. When α = 75°, the 
velocity change of the particle rolling on the wall is opposite 
to the other angles. The reason is that when the inclination 
angle of the wall increases to a certain value, the drag force 
is greater than the component of gravity in the wall direc-
tion due to the higher particle velocity. In addition, there is 
a certain amount of slippage in the normal direction at the 
position of the particles maximum velocity and the entrained 
air maximum velocity on the wall.

3.2 � Influence of drop height

In order to understand the influence of drop height on the 
entrained air and the particles flow movement characteris-
tics, five drop height of h = 600 mm, 800 mm, 1000 mm, 
1200 mm and 1400 mm were studied in this paper.

As shown in Fig. 8, different drop heights entrained air 
velocity distribution along the wall normal direction on each 
section. It can be seen from Fig. 8a that the ‘peak’ phe-
nomenon appears at the A-A section under different drop 
heights. As the drop height increases, the ‘peak’ value veloc-
ity continues to increase, and the position moves back. It can 
be seen from Fig. 8b that when h = 600 mm, the entrained 
air velocity does not appear ‘peak’ at the B-B section. As 
the drop height increases, the ‘peak’ phenomenon becomes 
more and more obvious. It can be seen that as the drop 
height increases, the entrained air velocity generated by the 
particles flow impacting the wall increases significantly. 
Figure 8c, d have no ‘peak’ phenomenon, and the entrained 
air velocity distribution is basically Gaussian. At the same 
section, as the drop height increases, the maximum entrained 
air velocity presents an increasing trend.

(8)� =

(
v2
2

)
(
v2
1

)

Fig. 9   The influence of drop height on the escape outline of particles 
flow impacting the wall
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As shown in Fig. 9, under different drop heights, the 
escape outline of the particles flow presents a parabolic dis-
tribution. The drop height has little effect on the reflection 
angle of the particles flow. As the drop height increases, the 
particles flow escape outline height also increases, and the 
distance between the first collision point and the second col-
lision point also increases. It can be seen that the drop height 
has little effect on the dust escape during the particles flow 
impacting the wall.

As shown in Fig. 10, during the particles flow dropping 
stage, the variation trend of the typical particle velocity 
remains the same. When the particle impacts the wall for 
the first time, the particle energy loss coefficient is approxi-
mately equal. It can be seen from Fig. 10 that when the drop-
ping height increases from 600 to 1400 mm, the dropping 

time is basically the same for every 200 mm increase in 
the dropping distance. In practice, as the dropping height 
increases, the dropping time should gradually decrease for 
each 200 mm increase in the falling distance. The reason for 
this phenomenon is that the dropping distance is too short, 
and the required time difference can be ignored.

3.3 � Influence of particles flow mass flow

In order to understand the influence of particles flow mass 
flow on the entrained air and the particles flow movement 
characteristics, five hopper outlet diameters of d = 4 mm, 
6 mm and 8 mm were studied in this paper.

Figure 11 shows the entrained air along the wall nor-
mal velocity distribution under different mass flow rates. 
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Fig. 11   The influence of mass flow angles on entrained air in the wall normal direction
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As shown in Fig. 11a, the entrained air after impacting the 
wall under different working conditions has a ‘peak’ phe-
nomenon, and the ‘peak’ value gradually decreases with 
the increase of the mass flow rate. The reason for this phe-
nomenon is that the rebound particles flow is at a position 
where the velocity is relatively small. As shown in Fig. 11b, 
when d = 4 mm, there is no obvious ‘peak’ phenomenon. 
The reason is that the position of the particles flow escape 
outline is low at the B-B section. As shown in Fig. 11c, d, 
the entrained air velocity is approximately Gaussian at the 
C–C and D–D sections. The entrained air velocity increases 
sharply near the wall due to the presence of the boundary 
layer, and then gradually decreases as the distance from 

the wall increases. With the increase of the hopper outlet 
diameter, the entrained air velocity under the same section 
gradually increases, which is consistent with the research 
of Ogata [12].

As shown in Fig. 12, the particle flow escape outline 
under different mass flow rates presents a parabolic distri-
bution. As the mass flow increases, the distance between 
the first impact point and the second impact point gradually 
increases, and the particles flow escape outline height also 
gradually increases. The mass flow has little effect on the 
angle between the particles flow escape outline and the wall 
normal direction.

Figure 13 shows the effect of mass flow rates on typical 
particle velocity. In the particles flow dropping stage, the 
mass flow rate is greater, the particle velocity increases is 
faster. This phenomenon is consistent with the experimental 
results of Ogata [12]. When the particles impact the wall for 
the first time, the particle energy loss coefficients of different 
mass flow rates are basically the same, which is maintained 
at 0.3. After the impacting, the particles move along the 
escape outline, which can be described as a projectile motion 
with a certain angle and initial velocity. In this process, the 
particles are affected by the fluid force and the collision 
force of other particles. The change trend of particle velocity 
under different mass flow conditions is basically the same.

4 � Conclusions

This paper takes the particle flow impacting the wall as the 
research object. After verifying the rationality of the CFD-
DEM model, to study the entrained air flow field and the 
particles flow motion characteristics when the particles flow 
impacts the wall under different wall inclination angle, drop 
height, and mass flow.

•	 The greater the inclination angle of the wall, the weaker 
the shielding effect of the particles flow and the greater 
the energy loss coefficient of the particles. The reflection 
angle and rebound velocity of the particles flow after the 
first impact on the wall are the main reasons that affect 
the height of the particles flow escape outline and the 
position of the second collision point. A phenomenon of 
‘peak’ appears on the wall of the entrained air affected 
by the rebound particles.

•	 As the drop height and mass flow increase, the velocity 
of the particles flow before impact on the wall is greater. 
When the wall inclination angle is constant, the higher 
the particle velocity after impacting the wall, the higher 
the height of the particles flow escape outline and the far-
ther the second impact point. The greater the drop height, 
the greater the ‘peak’ value of entrained air velocity on 
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the wall. The larger the mass flow, the smaller the ‘peak’ 
value of entrained air velocity at the wall.

•	 Through the study of three variables, it is found that 
the wall inclination angle has the greatest influence 
on the energy loss coefficient of typical particles. The 
α increases from 15° to 75°, the � increases from 0.19 
to 0.74. In other words, as the wall inclination angle 
increases, the dust escape is intensified.
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