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Abstract
The process of transferring and conveying bulk materials are common in industrial production, and the dust pollution is a 
problem of mobile dust sources due to the velocity of the dust source. Firstly, a physical model of mobile dust sources is 
established. Secondly, the accuracy of the pollution model is verified by the existing experimental data. Finally, the effects 
of dust source velocity, wind velocity and particle diameter on dust fugacity are analysed. The results show that the wind 
velocity has the greatest influence on dust diffusion, especially the wind velocity of 3 m/s; The influence of different dust 
source velocity on the spatial distribution of dust concentration mainly exists in the area near the mobile surface; For dust 
diameter less than 10μm, the diameter has little effect on dust diffusion. In order to describe the dust pollution situation, the 
dust initiation rate was defined to evaluate the dust intensity of each condition. The biggest influence is wind velocity. When 
the wind velocity is 0.5 m/s, the dust initiation rate is only 2.5 ×  10−5  s−1. When the wind velocity reaches 10 m/s, the dust 
initiation rate is 1.5 ×  10−4  s−1. The dust initiation rate increases with the velocity of mobile dust source. The results can 
provide theoretical basis for dust pollution control in the process of transporting industrial bulk materials.
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1 Introduction

The transportation of bulk materials is common in industrial 
production. The dust dispersion is one of the main pollution 
sources in the production environment. However, the trans-
port process of industrial bulk materials is usually carried 
out outdoors, which further aggravates dust pollution due 
to the existence of transverse airflow. Dust pollution causes 
a series of problems to the environment and industry. For 
example, serious hazards to workers’ health and dust explo-
sions. Studies have shown that prolonged exposure to dust 
can lead to pneumoconiosis [1, 2]. Bulk materials such as 
coal powder, aluminum powder and cement occupy a con-
siderable proportion of the industrial raw materials. Dur-
ing the transport of bulk materials a large amount of dust 
is generated, especially PM10 respirable particles which 
have a significant impact on human health [3]. Therefore, 

the mechanisms of dust diffusion are great importance to 
research during the transport process of bulk materials.

Dust diffusion is essentially a matter of particle migra-
tion in the presence of induced airflow. Bagnold [4] was 
the first to investigate the mechanism of wind-driven par-
ticle motion. In recent years, several scholars have studied 
particle dispersion by means of field measurements, wind 
tunnel tests and numerical simulations. Roney and White 
[5] estimated PM10 emission rates for four different soils 
through wind tunnel tests. Kang and Guo [6] have conducted 
numerical simulations of wind and sand movement based 
on Computational Fluid Dynamics to reveal the dynamics 
of wind and sand movement and the discrete properties of 
particles at the individual particle level. The mechanisms 
of particle movement in the airflow include aerodynamics 
and aerosol mechanics [7, 8]. Sun studied the particle flow 
free and adherent fall processes by experiments and coupled 
CFD-DEM simulations, and it was found that the entrained 
airflow field is mainly influenced by larger particles [9–11]. 
Respirable dust particles prefer to remain suspended in the 
air and move with the airflow [12]. Patankar and Joseph [13] 
proposed a Eulerian–Lagrangian numerical simulation for-
mat for granular flows and simulated the spatial distribution 
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characteristics of particles in different airflow fields. Stone 
[14] used a coupled CFD-DPM phase approach to study the 
diffusion and sedimentation of particles in horizontal air-
flow, as well as suggesting that the coupled approach can 
provide effective predictions for simplified and reproducible 
processes. Witt [15] used CFD modelling to study airflow 
and dust lift-off around a bed of particles on a conveyor belt. 
Four turbulence models were analysed by Torno and the k-ε 
model was chosen to investigate the dust emissions of PM10 
and PM50 on the conveyor belt [16]. Morla [17] simulated 
the diesel particulate matter generated during the movement 
of a transfer transport tipper and analysed the effect on the 
spatial concentration distribution of particle in different flow 
fields and at different locations. The spatial distribution of 
dust from self-propelled peanut combine harvesters under 
different operating conditions was evaluated using a CFD 
model by Xu [18].

In summary, current studies on dust initiation are mainly 
wind and sand initiation studies. Wind-blown sand initiation 
and dust diffusion are generally stationary for dust sources. 
However, the dust source is in a moving state during the 
transport of industrial bulk materials. For example, different 
bulk material transfer methods such as conveyors and trucks. 
There is a lack of research in the existing literature on dust 
sources in a moving state. Based on this, this study estab-
lishes the physical model of particle diffusion of mobile dust 
source under different working conditions and numerically 
simulates the mobile dust source based on the coupled CFD-
DPM method. The results of the study provide a theoretical 
basis for dust fugitive control during the transportation of 
industrial bulk materials.

2  Numerical modeling and validation

2.1  Continuous phase equation

The temperature change is neglected during dust diffusion, 
so there is no need to solve the energy equation [1, 19]. 
In this study, it is simulated under turbulent regime. The 
environment around the mobile dust source is considered 
as a steady air flow, and the air bypasses the dust source 
ignoring its density variations. Hence the surrounding air 
is an incompressible fluid. The continuity equation and 
momentum equation are obtained by time-averaging the 
Navier–Stokes equation as:
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where ρ is the air density, kg/m3; xi and xj are both coordi-
nate components of the Cartesian coordinate system, i, j = 1, 
2, 3; ui and uj denote the velocity components in the xi and 
xj directions, m/s; P denote the static pressure, Pa; δij is the 
Kronecker delta; l denote the phase-l.
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j
 is introduced into the Eq. (2).

The k-ε model proposed by Launder and Spalding, which 
is widely used in turbulence engineering, is adopted consid-
ering that dust diffusion is affected by turbulence [12, 19, 
20]. Where, k is the turbulent kinetic energy and ε denotes 
the dissipation rate of turbulent kinetic energy. The Realiz-
able k-ε model is chosen in this study to better correct for 
vorticity and backflow. Higher confidence and accuracy in a 
wider range of flows [21]. The k equation and ε equation are:

where µ, µt denote the laminar viscosity coefficient and tur-
bulent viscosity coefficient, respectively, Pa·s; Gk denotes 
turbulent kinetic energy generated by laminar velocity gradi-
ent; Gb is the generation of turbulence kinetic energy due to 
buoyancy force;YM denotes the fluctuation due to excessive 
diffusion, in this study it is assumed that the gas is 
incompressible,therefore YM is 0; t denotes time; σε and σk 
are the Prandtl numbers corresponding to the turbulent 
kinetic energy k and the dissipation rate of turbulent kinetic 
energy ε, respectively; C2, C1ε and C3ε are empirical con-
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resents the velocity component of the fluid parallel to the 
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Equations (1)–(7) is a complete description of the flow 
field around mobile dust sources and the system of equations 
is closed.

This section corresponds to the viscous model part of 
Fluent, which describes the continuous phase turbulence 
model in the fluid domain of the physical model established 
in this paper.

2.2  Discrete phase equation

In the discrete particle trajectory model [1], according to 
Newton’s second law, the equilibrium equation for the force 
on the particle is:

where, mp is dust mass, mg; v is dust velocity, m/s; mp
dv

dt
 

denote inertia force, N; Fd is the drag force, Ff is buoyancy, 
Fg is gravity; Fx is the other forces on the particle, including 
pressure gradient force, Saffman force, virtual mass force, 
etc.

This study is conducted at a constant temperature field 
and does not activate the energy equation, so thermopho-
retic forces and Brownian force are not considered [24]. So 
the other additional forces Fx on the particle are considered 
only Saffman force, pressure gradient force and virtual mass 
force.

Taking into consideration the effects of drag force, grav-
ity, buoyancy and Saffman forces, the particle equations of 
motion according to Eq. (8) is expressed as follows [22, 24]:

where ρ and ρp are the densities of fluid and particles, 
respectively, kg/m3; τr is the particle relaxation time;  dp is 
the particle diameter, m; and CD is the drag coefficient.

In Eq. (9), the first term represents the drag force, the sec-
ond term represents gravity and buoyancy. Where the drag 
force is generated by the relative motion occurring between 
the particles and the fluid.

For sub-micron particles, a form of Stokes’ drag law more 
suitable for small particles is available.In this case, Fd is 
defined as:
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 , and λ is the mean free 
path of the molecule,  10−8 m. The Cunningham correction 
improves drag predictions for the slip flow or transitional 
regime between the continuum and free-molecular flow 
regimes.

This section corresponds to the Discrete Phase Model 
part of Fluent, which describes the diffusion of discrete-
phase particles in reaction to air erosion [25].

2.3  Physical model and boundary conditions

In this paper, dust initiation from a mobile dust source is 
studied by establishing a three-dimensional rectangular fluid 
control domain [26]. The physical model was built using 
SpaceClaim 2020 R2 software (A 3D modeling software) 
[27, 28]. As shown in Fig. 1, the total length of the fluid 
field is 2500 mm, the width is 1500 mm and the height is 
800 mm. Based on the actual industrial bulk material trans-
fer and conveying process, the dust source has a length of 
1000 mm, a width of 500 mm and a height of 375 mm above 
the ground. The distance from the dust source to the inlet 
is 500 mm and to the outlet is 1000 mm. Dust particles are 
adhered to the surface of the mobile dust source (red shaded 
surface), and set the injection velocity vt of the particles (the 
magnitude and direction are consistent with the mobile sur-
face). The particles diffused from the red shaded surface by 
the erosion of the free flow (The diffusion manner shown in 
the inserted figure in Fig. 1). The main study is the diffusion 
of particles above and behind the dust source. The boundary 
conditions are shown in Table 1.

In the fluid control domain, the left inlet is set to “veloc-
ity-inlet”, the right outlet is set to “pressure-outlet”, and 
the rest of the wall is set to “no-slip” boundary condi-
tion. In order to objectively reflect the dust production of 
mobile dust sources, the dust source (red shaded surface 
in Fig. 1) is set as the mobile dust source particle release 
area. The injection type is “Surface”, the wall condition is 
set to “Moving wall” (The “Dust source mobile velocity” 
is changed by changing the velocity of the “Moving wall”, 
like a conveyor belt.), and the discrete phase model condi-
tion is set to “Reflect”. Before the particles are affected 
by the air flow, the “Particle injection velocity” is set to 
be the same as the “Dust source mobile velocity”, i.e., the 
particles are generated and then moved together with the 
dust source (no relative motion). Except for the mobile 
dust source other boundary discrete phase model condi-
tions are set to “escape”, in order to avoid the impact of 
particles bouncing at the boundary on the particles in the 
study area. Considering the simplification of the model, 
the shape of the dust particles is considered as a smooth 
sphere, so the rotation of the particles and the lifting force 
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caused by the rotation process are neglected. Taking coal 
powder as an example, the actual production process of 
coal powder diameter is mostly Rosin–Rammler distribu-
tion [29]. The object phase parameters are set as shown 
in Table 2.

For the Euler–Lagrange model, the Semi-Implicit Method 
for Pressure Linked equations (SIMPLE) algorithm is used 
to couple the gas pressure and velocity [25]. The SIMPLE 
algorithm is a pressure amendment method that obtains the 
pressure field by “guessing first and then amending”, and 
solves the discretized Eq. (2). The pressure, momentum, 
turbulent energy and turbulent dissipation rate in the differ-
ential format are simulated using the Second Order Upwind. 
The Second Order Upwind Format is based on the backward 
difference scheme for the discretization of the spatial terms 
(second order partial derivatives) from Eqs. (2), (5), and (6).

The discrete phase model (DPM) parameters are set 
(including particulate matter parameters and modelling 
methods) as shown in Table 3. “Surface” means that the 
injection source is a surface domain; “Inert” means that the 
inertial particles obey Eqs. (8) and (9), i.e., force equilib-
rium; “Discrete Random Walk(DRW) Model” simulates the 
interaction of particles with fluid turbulent eddies as well as 
being able to predict particle dispersion due to turbulence 
in the fluid phase. The DRW model includes the effect of 
instantaneous turbulent velocity fluctuations on the particle 

Fig. 1  Physical model and diffusion mechanism (u denotes wind velocity and  vt indicates the velocity of mobile dust source in the figure)

Table 1  Boundary conditions

Conditions Dust source mobile 
velocity  (vt, m/s)

Diameter  (dp, μm) Wind velocity (u, m/s) Variables

1, 2, 3, 4, 5, 6, 7 0, 2, 4, 6, − 2, − 4, − 6 1–10 7.5 (moderate breeze) Dust source mobile velocity  (vt, m/s)
8, 3, 9, 10, 11 4 1, 2.5, 5, 7.5, 10 7.5 (moderate breeze) Particle diameter  (dp, μm)
12, 13, 3, 14 4 1–10 0.5 (calm), 3 (entle breeze), 7.5 

(moderate breeze), 10 (fresh 
breeze)

Wind velocity (u, m/s)

Table 2  Object phase parameters

Parameter Value

Air density (kg/m3) 1.225
Air viscosity (kg·s/m) 1.7894 ×  10−5

Dust density (kg/m3) 1400

Table 3  DPM parameters and settings

Parameter Value

Injection type Surface
Particle type Inert
Material Coal
Diameter distribution Rosin–Rammler
Min. diameter(m) 1 ×  10−6

Max. diameter(m) 1 ×  10−5

Mean diameter(m) 4.45 ×  10−6

Spread parameter 3.5
Total flow rate(kg/s) 1 ×  10−5

Discrete random walk model on
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trajectories through the use of stochastic methods, i.e., pre-
dicting the trajectories of the particles using the fluid phase 
mean velocity in Eq. (9).

In the calculation of the particle motion trajectory, by 
the coupled CFD-DPM method (using a two-way coupling 
of continuous-phase airflow and discrete-phase particles), 
not only the effect of air on particles but also the effect of 
particles on the flow field is taken into account. The effect 
of the discrete phase on the continuous phase is considered 
as an additional source term in Eqs. (1) to (7).

2.4  Model validation

The particle vertical velocity is used as an important param-
eter for dust lifting-off from the dust source. The current 
positions and velocities of all particles existing in the com-
putational domain are exported in Fluent’s Particle Tracks 
panel, and the upward velocities of all particles on the dust 
source surface are obtained by filtering. This study was con-
ducted by comparing the particle vertical velocities in the lit-
erature [30]. As shown in Fig. 2, the distributions of particle 
vertical velocities under three working conditions when the 
dust source is static and the dust source is mobile at 6 m/s 
and − 6 m/s. According to the curve fitting of the three sets 
of simulated data respectively, it can be observed that the 
vertical velocities of the three working conditions follow 
exponential distribution and the correlation coefficients  R2 
are greater than 0.99, which indicates that the regression 
effect is good.

In order to study the lift-off of dust particles from the sur-
face of the dust source, the dusting velocity is introduced 
to determine the movement of the particles. Particle dust-
ing velocity refers to the velocity component of the particle 

velocity vertically upward, which is larger than 0 for dusting 
particles. The formula for calculating the mean dust velocity 
of particles is:

where, vyk
+ denotes the vertical velocity component of dust-

ing particle k, m/s; ηk is the weighting factor; N is the sample 
number of dust-raising particles.

As shown in Fig. 3, the relative velocities (u−vt) of the 
free airflow and the moving dust source are found to be pro-
portional to the mean vertical upward velocity of the particles 
according to the variation rule.

In addition, the dust flux is used as an important indicator 
of wind and sand initiation. By analyzing the particle vertical 
velocity distribution pattern, the mean value of vertical veloc-
ity is used as the initial condition for particle dust initiation.

The dust flux is the mass of dust passing through a unit area 
from down to up in a horizontal plane per unit time, and its 
calculation formula is:

where, qd is dust flux, kg/s; Cp denote particle mass concen-
tration, kg/m3; A is the horizontal surface area,  m2.
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Fig. 2  Probability distribution of the vertical upward velocity of the 
particle

Fig. 3  Mean vertical upward velocity of particles with different dust 
source mobile velocities and different relative velocities
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The reason for using mass fluxes higher than 0.005 m 
for the analysis in this study is that mass fluxes near the 
bed are related to differences in particle transport patterns. 
Particle collisions lead to large uncertainties in the trajec-
tory, and creeping and saltating particles may introduce 
additional near-bed mass fluxes. In this paper, we com-
pare the total mass flux with height for sand particles at a 
simulated shear velocity of 0.63 m/s by Kang [30] and for 
mixed particle size particles measured at a wind speed of 
12 m/s by Tan [31]. The calculated vertical distribution 
of particle mass fluxes and the fitted curves are shown in 
Fig. 4. The fitted curve can be described by the following 
function:

where the value of A is 219; the value of b is 1.75e−5; and 
the value of  y0 is − 17.8.

It can be found that the mass flux decreases exponen-
tially with height, and this pattern of distribution is con-
sistent with many scholarly studies. The experiment of 
Dong [32] showed that the dust mass flux decreased expo-
nentially with height. In field measurements and numerical 
simulations by Namikas [33] found that the vertical distri-
bution of mass fluxes followed an exponential distribution. 
Xiao [34]. showed an exponential decrease of sand mass 
flux with height by numerical simulation.

(15)y = A exp(−x∕b) − y0

3  Results and discussion

3.1  Flow field and contour analysis

3.1.1  Flow field analysis

The results analysed in this paper are all based on simula-
tions to reach a steady-state-like regime. When the inlet 
wind velocity is 7.5 m/s, the dust source moves at a veloc-
ity of 4 m/s. The flow field nearby the dusting surface is 
shown in Fig. 5. The elevated structure of the dust lift-
ing surface reduces the cross-sectional area of the airflow 
path and the maximum airflow velocity above the dust 
lifting surface is 12.5 m/s, which is 1.6 times the inlet 
velocity. At the same time, backflows and vortices occur 
above, sideways and behind the elevated structure with 
a certain entrainment effect. The existence of the vortex 
makes the flow vertical to the dusting surface direction, 
which is helpful for the movement of particles in the ver-
tical direction, so the dusting effect is more obvious [35]. 
The vorticity of the vortex increases with the increase of 
the inlet wind velocity, and the disorder of particles in the 
vortex region is positively correlated with the vorticity.

3.1.2  Particle diffusion position in the middle section

As shown in Fig. 6, in order to quantitatively analyze the 
concentration distribution patterns of PM10 dust in the 
flow field, nine straight lines are drawn in the Z = 0 plane, 
which were located at 25 mm, 50 mm, 75 mm, 100 mm, 
125 mm, 150 mm, 175 mm, 200 mm and 225 mm above 
the dust initiation surface and indicated the line graphs of 
the concentration distribution at each height. The maxi-
mum dust concentration on a straight line at a height of 
25 mm is 1.05e−4 kg/m3 and is located close to the front 
of the mobile dust source. A significant decrease in dust 
concentration occurs at the end of the mobile dust source. 
Comparing the particle concentrations at different heights, 
the dust concentration decreases with increasing height 
and the peak of each concentration gets closer to the X = 0 
position (i.e. the middle of the mobile dust source) with 
increasing height.

In this paper, the diffusion contour curves for dust are 
contours of mass concentration (i.e., connecting the points 
of each equal particle mass concentration.). The diffusion 
contour diagram allows to visualize the range of dust mass 
concentrations at different spatial locations. In order to 
make the mass concentrations at the different locations 
selected obvious, four different mass concentration con-
tour curves of  3e−5 kg/m3,  1e−5 kg/m3,  5e−6 kg/m3 and 
 1e−6 kg/m3 are selected in this paper. As shown in Fig. 7, 

Fig. 4  Vertical distribution of particle mass flux
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the diffusion contour diagram representing the four con-
centrations of PM10 particles in the Z = 0 plane. The study 
area location in the figure is above the mobile dust source, 
the horizontal location includes the mobile dust source 
and the 0.5 m range behind it. The trend of dust particle 
diffusion is observed and analyzed in this range. The peak 
diffusion height of the contour line of  3e−5 kg/m3 is 0.1 m, 

which is 0.07 m on average. The diffusion range is in the 
vicinity of the mobile dust source, and the deposition is 
obvious at 0.2 m at the rear end of the dust source. The 
peak contour diffusion height of  1e−5 kg/m3 is 0.16 m and 
the average is 0.12 m. The average diffusion height of the 
contour line for  5e−6 kg/m3 is about 1.9 m. The  1e−6 kg/
m3 contour line average diffusion height is about 0.22 m. 

Fig. 5  Flow field distribution and streamlines

Fig. 6  Distribution of PM10 
dust concentration at different 
heights
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Among them, the height peaks of the diffusion contour line 
for  3e−5 kg/m3 and  1e−5 kg/m3 concentrations are more 
obvious. However, the height of the diffusion contour line 
for  3e−5 kg/m3,  1e−5 kg/m3 and  5e−6 kg/m3 concentra-
tions tends to decrease with the horizontal direction. The 
height of the diffusion contour line for the concentration 
of  1e−6 kg/m3 remains stable with the horizontal direction. 
According to the results in Fig. 7, there are larger mass 
concentrations at the lower positions.

In summary, the dust concentration decreases with 
increasing height, and the peak concentration at each 
horizontal height becomes more and more backward with 
increasing height.

3.1.3  Regional division of different particle diffusion 
patterns

The diffusion contour diagram and airflow field analysis for 
different concentrations in the Z = 0 plane can be roughly 
divided into three different dust particle diffusion region A, 
B and C. It can be further explained that each region has a 

direct or indirect effect on the dust diffusion [36]. As shown 
in Fig. 8, different regions of the dust diffusion pattern can 
be identified from the figure:

Region A: The boundary layer area close to the moving 
dust source. In this region the dust particles are affected by 
the shear airflow from the dust source plane.

Region B: The air flow forms a vortex region above the 
dust source. The dust gains further velocity in the vertical 
direction by the action of the vortex and is partially sus-
pended or deposited.

Region C: Horizontal airflow area. The dust particles fol-
low the airflow at a certain height and continue to spread in 
the horizontal direction.

3.2  Particle concentration distribution

3.2.1  Effect of the wind velocity on particle concentration 
distribution

The force on the particles under the action of the airflow 
can be seen according to Eq. (8), by which the force gains 

Fig. 7  Diffusion contours of 
different concentrations in the 
Z = 0 plane

Fig. 8  Division figure
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Fig. 9  Contour diagram of par-
ticle diffusion at different wind 
velocities (PM10,  vt = 4 m/s)
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an upward velocity and diffuses. As shown in Fig. 9, the 
diffusion contours of different concentrations at different 
wind velocities are shown. The wind velocities of 0.5 m/s, 
3.0 m/s, 7.5 m/s and 10 m/s are selected to study the effect 
on the dust initiation of mobile dust sources. Under calm 
conditions, the diffusion contours of each concentration do 
little change, all diffusing in the vicinity of the mobile dust 
source, whose maximum dust initiation height is around 
0.1m. The comparison shows that the diffusion contours of 
different concentrations are similar at wind velocity 7.5 m/s 
and 10 m/s conditions. In Fig. 9a, b, it is found that the diffu-
sion contour curves are significantly different from all other 
wind conditions at wind velocity of 3 m/s. Higher concentra-
tions of particles spread higher, farther and wider. At lower 
concentrations, the diffusion contour curves for the three 
wind velocity conditions tend to be consistent.

It can be seen the following rules by comparing the four 
different wind velocities. Under the calm condition, the dust 
is caused only by the airflow turbulence and particle colli-
sion caused by the mobile dust source, the diffusion height 
is lower and the range is smaller, which is not conducive 
to dust diffusion. In the entle breeze conditions, the higher 
concentration of diffusion height and distance is greater than 
and moderate breeze and fresh breeze, which is most helpful 
for dust diffusion. The dust concentration diffusion trend is 
basically similar in the moderate breeze and fresh breeze 
conditions, without major differences. The height of the vor-
tex region (Region B) is 0.143 m, 0.126 m and 0.12 m when 
the wind velocity is 3 m/s, 7.5 m/s and 10 m/s, respectively, 
which shows that the diffusion of higher concentration par-
ticles is positively correlated with the height of Region B.

3.2.2  Effect of the dust source mobile velocity on particle 
concentration distribution

As shown in Fig. 10, the different concentration diffusion 
contours corresponding to different dust source mobile 
velocity conditions are represented. As shown in Fig. 10a, 
in the higher concentration area close to the mobile dust 
source, the effect of different dust source velocity on dust 
diffusion is significant and distinct. When the dust source 
is stationary, the dust initiation height of the contour curve 
is significantly lower than for mobile dust sources. As the 
height from the mobile dust source increases and the concen-
tration decreases, the effect of different dust sources mobile 
velocity on dust diffusion is little, which gradually tends 
to be consistent with the diffusion contour curve of differ-
ent conditions. By comparing the effect of different dust 
sources velocity on particle concentration diffusion, it can 
be seen that different dust sources velocity has a greater 
disturbance on the flow field (Region A, B) close to the dust-
ing surface. Mobile dust sources with high concentrations 
have higher dusting heights than stationary dust sources. 

Little disturbance to the flow field away from the dusting 
surface and no effect on the flow field above the vortex 
region (Region C).

3.2.3  Effect of the particle diameter on particle 
concentration distribution

As shown in Fig. 11, the diffusion contours of different con-
centrations at different particle diameters are shown. Par-
ticle diameter less than or equal to 10μm dust belongs to 
the micro-dust, in the air to do equal velocity deposition 
movement. It can be suspended in the air for a long time and 
has a long residence time when it is affected by airflow [37]. 
However, in the 0.15 m vertical range above the dust source 
is in the vortex caused by the return flow, the higher con-
centration of dust will be deposited significantly in this area. 
The dust above the vortex is reduced by the influence of the 
airflow in the vertical direction will spread in the horizontal 
direction with the airflow. The 7.5 μm curves in Fig. 11a–d 
have slightly higher average dust heights for the same dust 
concentration than for other particle diameters. The PM10 
multi-particle diameter condition curve is basically consist-
ent with the other single diameter condition curves except 
for 7.5 μm. In summary, the overall change in the diffu-
sion contour of single and multi-grain dusts in the range of 
1–10 μm is small, and the diffusion contour of 7.5 μm dust 
is a little higher than that of dusts of other grain diameters.

In summary, the analyses in Sects. 3.3.1–3.3.3 show that 
the conditions are consistent with the results in Figs. 8, 9: 
(1) Larger mass concentrations at lower locations. (2) Dust 
concentration decreases with increasing height.

3.3  Dust initiation rate

In this paper, the intensity of dust initiation per unit time 
on a certain horizontal surface is evaluated by defining the 
dust initiation rate.

The formula for calculating the dust initiation rate is:

The variation of the dust initiation rate under different 
conditions is observed by three horizontal surfaces of differ-
ent heights. The dust initiation rate of the mobile dust source 
from the dust surface to the airflow is studied at 0 mm (dis-
tance from dust surface), which expresses the overall dust 
initiation intensity of the mobile dust source. The study of 
the dust initiation rate at 50 mm and 100 mm above the dust 
surface were to understand the variation of the dust initiation 
intensity in the vertical direction for different conditions.

(16)

Rd =
Dusting mass flux through the horizontal plane

Mass deposition load below the horizontal plane
=

qd

M
(1∕s)
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Fig. 10  Contour diagram of 
particle diffusion with different 
dust source mobile velocity 
(PM10, u = 7.5 m/s)



 H. Sun et al.33 Page 12 of 15

Fig. 11  Diffusion contours 
of particles with different 
particle diameter (u = 7.5 m/s, 
 vt = 4 m/s)
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3.3.1  Effect of dust source mobile velocity on dust 
initiation rate

As shown in Fig. 12, (a) shows the variation of dust initiation 
rate with different dust source mobility velocities at moder-
ate breeze conditions. (b) is the variation of the dust initia-
tion rate with the relative velocity magnitude of the airflow 
and the mobile dust source. When the dust source mobile 
direction is opposite to the airflow direction, the dust initia-
tion rate increases with the wind velocity. When the dust 
source mobile direction is the same as the airflow direction, 
the dust initiation rate fluctuates with the increase of wind 
speed, but the overall trend decreases. For relative velocity, 
the dust initiation rate shows an overall increasing trend with 
increasing relative velocity. The trend of dust initiation rate 
decreases with the increase of height. The fluctuation of the 
values also decreases with the increase of height.

3.3.2  Effect of wind velocity on dust initiation rate

Figure 13 shows the variation of the dust initiation rate of 
a mobile dust source at different wind velocities. When 
the wind velocity increases, the dust initiation rate also 
increases. Compared with other conditions, the variation of 
wind velocity has the greatest effect on the dust initiation 
rate of the mobile dust source.

3.3.3  Effect of particle diameter on dust initiation rate

As shown in Fig.  14 is the variation of the dust ini-
tiation rate for different single particle diameter mobile 
dust sources. The dust initiation rate close to the dust 
source surface increases with particle diameter and then 

decreases. The maximum is reached at 5 μm. However, the 
overall effect of different particle diameters on the dust 
initiation rate changes little in the PM10 range. Essentially 
no effect at 50 mm and 100 mm height.

4  Conclusion

In this paper, the spatial distribution patterns of dust dif-
fusion and dust concentration of mobile dust sources at 
different working conditions are studied to obtain conclu-
sions as follows:

Fig. 12  Dust initiation rates for different dust sources mobile velocities and different relative velocities at different heights

Fig. 13  Dust initiation rate at different heights and wind velocities
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1. When in moderate breeze conditions, the flow field 
vortex intensity is smaller and the streamline is semi-
annular. As the wind velocity increases, the streamline 
develops into an annular shape, and the intensity of the 
flow field vortex increases.

2. From the spatial distribution pattern of dust concentra-
tion, the dust concentration decreases with increasing 
height at the same working condition. Dust concentra-
tion of  3e−5 kg/m3 contour line average diffusion height 
of about 0.07 m, dust concentration reduced to  1e−6 kg/
m3 contour line average diffusion height of about 
0.22 m; The diffusion range is the smallest at a wind 
speed of 0.5m/s, and the maximum diffusion height of 
 1e−6 kg/m3 contour line is only 0.04 m. The diffusion 
range of the high concentration area decreases when the 
wind velocity is 7.5 m/s and 10 m/s. The average diffu-
sion height of  3e−5 kg/m3 contour line is about 0.07 m, 
and the diffusion height is different from 0.05 m at the 
wind velocity of 3 m/s. Little change is shown in the 
low concentration range. The average diffusion height 
of  3e−5 kg/m3 contour line is about 0.05 m when station-
ary, and the average height of this contour line fluctuates 
from 0.08 to 0.12 m when mobile. 0.07 m is the maxi-
mum difference between the mobile velocity of − 4m/s 
and stationary. When the particle diameter taken in this 
study is less than or equal to 10 μm, there is almost no 
effect on the dust diffusion and the spatial distribution 
of the concentration with the particle size as a variable.

3. From the results of the dust initiation rate, the most influ-
ential factor is the wind velocity. When the wind velocity 
is 0.5 m/s, the dust initiation rate is only 2.5 ×  10−5  s−1. 
When the wind velocity reaches 10 m/s, the dust initia-
tion rate is 1.5 ×  10−4  s−1. The dust initiation rate grows 
with increasing wind velocity, and the variation range is 

close to an order of magnitude. When the relative veloc-
ity of the mobile dust source and the airflow is 1.5 m/s, 
the dust initiation rate is 1.1 ×  10−4  s−1. When the rela-
tive velocity increases to 13.5 m/s, the dust initiation 
rate is 1.45 ×  10−4  s−1. The dust initiation rate tends to 
increase in general with the increase of relative velocity, 
with certain fluctuations and a variation range of less 
than 5 ×  10−5  s−1. The overall effect of particle diameter 
on the dust initiation rate varied little, fluctuating only 
in the range of 1 ×  10−4  s−1 to 1.25 ×  10−4  s−1.
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