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Abstract

In order to investigate the diffuse pollution mechanisms of high-concentration dusts in the blasting driving face, the airflow-dust
coupled model was constructed based on CFD-DEM coupled model; the diffusion rules of the dusts with different diameters at
microscopic scale were analyzed in combination with the field measured results. The simulation results demonstrate that single-
exhaust ventilation exhibited more favorable dust suppression performance than single-forced ventilation. Under single-exhaust
ventilation condition, the motion trajectories of the dusts with the diameter smaller than 20 um were close to the airflow
streamline and these dusts were mainly distributed near the footway walls; by contrast, under single-forced ventilation condition,
the motion trajectories of the dust particles with a diameter range of 20~40 um were close to the airflow streamlines, and a large
number of dusts with the diameter smaller than 20 um accumulated in the regions 5 m and 17~25 m away from the head-on
section. Moreover, under the single-exhaust ventilation, the relationship between dust diameter D and negative-pressured-
induced dust emission ratio P can be expressed as P=—25.03In(D) + 110.39, and the dust emission ratio was up to 74.36%
for 7-um dusts, and the path-dependent settling behaviors of the dusts mainly occurred around the head-on section; under single-
forced ventilation condition, the z value of the dusts with the diameter over 20 wm decreased and the dusts with a diameter smaller
than 7 wm are particularly harmful to human health, but their settling ratios were below 22.36%.
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Introduction

Besides oil and natural gas, coal is one of the indispensable
energy sources for industrial production and human life.
However, mine dusts are inevitably produced in coal mining
and production, which would seriously pollute the working
environment, reduce the visibility at production site, and
greatly threaten the miners’ physical and psychological health.
According to the notification by the National Health and
Family Planning Commission of PRC, the cumulative number
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of occupational disease cases in China was as high as 863,634
by 2014, of which 777,173 were pneumoconiosis cases, ac-
counting for 89.99% of the total occupational disease cases in
China (Nie et al. 2012). In 2014, the workers in coal mining
and some mining-supporting industries were at particularly
high risks of pneumoconiosis, and they accounted for
94.21% of the newly added pneumoconiosis cases (Zhou
etal. 2016a). Blast driving faces are main dust-producing sites
in underground coal mines. The adoption of effective dust
prevention and control measures is particularly important to
suppress the production and diffusion of dusts in blasting
driving faces.

In order to effectively suppress dust production and diffu-
sion in blasting driving face, international scholars proposed
different dedusting methods, mainly including dust removal
by ventilation, spraying for dust removal, chemical suppres-
sion of dust, air curtain for dust isolation, and water-stemming
for dust reduction (Ji et al. 2016; Fan et al. 2018).
Unfortunately, due to the danger in blasting, insufficient
knowledge of dust migration and distribution rules, and inac-
curate technical parameters for dust removal, the dust
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suppression performances using the above methods are far
from being ideal (Zhou et al. 2016a). Therefore, this paper
thoroughly analyzed the diffusion and distribution rules of
high-concentration dusts in the driving face after blasting,
which helps to provide valuable theoretical references for dust
prevention and control in the blasting driving faces.

Three methods have been mainly adopted for examining
dust diffusion behaviors, namely, field measurement, numer-
ical simulation, and experimental determination (Nie et al.
2016a) Among them, numerical simulation method is widely
applied with increasing popularity because of several advan-
tages it offers, including wide application range, strong
operability, and low cost. Over the past years, researchers
have performed extensive studies on the issue of coal dust in
terms of both theory and application. Nakayama et al. (1996)
simulated the migration of wind flow in the fully mechanized
excavation face, and the numerical results of wind velocity
were close to the measured data. However, the maximum
wind velocity on the cross section was larger than the
measured results. By combining field tests and numerical
simulations, Torafio et al. (2011) investigated the migration
rules of wind flow and the air-borne dust flow field under
the forced-exhaust conditions on a 14.7-m cross section in
the fully mechanized excavation face. Using Monte Carlo
method, Hu et al. (2015, 2016) constructed a gas-solid two-
phase flow model to describe the particle motion and analyzed
the spatial distribution of respirable dusts in a driving face
after the blasting. However, due to the limitations in the
solution model, the diffusion characteristics of the respirable
dusts were incomprehensively investigated. Kurnia et al.
(2014) utilize the computational fluid dynamic (CFD) ap-
proach to study dust dispersion and management in a
driving face. Sa et al. (2012) established a model of dust mi-
gration based on the theory of gas-solid two-phase flow and
the characteristics of the cavern stope. The dust concentration
of the cavern stope changes due to ventilation every 20 min
after blasting and the dust trajectory in different wind speeds
were simulated by Fluent software. In the previous studies, the
dust diffusion rules in a roadway were mainly investigated at a
macro-scale. The limitations of dust number in simulations
not only simplified the solution model but also made the so-
lution dependent on empirical parameters. Thus, it is difficult
to accurately analyze the diffusion characteristics of dusts in
airflow field from a microscopic perspective.

The motion trajectory of dust particles in the airflow is in-
trinsically a gas-solid two-phase flow problem. Currently, two
methods are mainly used in the numerical simulations on gas-
solid two-phase flow. One is Euler-Euler method, also referred
to as multiphase flow method, and the other is Euler-
Lagrangian method, also referred to as particle trajectory meth-
od (Amritkar et al. 2014; Chen et al. 2015). Using Euler-
Lagrangian method, the gas or liquid is treated as the back-
ground flow and the other phase is regarded as particles

distributed in this background flow. Then, the background is
investigated using Euler method and the movement trajectory
of the particle phase is tracked using Lagrangian method.
Recently, a new coupling method combining discrete element
model (DEM) and computational fluid dynamics (CFD), denot-
ed as CFD-DEM, has been developed (Chen et al. 2015). Tsuji
et al. (1992) for the first time proposed CFD-DEM method.
They investigated the fluid flow via CFD and particle move-
ment via DEM, and coupled the two methods to perform nu-
merical simulations on the flow-solid two-phase flow.
Compared with the traditional two-fluid model (TFM), CFD-
DEM method is more suitable to gas-particle simulations (Han
et al. 2015). Using this model, few empirical parameters are
required, and the distribution of particle size can be convenient-
ly considered. Moreover, the particle motion can be tracked in
real time and the information can be accurately extracted. Some
basic diffusion characteristics, including the drag force from the
airflow, the dusts’ spatial and temporal distributions, motion
trajectory, and along-the-way settling characteristics, can be
adequately analyzed at a micro-scale.

This study focused on a driving face in a footway in the
south wing of Dongtan Coal Mine, Jining, China. According
to the measured data, the mass concentration of the dusts in
head-on region after the blasting was as high as over 1400 mg/
m® without any dust prevention measures. These high-
concentration dusts can be spread more than 300 m away from
the head-on region, which would severely threaten the coal
miners’ physical and psychological health. Based on the actu-
al working conditions of this driving face, in the present study,
an airflow-dust coupled model was established using CFD-
DEM to further explore the dust diffusion and pollution mech-
anisms under two main ventilation conditions (namely, single-
forced ventilation and single-exhaust ventilation).

CFD-DEM modeling of airflow and dust flow
behavior

Airflow migration model

The airflow field formed in the blasting driving face was con-
sidered as a three-dimensional highly complex, unstable, and
irregular flow with vortexes in a confined space (Nie et al.
2012). The air in the working face was regarded as incom-
pressible and viscous, and the following continuity equation,
momentum equation, energy equation, and gas state equation
were adopted to describe this problem (Habeeb 2013):
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where p denotes the gas density, with a unit of kg/m’; x; and X;
denote the coordinates along different directions in a Cartesian
coordinate system, with a unit of m; ¢ denotes time, with a unit
of's; u; and u; denote the velocities along different directions in
a Cartesian coordinate system, with a unit of m/s; p denotes
the effective pressure, with a unit of Pa; 1« denotes the dynam-
ical viscosity coefficient, with a unit of Pa s; T denotes the
temperature of airflow (or the smoke plume), with a unit of K;
h denotes the airflow’s enthalpy, with a unit of J; v; denotes
the airflow velocity, with a unit of m/s; g, denotes the radiant
heat of the smoke plume, with a unit of W; g; and g; denote the
gravitational acceleration along the directions of 7 and j, re-
spectively, with a unit of m/s*; and R denotes the universal gas
constant and has a value of 8.314 J/(mol K).

The turbulence in the airflow in a blasting driving face is
complex and nonlinear. In order to describe the flow with high
strain rates or passing through the region with large curva-
tures, the RNG k& — ¢ turbulence model was constructed based
on Reynolds averaging method. The k equation and € equation
can be written as (Habeeb 2013)
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where C,=0.0845, C;.=1.42, C,.=1.68, 0,=0.05,
or=0.~ 1393, n=S,/e, ny=4.38, and 3=0.012; u, and g,
denote the turbulent viscosity coefficient before and after vor-
tex modification, with a unit of Pa s; 1.denotes the diffusion
coefficient; and {2 denotes the default estimated after the vor-
tex was taken into account.

Modeling of dust flow

Since DEM was proposed, it has undergone rapid develop-
ment in research field. However, its industrial applications
were limited by computation capability and model accuracy.
With the development of high-performance computation tech-
nology and modeling capacity, DEM has been gradually ac-
cepted by the industrial community (Akbarzadeh and Hrymak
2016). Using DEM, the external forces on the particles, such
as gravity, virtual mass force, Magnus force, Brownian motion
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force, the applied force in the flow field, and electromagnetic
force, are added to the preset particle contact model frame-
work, so that the motion acceleration and displacement of the
particle in unit time step can be calculated (Akhshik et al.
2015). The transitional motion of a particle depends on the
sum of forces acting on it, while the rotational motion is con-
trolled by contact torques. Besides the liquid-solid interac-
tions, drag force F)p, Saffman force Fi, 5 and Magnus force
Fy, the forces acting on particle, stem from particle-particle,
particle-wall, and particle-impeller collisions (Hertz 1880),
which are illustrated in Fig. 1.

dv; i

mxdt m;g + Z( nt/'""‘FtA,ij)+FD,i+FM,i+FSqu”,i (7)
dw; "

I; = z(T,,] + Try) (8)

J=1

where v; denotes the transitional velocity of particle, m; de-
notes the mass of particle, £}, ; denotes the normal force, F; ;;
denotes the tangential force, w; denotes the angular velocity of
particle i, T, ;denotes the torque between particles i and j
generated by tangential forces, and 7. ; denotes the torque
between particles 7 and j generated by radial forces.

The motions of the particles are independent of each other,
and the interaction can only be generated when the particles
contact each other. EDEM software provides a precise model,
namely, HertzMindlin (nonslip) model that describes the con-
tact force between particles, the contact force between particle
and wall as well as the torque. The normal force F,, ; between
particles i and j is (Shao et al. 2013)

/R 312
"ll = Y 571/1] _ngj (9)
5 Ine
Flo = —\/:7,/Sn,~m*v,, 10
" 6 /1n2e + 72 . (10)
Spi=2Y" /R, (11)

where Y™ is the equivalent Young’s modulus, m* is the particle
mass, R* is the equivalent radius, ¢, ;7 1s the normal overlap,

Particle-wall

Particle-particle

Fig. 1 Forces acting on particles during collisions



Environ Sci Pollut Res (2018) 25:21768-21788

21771

S,., ;18 the normal stiffness, v,, is the normal component of the
relative velocity, and e is the coefficient of restitution.

The tangential force F;, ;; depends on the tangential overlap
d,, ;7 and the tangential stiffness S, ;, and limited by Coulomb
friction f4,F, ;, where 1 is the coefficient of static friction and

G” is the shear modulus.

Ft,ij = _5t,ijSt,ij_FZ,'j (12)
5 In e )
Fd..:—2\/:— S;m” 13
1,ij 6 /1nZe + 22 1M Vi (13)
S.;=8G \/R"0,; (14)

The torques generated by the forces can be written as
T[_’,'j = L[j}’l,‘j X Ff,ij (15)

Try =Ly Fagl Ty (16)
|wi

where L is the distance from the center of particle i to the

contact plane with particle j,n;; represents the normal unit vec-

tor between two contacted particles, and w; is the angular

velocity vector of the object at the contact point.

Interaction between flow and dust

There exist extremely complicated interactions between the
blasting-produced dusts and airflow. The forces on dusts
exerted by the airflow mainly include drag force, buoyancy
force, Saffman force, and virtual mass force. Since some
forces are very small in the order of magnitudes compared
with the others, they can be ignored (Ren et al. 2014). Then,
only drag force, Magnus force, and Saffman force were con-
sidered. Meanwhile, the volume of dust particles is lower than
10% of the volume of the computational domain (Amritkar
et al. 2014; Chen et al. 2011). Therefore, the counterforce of
dusts on the airflow was negligible and only the force of stable
airflow on dusts was taken into account. In this study, using
API interface in EDEM software, the force characteristics of
dust particles in the flow field were loaded into the solution
framework of EDEM particle motion. The whole program
was compiled in C++ language. The specific calculation
method is described in detail below (Shao et al. 2013).

Saffman force denotes the force to lift the particle and it is
induced by the flow velocities on both sides of the dust parti-
cle, and can be written as

1) (V)
Fay = 6.46B1/ z () (V) 17
Saff PlTI d \/W ( )

where B denotes an experimental constant, p; denotes the
density of gas phase, 7 denotes the viscosity of gas phase,
R, denotes the radius of the particle, v; denotes the velocity

of gas phase, v, denotes the velocity of solid phase, and V
denotes the Hamiltonian operator.

The Magnus effect is induced when a spinning object
moves in a fluid, and the Magnus force perpendicular to the
line of motion is created by a whirlpool of fluid around itself.
The Magnus force F), is calculated as

R
Fy = 0.1257d,°p, R—elc, [(05wi~w,) x (wv)]  (18)
e
R
CL=045+ (Re’ —0.45) exp(~0.05684Re;"*Re,"*) (19)
€2
where Re; = [~ d,, Re; = Md,,z, u denotes the ve-
Ky 123

locity vector, v denotes the kinematic viscosity, w; is the local

vorticity of liquid, and w,, is the angular velocity of particle.
The drag force refers to the resistance of wind flow to the

dust particle in gas-solid two-phase flow, and can be written as

FR = (plAPCd/z) |V1_V2|(V]_V2) (20)

where A, denotes the projection of the particle in the direction
perpendicular to the gas flow direction and C; denotes the
coefficient of viscous resistance.

Physical model and boundary conditions

The section of the footway in the south wing of Dongtan Coal
Mine, Jining, China, is a three-element arch section, with a net
width of 4.6 m, a net height of 3.54 m, and a net sectional arca
of 17.5 m”. During the excavation process, the relative and
absolute gas emission quantities are 0.09 and 1.22 m>/t, re-
spectively, which categorizes the mine as low gas emission
coal mine. The blasting dusts were mainly produced in the
blasting process (the dusts produced in the preparatory phase
before blasting and the subsequent loading and transportation
process after blasting were not taken into account in this
study), coals were crushed under the action of explosion work,
and then, a great number of dusts were produced. The initial
stage when the dusts entered the air was unstable. Since the
solid dust particles greatly exceeded the air in inertia, the dust
particles showed certain accelerations at the beginning of dif-
fusion. Additionally, the dust production in blasting process
was subjected to many factors such as blasting technology,
explosive type, and charge. Therefore, the following two as-
sumptions were made in this study: (1) the source dusts were
uniformly distributed in the space 1.5 m away from the head-
on section and (2) the dusts migrated along the positive direc-
tion of y axis at an initial velocity of 6 m/s (Chen et al. 2011).

Under normal conditions, two ventilation patterns, single-
forced ventilation and single-exhaust ventilation, were used
for dust discharge in a blasting driving face. When single-
forced ventilation was used, the central axis of the forced air
cylinder, with a diameter of 0.8 m, was 2.6 m away from the

@ Springer



21772

Environ Sci Pollut Res (2018) 25:21768-21788

floor, while the distance between the forced air outlet and the
head-on section was 12 m. When single-exhaust ventilation
was used, the central axis of the exhaust air cylinder, with a
diameter of 0.7 m, was 2.5 m away from the floor, while the
distance between the exhaust fir outlet and the head-on section
was 4 m. Additionally, the end of the exhaust air cylinder was
connected with a dust removal fan, which was 40 m away
from the head-on section. Both the forced air cylinder and
the exhaust air cylinder were 0.1 m from the wall. The other
devices such as cables, wires, water hoses, and forced air
hoses were not taken into account in the model due to their
small sizes. Figure 2 displays the constructed full-scale phys-
ical model. The positive direction of x axis denotes the direc-
tion from the central axis of the footway floor to the wall
where the forced air cylinder was installed, the positive direc-
tion of y axis denotes the direction from the head-on section to
the footway end, and the positive direction of z axis denotes
the direction from the footway floor to roof.

According to the site actual ventilation conditions of the
footway in the south wing of Dongtan Coal Mine, the basic
boundary conditions of the airflow field were set as follows.
Under both single-forced and single-exhaust ventilation con-
ditions, the boundaries of the forced air inlet and the exhaust
air inlet were set as “velocity inlet” (Nie et al. 2016a, 2016b).
In order to guarantee the full development of the airflows on
the end surface, the boundary of the footway’s end surface
was set as “pressure outlet” at atmospheric pressure on site
(Torafio et al. 2011; Hu et al. 2015). The walls of forced air
cylinder, exhaust air cylinder, and the footway walls were all
set as “no-slip.” Since the airflow velocity varies greatly near
the footway wall, the semi-empirical standard wall function
was used to correlate the physical quantities on the footway
wall with the physical quantities in the core turbulence region.
Moreover, the first grid node near the footway wall should be
set in the layer of logarithm law. The forced air capacity and
exhaust air capacity were set as 420 and 350 m®/min, respec-
tively. In addition, the simulation was performed using
ANSY S-Fluent under the following assumptions (Chen et al.
2013): (1) the temperature field is constant, (2) the fluid (air) is

Fig. 2 Tllustration of the ‘ / = ‘ A
constructed physical model /) :

a. A Section

b. Forced Ventilation System
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Forced Air Cylinder

incompressible, (3) the flow in the domain is fully turbulent,
and (4) the footway and air cylinders were fixed. The solution
model of airflow field and the related parameter settings are
shown in the gray region in Table 1.

The dusts produced during the blasting in the driving face
were irregular in shape and had a wide range in size distribu-
tion. Generally, the effects of particle shape on its motion
characteristics are neglected in numerical simulations. The
Rosin-Rammeler distribution function is used for characteriz-
ing the size distribution of dust particles. The measured results
indicate that the dusts produced in the blasting ranged from
0.85 to 84.3 um in diameter, with a median diameter and a
distribution index of 12.1 um and 1.93, respectively (Nie et al.
2016b; Erol et al. 2013). More than 10° dust particles are
produced in the blasting, and such huge number is well be-
yond the computation capacity of the DEM method (Feng and
Owen 2014). In this study, 5000 dust particles were used to
represent and characterize the overall migration behaviors of
dusts after blasting. Furthermore, in order to gain in-depth
knowledge of the motion characteristics of the dusts with dif-
ferent sizes in the footway, the dusts with some characteristic
diameters were selected for further analyzing the motions of
particles, which would be of great value to elaborate the over-
all motion characteristics of dusts after blasting. Since PM2.5
is an important index in measuring and controlling air pollu-
tion degree and the dusts with a diameter smaller than 7 um
primarily accounted for pneumoconiosis (Zhou et al. 2017),
additionally, the measured results indicate that the character-
istic particle diameter (the diameter of the dust particles occu-
pying 62.5% of total dust particles in mass) was approximate-
ly 20 um, and the dust particles have a diameter range of
0.85~84.3 um; i.e., 40 and 80 um were approximately half
and total value of the whole diameter range (Nie et al. 2012).
Accordingly, this study selected five types of dusts for analy-
sis, with the characteristic diameters of 2.5, 7, 20, 40, and
80 wm. According to the physical properties of coals in the
footway and the field working conditions, the simulation pa-
rameters in DEM were set, as shown in the blue region in
Table 1.

Head-on Section

129

c. Exhaust Ventilation System
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Table 1 Parameter settings in the present simulation using CFD-DEM
Type Property Value/property Type Property Value/property
General Solver type Pressure-based Viscous model k-epsilon (RNG) Realizable
Time Transient Near-wall treatment Standard wall function
Air Density 1.225 kg/m’® Pressure outlet Pressure outlet 1.1 atm
Viscosity 1.79E-05 Pa's Tunnel and equipments Wall Nonslip
Solution methods Scheme SIMPLE Calculation Time step size 0.0001s
High-order term relaxation ON Max iteration step 40
Forced air outlet ~ Velocity inlet 13.93 m/s Exhaust air inlet Velocity inlet —15.17 m/s
Turbulent intensity 2.93% Turbulent intensity 2.96%
Hydraulic diameter 0.8 m Hydraulic diameter 0.7 m
Solver model Particle-particle HerzMindin (no slip)  Particle material Particle density 1400 kg/m®
Particle-geometry HerzMindin (no slip) Poisson’s ratio 0.5
Body force API coupled interface Shear modulus 1E8 Pa
Particle Radius Rosin-Rammler Recovery coefficient 0.5
Simulation Fixed time step 1.00E-07 s Static friction coefficient 0.4
Cell size 48 mm Rolling friction coefficient 0.05

Mesh independence study

The generation of finite element meshes is an essential
step in numerical simulations since it directly affects the
accuracy of the subsequent numerical calculation (Wang
and Ren 2013). Mesh generation includes the selection of
unit type and the determination of grid density.
Hexahedral mesh is suitable for the present physical mod-
el, and is selected owing to high efficiency and mesh
quality (Jiang et al. 2013). Thus, based on ICEM CFD
mesh generation tool, the discrete mesh model was
established using “top-down” block topology construction
method; meanwhile, the closeness degree of the mesh was
adjusted in trial computations. More meshes would lead to
smaller discrete errors but also may reduce the solution
speed and increase the round-off errors. Therefore, it is
beneficial to conduct the mesh independent study so as to
ensure that both the discretization and round-off errors are

Fig. 3 Comparison of the

within acceptable level and the solution does not vary
significantly with the mesh adopted (Wang and Ren
2013).

In this study, the hexahedral discrete meshes with three
different densities, which represent excellent, good, and mod-
erate meshes, were generated using ICEM CFD. The mesh
quality was greater than 0.5 for all the mesh densities. Since
the airflow fields in different positions show great differences,
four footway sections that can reflect the airflow field charac-
teristics were selected along the direction of y axis, which
were 5, 10, 20, and 30 m away from the head-on section.
Additionally, the airflow velocities at z=2.0 m were com-
pared for the three densities in order to examine the effects
of mesh density on computation results, as shown in Fig. 3. It
can be found that the airflow velocities in these three meshes
showed similar variation trend. The simulation results form
good mesh and excellent mesh were close to each other, and
both differed greatly from the results from moderated mesh.

simulation results using meshes
of different densities

—&A— Medium Mesh

Velocity (m/s)

0.3

0.2

—{}— Better Mesh

-2.0 -1.0 0.0

2.0 -2.0 -1.0 0.0 1.0 20

Position x (m)

—O— Fine Mesh
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Fig. 4 Meshed geometries

Quality > 0.6

Thus, it can be concluded that good mesh can satisfy the
independence requirement of the mesh and ensure the accura-
cy of airflow field and dust field simulations. Figure 4 shows
the mesh generation results.

Validation of base model

Both modeling error and numerical error can affect the accu-
racy of numerical simulation results (Wang et al. 2015a). In
order to validate the accuracy of CFD-DEM coupling model,
the airflow velocities and dust concentrations in the test foot-
way under both single-forced and single-exhaust ventilation
conditions were measured on site. According to the footway
size and the actual blasting conditions, eight sections in total
were selected for dust measurements, where were 5, 10, 15,
20, 25, 30, 35, and 40 m away from the head-on section; eight
measurement points (denoted as C;~Cg) were uniformly ar-
ranged on each section, as shown in Fig. 5. In this study, the
accuracy of the constructed model was validated through the
comparison between the field measured results and the simu-
lation results under single-forced ventilation conditions. As
shown in Fig. 6, the airflow velocities at different measuring
points under two different ventilation conditions were mea-
sured by the airflow velocity sensors (TSI8455). As to the
measurement of dust concentration, the anti-explosion,
direct-reading dust-measurement instruments for mines
(CCZ-1000) were used, as shown in Fig. 7, and the dust con-
centration at each section was acquired by taking the average
of the concentrations at eight measurement point (Nie et al.
2016a). By using the dust concentration 5 m away from the
head-on section as the source dust concentration, the ratio of
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a. Forced Ventilation System

>01
>02

Quality > 0.5

Truncation Surface

b. Exhaust Ventilation System

the mass of the dusts that passed each section to the mass of
the source dusts was calculated, denoted as the dust passing
ratio at each section. The measured results of dust passing
ratio were then compared with the results extracted by
Analyst module, as shown in Fig. 8.

According to the field measured results, the airflow veloc-
ity was high at the head-on section, then decreased gradually
along the direction of y axis, reached a peak approximately
15 m away from the head-on section, and finally stabilized at a
low value. The simulation results using CFD matched the
measured airflow velocities, suggesting that the concluded
airflow migration rules in the blasting working face were ba-
sically accurate. However, the measured results deviated from
the simulation results by 0.15~14.12%. A lot of uncontrollable

Exhaust Air Cylinder

2.3 -1.5 0 0.8 23
Fig. 5 Layout of the measurement points at each section
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Fig. 6 Comparison between the measured results of airflow field and the simulation results

factors in the air supply instruments and environmental con-
ditions in the working face contributed to the deviation.
Generally, a relation deviation smaller than 15% is acceptable
(Nie et al. 2016b; Wang et al. 2015b), which means that the
present numerical simulation results of the airflow field are
accurate.

As shown in Fig. 8, both the measured values and the
simulation results of the dust passing ratios at various
sections decreased as the distance from the head-on sec-
tion increased along y axis. The relative deviations be-
tween the measured dust passing ratios and the simulation
results ranged from 0 to 17.82%. Especially, the devia-
tions exceeded 15% at the sections 20 and 25 m away
from the head-on section. Since many factors in the
blasting can affect the dust production and the dust

Fig. 7 Airflow speed and dust
concentration determination
equipment

a. Airflow Velocity Sensors (TSI8455)

measuring method show certain limitations, the relative
deviations can thus be neglected (Nie et al. 2016a;
Wang et al. 2015b). Therefore, the simulation results of
airflow-dust coupling based on CFD-DEM were accurate.

Discussion and analysis

The dusts produced in blasting were carried by the airflow and
thus spread to the other regions in the working face. In order to
understand the dust diffusion and pollution mechanisms, the
migration rules of the airflow field should be firstly analyzed.
Based on the established airflow field model using FLUENT,
this study then conducted the simulations on the migration of

b. Dust-measurement instruments(CCZ-1000)
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Fig. 8 Comparison between the measured dust concentrations and the
simulation results

airflow field in the footway under two different ventilation
conditions.

Analysis of the numerical simulation results
of the migration of airflow field

As shown in Fig. 9, under single-forced ventilation condition,
the high-velocity air was ejected from the forced air outlet, and
then, a high-velocity jet flow field was formed. Momentum
was transferred from high-velocity air and the surrounding air
via shear force, leading to the expansion of jet flow section.
While flowing towards the negative direction of y axis, the air
hit the head-on section and was then bounced back towards
the positive direction of y axis. Due to energy loss, the airflow
velocity decreased somewhat but still remained above 3 m/s,

Iso-surface of 3.0 m/s Wind Velocity

Velocity (m/s)
0.0 1.5 3.0 45 6.0

as shown in Fig. 9, where the iso-velocity contour of 3 m/s
was marked. Strong negative pressure was generated around
the forced outlet because of the large airflow velocity in this
region. Then, a portion of the air moving backward had a
velocity component along the positive direction of x axis,
while another portion of the air moved into the jet flow field
due to entrainment effect, thus forming a vortex airflow field
in the region from the forced air outlet to the head-on section.
Additionally, the rest of the air was gradually spread form the
forced air cylinder to the whole footway section, and the air-
flow gradually stabilized. According to the above analysis, the
airflow field under single-forced ventilation condition can be
divided into three regions, namely, vortex region (0~12 m
away from the head-on section), multi-direction turbulence
region (12~17 m away from the head-on section), and stable
region with a same direction (17~30 m away from the head-on
section) (Wang 2011; Pandey et al. 2008). From Fig. 10, it can
be observed that, under single-exhaust ventilation condition, a
region of relatively high negative pressure was formed around
the exhaust air inlet. Moreover, the negative pressure de-
creased in magnitude gradually and the air velocity gradually
decreased as the distance away from the exhaust air inlet in-
creased. In the region from the footway end to the exhaust air
outlet, the airflow direction basically pointed to the negative
direction of y axis. In the region from the exhaust air inlet to
the head-on section, the airflow pointed solely towards the
exhaust air inlet because of large negative pressure. Forty
meters away from the head-on section, the airflow velocities
basically maintained at approximately 0.4~0.5 m/s, with iso-

: e
om vortex region 12m

Fig. 9 Airflow field in the footway under single-forced ventilation condition

Iso-surface of 0.5 m/s Wind Velocity

— e
multi-direction  17m
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Iso-surface of 0.4 m/s Wind Velocity
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b : o
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Fig. 10 Airflow field in the footway under single-exhaust ventilation condition
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Fig. 11 Simulation results of
airflow field under single-forced
ventilation condition

30 45 6.0
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velocity contours of 0.4 and 0.5 m/s marked in Fig. 10.
Accordingly, the airflow field under single-exhaust ventilation
condition can be divided into a high negative-pressure region
(0~6 m away from the head-on section) and a stable region
with a same direction (6~30 m away from the head-on section)
(Petrov et al. 2014).

After the blasting, the produced dusts mainly migrated to-
wards the positive direction of y axis, and the airflow distri-
butions and directions at different sections along y axis were
then analyzed. According to the above-described airflow char-
acteristics under different ventilation conditions, different

Fig. 12 Simulation results of
airflow field under single-exhaust
ventilation condition
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sections along the footway, as shown in Figs. 11 and 12, were
selected for further analysis. It can be observed that (1) under
single-forced ventilation condition, as the distance away from
the head-on section increased, the airflow direction gradually
changed from the positive direction of y axis to the negative.
Ten meters away from the head-on section, the high-velocity
airflows were mainly distributed in the forced jet flow field
and the region of rebounded air. The air near the forced air
cylinder flowed through approximately 30% of the footway.
As the airflow migration distance increased, both the flow area
along the negative direction of y axis and airflow velocity

1.2
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Fig. 13 Simulation results of the airflow-dust coupled migration at different time under single-forced ventilation condition, where a T=1s,b T'=2s, ¢

T=3s,d7=5s,eT=7s,fT=10s,g7=20s,h7=50s,i7=100s,j 7=200s,and k 7=300s

decreased gradually, while the airflow velocity was relatively  airflow around the floor moved along the negative direction of
large near the footway floor. At the section of y=20 m, the  y axis, with a flow area of approximately 10% of the footway.
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Fig. 13 continued.

At the section of y =30 m, the airflow pointed to the positive
direction of y axis, and the airflow velocities tended to be
stable at around 0.3~0.6 m/s. (2) Under single-exhaust venti-
lation condition, the airflows at the sections of y=5mand y =
10 m both pointed to the negative direction of y axis. The
nearer the distance from the forced air outlet is, the greater
the difference between airflow velocities at a section is. At the
section over 10 m away from the head-on section, the airflow
velocity reached a stable value of approximately 0.4 m/s.

Analysis of the numerical simulation results
of the migration of airflow-dust coupled field

A great mass of dusts was produced in quite short time
after the blasting. The high-concentration dusts rapidly
filled the whole throwing belt, and then migrated along
the axial direction of the footway under the action of
airflow drag force (Qin et al. 2011). In order to gain in-
depth knowledge of the dusts’ diffusion and migration
rules, some representative moments were selected for an-
alyzing the airflow-dust coupled migration under both
single-forced and single-exhaust ventilation conditions,
as shown in Figs. 13 and 14. Since the dust particles were
quite small in size, they were amplified for better display
of dust distribution. Moreover, the dusts with different
volumes (unit m>®) were marked by different colors. To
further show the effects of airflow on the migration of
dust particles, 15 airflow lines were extracted for

Velocity(m/s) Volume(m”)

6.00 0.0 1.0e-14

1.0e-15

40m

(i) T=100s

Velocity(m/s) Volume(m®)

3.00 6.00 0.0 1.0e-15 1.0e-14

40m

(k) T=300s

characterizing the distribution of airflow field, as shown
in Figs. 13 and 14, in which different airflow velocities,
with a unit of m/s, were marked by different colors.

Effects of drag force in the airflow field

As shown in Fig. 13, under single-forced ventilation condi-
tion, the airflow drag force played an important role in the
migration of dusts produced by blasting (Kim et al. 2006).
At the first 5 s in the diffusion, the dust particles mainly gath-
ered in the rebound air region. Due to the entrainment effect,
some dusts began to migrate towards the negative direction of
x axis at 7 s. This generated migration momentum towards the
negative direction of x axis, and the other dusts were spread
rearward with the high-velocity airflow at the footway floor.
As the diffusion distance increased, the airflows gradually
filled the whole footway section, and the dust particles also
gradually diffused to the whole section, as shown in
Fig. 13i. After 300 s of dust diffusion, more than 93% of
the dusts moved out of the computational domain or set-
tled. At the diffusion time of 620 s, the dust particles in the
footway almost disappeared. As shown in Fig. 14, under
single-exhaust ventilation condition, at the first 5 s in the
diffusion, most of the dusts were far from the exhaust air
inlet and subjected to the impact of weak negative pres-
sure. By contrast, the dusts at the footway roof were near
the exhaust air inlet, and most of them were then sucked
into the exhaust inlet. As the diffusion distance along the
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Fig. 14 Simulation results of the airflow-dust coupled migration at different time under single-exhaust ventilation condition, wherea 7=3s,b 7=5s, ¢

T=10s,d T=20s,e T=50s,and f T=100s

positive direction of y axis increased, the negative-pressure
impact at the exhaust air inlet strengthened. Some dusts
gradually moved up and were then sucked into the exhaust
air cylinder. The dusts near the footway wall where the
forced air cylinder was located were impacted by weak
negative pressure and were completely settled at a location
6 m away from the head-on section. At the diffusion time
of 720 s, no dusts were left in the footway.

@ Springer

The effect of ventilation conditions on the migration of dust
particles can hardly be analyzed comprehensively merely using
the simulation results of airflow-dust coupled migration. Thus,
the motions of single dust particle with the diameter of 2.5, 7, 20,
40, and 80 pm under both single-forced and single-exhaust ven-
tilation conditions were analyzed, which were then compared
with the airflow streamline for exploring the effect of airflow
field drag force on the migration of dusts with different
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Fig. 15 Comparison between the motion trajectories of the dusts with different diameters and airflow streamline, a Under single-forced ventilation

condition and b under single-exhaust ventilation condition

diameters. First, single dust particle was statistically generated at
the coordinate point (0, 1000, 1000), and the variation of z com-
ponent of the single dust particle within 10 s was acquired and
shown in Fig. 15. Under single-forced ventilation condition, the
motion trajectories of the dust particles with the diameter smaller
than 40 um closely followed the airflow streamline. Especially,
the motion trajectory of 2.5 pm dust particle completely matched
the airflow streamline, suggesting that the airflow field signifi-
cantly affected the migration of these dust particles. However, the
dust particles with a diameter over 80 pm were mainly subjected
to gravity. The airflow drag force was outbalanced by gravity.
Under single-exhaust ventilation condition, the motion trajecto-
ries of the dust particles smaller than 20 um were close to the
airflow streamline. In particular, the motion trajectory of 2.5-pm
dust particle closely followed the airflow streamline. The motion
trajectory of the dust particle with a diameter of 40 pum signifi-
cantly deviated from the airflow streamline, and the motion tra-
jectory of the dust particle with a diameter over 80 um linearly
decreased with the diffusion time, indicating that the airflow drag
force was fairly weak and the dusts settled uniformly along z
axis.

Motion trajectories of the dusts

The dusts were not only subjected to the effects due to the
external environment and the inherent collision force but also
affected by the air medium and flow condition (Zhou et al.
2016b; Xie et al. 2007), thus showing relatively complex mo-
tion trajectories in the air. Under complex actions and effects,
the dusts with different diameters had different motion trajec-
tories. In order to analyze the motion trajectories of the dusts
with different sizes under different ventilation conditions, the
motion trajectories of the dusts with different diameters were
acquired using the post-processing module in EDEM, as
shown in Fig. 16. Under single-forced ventilation condition,
the dusts with different diameters showed similar motion tra-
jectories. Thirteen meters away from the head-on section, the

vortex effects came into play for dust particles with the diam-
eter of 2.5~80 um. Eighty-micrometer dust particles were sig-
nificantly affected by gravity and thus only showed diffusion
within the vortex flow field, while the dusts smaller than
40 pm migrated backward along the footway roof. Forty-
micrometer dusts were close to the footway wall where
the forced air cylinder was located and settled gradually
at the location 16~36 m away from the head-on section.
The dusts with a diameter smaller than 20 pum were still
close to the footway. They gradually spread to the whole
footway section and thus polluted the region at the end of
the footway. Under single-exhaust ventilation condition,
the dusts with different diameters also showed similar mo-
tion trajectories. In the region 0~3 m away from the head-
on region, the dusts slowly migrated towards the positive
direction of y axis, and large dusts had high migration
velocities along z axis due to gravity effect. In the region
3~5 m away from the head-on section, some dusts with the
diameter of 2.5~40 um moved up rapidly and were even-
tually sucked into the exhaust air cylinder with the increase
of velocity. For the dusts with a diameter over 80 um, the
motion trajectories followed a parabola pattern due to the
influence of gravity, and settled within the range 3 m away
from the head-on section.

Negative-pressure-induced dust emission ratio

Under single-exhaust ventilation condition, the effects of
exhaust-induced negative pressure on the dusts mainly
depended on dust particle diameter and the distance from the
exhaust air inlet (Zheng et al. 2009; Zhou et al. 2017). Using
the function of “Grid Bin” in the “Analyst” module, the cu-
mulative dust emissions were calculated, as shown in Fig. 17.

Fig. 16 Motion trajectories of the dusts with different diameters underP
different ventilation conditions, a under single-forced ventilation
condition and b under single-exhaust ventilation condition
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It can be observed that, with the increase of diffusion time, the
dust emission velocity decreased gradually, and the dusts with
diameters of 2.5 and 7 um showed similar variation trend of
dust emission ratios. After approximately 100 s of diffusion,
the dust emission ratios tended to stabilize after 40 s of diffu-
sion for 20-pm dusts and 20 s for 40-pum dusts. Thus, it can be
concluded that the dusts with a larger diameter stabilized more
quickly. Moreover, smaller dusts had larger cumulative
amount of dust emission. The dust emission ratio was up to
76.86% for 2.5-um dusts, and the dust emission ratio was up
to 74.36% for 7-um dusts. Almost no dusts were discharged
for a diameter over 80 wm. Through nonlinear fitting, the dust
particle diameter (D) and the negative-pressured-induced dust
emission ratio (P) show the following relationship: P=—

25.03In(D) + 110.39.

Spatial and temporal distributions of dust

After the blasting, the generated dusts showed complex
diffusion motions in the air, and significantly different
distributions at different times (Chen et al. 2013; Ren
and Qin 2013). Thus, understanding the spatial and tem-
poral distribution rules of the dusts in real time can pro-
vide effective theoretical references for dust prevention
and control. In order to analyze the characteristics of the
dust distribution in 3D space, the footway space was di-
vided into different statistic units (each with a size of
0.5x0.5 m) in horizontal plane and vertical plane. The
cumulative numbers of the dusts with different diameters
in different units were calculated for analyzing the main
accumulation regions.

(1) Distribution of dusts in horizontal plane

Figure 18 shows the numbers of the cumulative dust parti-
cles with different diameters in horizontal plane. It can be
observed that, under single-forced ventilation condition, the
dusts with different diameters showed different distribution in
horizontal plane. Specifically, under both the vortex airflow
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Fig. 17 Negative-pressure-induced emission ratios of the dusts with
different diameters at different times and the fitted curves

field in front of the head-on section and the entrainment effect
around the forced air outlet, a great number of the dusts with
the diameter smaller than 20 pum accumulated in front of the
head-on section (5 and 17~25 m away from the head-on sec-
tion, respectively). Since gravity impact was significant, most
of the dusts with the diameter of 40 um concentrated in the
region 5 m away from the head-on section, while the rest of
dusts were spread to the region 35 m away from the head-on
section along the footway wall near the forced air cylinder.
The dusts with a diameter of 80 wm were also distributed in
the region 13 m away from the head-on section. Under single-
exhaust condition, the exhaust-induced negative pressure im-
posed a strong impact on the dusts near the footway wall
where the exhaust air cylinder was located, but it slightly
affected the dusts on the other side of the footway wall.
Hence, the dusts with a diameter smaller than 20 pm were
mainly distributed near the footway walls. Of the dusts with
a diameter of 40 um, 7.84% were sucked into the exhaust air
cylinder and then emitted. The dusts with a diameter of 80 um
settled under the gravity effect, and showed uniform
distribution.

(2) Distribution of dusts in vertical plane

Figure 19 shows the numbers of the cumulative dust parti-
cles with different diameters in vertical plane. It can be ob-
served that, under single-forced condition, the dusts with di-
ameters of 2.5 and 7 um were slightly affected by gravity and
showed no significant decrease in z value. For 20-um dusts,
less dusts were accumulated near the footway floor beyond a
spreading distance of 30 m, suggesting that these dusts grad-
ually settled. For the dusts with a diameter of 40 um, the z
value decreased obviously and the dusts mainly gathered be-
low the forced air cylinder after a diffusion distance of 15 m.
For the dusts with a diameter of 80 um, the z value decreased
rapidly at approximately 8 m away from the head-on section
and the dusts finally accumulated within the range of 13 m
away from the head-on section. Under single-exhaust condi-
tion, for the dusts with a diameter smaller than 20 pum, the z
value increased and the dusts mainly gathered at the bottom of
the footway 5 m away from the head-on section. By contrast,
due to the gravity effect, the dusts with diameters of 40 and
80 wm mainly accumulated in the regions 5 and 3 m away
from the head-on section, respectively.

(3) Diftusion velocity of the dusts

In order to compare the diffusion velocities of the dusts
with different diameters under single-forced ventilation
condition, the filled contour plot of the dust particle diam-
eter, diffusion time, and the maximum diffusion distance
was generated by means of first-order interpolation, as
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Fig. 18 Numbers of the cumulative dust particles with different diameters in horizontal plane, a under single-forced ventilation condition and b under
single-exhaust ventilation condition

shown in Fig. 20. Under single-forced ventilation condi-  significantly. Additionally, with the increase of diffusion
tion, the airflow intensity was strong around the head-on  time, the maximum diffusion distances of the dusts with
section, and the dusts with different diameters showed the diameter smaller than 40 pum all increased, while the
slight differences in diffusion velocity. With the increase = maximum diffusion distances of the dusts with the diame-
of diffusion distance, the airflow intensity weakened, and  ter over 40 um gradually stabilized.

the diffusion velocities of the great dust particles decreased
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Fig. 19 Cumulative dust particles in vertical plane, a under single-forced ventilation condition and b under single-exhaust ventilation condition
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Fig. 20 Filled contour plot of the diffusion distance along the direction of
y axis and diffusion time for the dusts with different diameters

Path-dependent settling behaviors of the dusts

The dusts showed fairly complex settling behaviors along the
path, which were not only the results under the combined
action of airflow drag force and gravity but also affected by
the environmental conditions such as roughness and humidity
of the footway walls (Goldasteh et al. 2013; Korevaar et al.
2014). In general, less dusts settled on the footway roof and
both two sides, while the dusts tended to settle on the footway
floor. In this study, the cumulative mass of the settled dusts in
the different regions on the footway floor was acquired
through EDEM post-processing, as shown in Fig. 21, in which
the “Color Bar” denotes the cumulative mass of the settled
dusts (different amounts of cumulative masses of the settled
dusts were denoted by different colors in Color Bar). It can be
observed that (1) under single-forced ventilation condition,
the dusts with different diameters varied greatly in the path-
dependent settling ratio (within a range of 15.29~100%). The
greater the dust diameter is, the higher the path-dependent
settling ratio is. Because of strong turbulence airflow around
the head-on section and high-velocity airflow near the foot-
way floor 10~20 m away from the head-on section, the dusts
mainly settled around the head-on section and 10~20 m away
from the head-on section. Moreover, the dusts with a diameter
smaller than 7 um are particularly harmful to human health,
but their settling ratios were below 22.36%. This means that
most of these dusts would pollute the working areas at the
back of the footway. (2) Under single-exhaust ventilation con-
dition, the dusts with different diameters mainly settled around
the head-on section. The larger the dusts are, the higher the
path-dependent settling ratio is. Moreover, the larger dusts
also showed shorter path-dependent settling range. To be spe-
cific, the dusts with the diameter ranging from 2.5 to 20 um
mainly settled in the region 0~6 m away from the head-on
section, while the dusts with diameters of 40 and 80 um main-
ly settled in the regions 0~5 and 0~4 m away from the head-on
section, respectively.

@ Springer

Conclusions

In this study, the airflow-dust coupled model in a blasting
driving face was established using CFD-DEM coupled meth-
od. Moreover, the drag force, Magnus force, and Saffman
force were applied in the model with the use of API interface
to further improve the force characteristics of the dust parti-
cles. The relative errors between the field measured values of
the dust field and the simulation results ranged from 0 to
17.82%, which verified the accuracy of the simulated
airflow-dust coupled results.

(1) Under single-forced ventilation condition, due to the
action of the forced jet field, a vortex airflow field
was formed in the region between the forced air out-
let and the head-on section. The direction of airflows
changed and pointed to the negative direction of y
axis as the distance away from the head-on section
increased. Under single-exhaust ventilation condi-
tion, the airflows between the footway end and the
exhaust air inlet all pointed to the negative direction
of y axis, and most airflows around the head-on re-
gion pointed towards the exhaust air inlet. In terms
of dust suppression, the formed airflow field under
single-exhaust ventilation condition is preferable.

(2) Under single-forced ventilation condition, the motion
trajectories of the dusts with the diameter smaller
than 40 um were close to the airflow line, and the
dusts with different diameters generated vortex ef-
fects of varying degrees. Under single-exhaust venti-
lation condition, the motion trajectories of the dusts
with the diameter smaller than 20 um were close to
the airflow streamline.

(3) Under single-forced ventilation condition, a great num-
ber of dusts with the diameter smaller than 20 wm accu-
mulated at locations 5 and 17~25 m away from the head-
on section. With the increase of diffusion time, the max-
imum diffusion distances of the dusts with the diameter
smaller than 40 pum all increased while the maximum
diffusion distances of the dusts with the diameter over
40 pum reached stable values. Under single-exhaust ven-
tilation condition, the dusts with the diameter smaller
than 20 um were distributed near the footway walls
and the z values of the dusts at around the exhaust air
inlet increased.

(4) Under single-forced ventilation condition, the path-
dependent settling behaviors of the dusts mainly oc-
curred around the head-on section and at the location
10~20 m away from the head-on section; the dusts
with a diameter smaller than 7 pum are particularly
harmful to human health, but their settling ratios were
below 22.36%. Under single-exhaust ventilation con-
dition, the dust emission velocity decreased with the
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Fig.21 Comparison between the path-dependent settling ratios among the dusts with different diameters, a under single-forced ventilation condition and
b under single-exhaust ventilation condition

increase of diffusion time, and the emission ratios of Overall, single-exhaust ventilation performed most
larger dusts stabilized more quickly. Through nonlin- favorable in dust control.
ear fitting, the relationship between dust diameter and
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