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Abstract: Sulfide ore dust is at risk of explosion. To analyze the concentration distribution of
sulfide ore dust in the ore loading, transporting, and unloading operations, the migration and
dispersion processes of sulfide ore dust were simulated by using FLUENT software and taking the
dust generation rate, roadway air velocity, and dust source position as variables. The concentration of
sulfide ore dust was analyzed from the four-dimensional perspective of time and space. The results
show that the maximum concentration of sulfide ore dust is determined by the dust generation rate.
The roadway air velocity exhibits dual effects on the migration and deposition of sulfide ore dust.
The ore loading position significantly impacts the distribution of sulfide ore dust, manifesting in
varying degrees of superposition effects. Based on the results, this paper proposes a comprehensive
dust reduction measure in the form of water curtain and dynamic ventilation, effectively minimizing
the concentration of sulfide mine dust within the roadway.

Keywords: dispersion characteristics; dynamic ventilation; numerical simulation; sulfide ore dust;
water curtain dust reduction

1. Introduction

During excavation, mining, ore crushing, and transportation in sulfur-rich metal
mines, sulfide ore dust accumulates at high concentrations. This dust poses a significant
explosion risk when exposed to ignition sources such as hot surfaces, open flames, ore
collisions, mechanical impacts, or short-circuit sparks [1,2]. The tendency of sulfide ore dust
for spontaneous combustion heightens its potential for explosions. Accidents involving
sulfide ore dust explosions threaten the lives of mine workers, damage electrical and
mechanical equipment, and result in significant property losses [3,4]. The dispersion
concentration is a prerequisite for sulfide ore dust explosions. Moreover, sulfide ore dust
has adverse physiological effects on the human body [5]. Therefore, it is crucial to research
the dispersion characteristics of sulfide ore dust and implement dust reduction measures.

Currently, dust dispersion is primarily investigated in the context of coal dust, mono-
lithic sulfur powder, metallic dust, and organic dust, focusing on dust control [6-8].
Nguyen-Dinh et al. [9] explored a method to reduce the dispersion of harmful particles
during the dressing of carbon—oxygen composites. Ercan et al. [10] measured the diffusion
state of deposited dust against the background of a thermal power plant. Dust dispersion
is characterized by a large quantity of dust particles and complex dust transportation,
which makes it extremely difficult to track the dust through experiments. Consequently,

Copyright: © 2024 by the authors.

Licensee MDPL Basel, Switzerland,  NWUMerical simulation is extensively employed to study dust dispersion. For instance,

Portarapillo et al. [11] simulated the dust dispersion in a 1 m3 explosive container using the
computational fluid dynamics (CFDs) simulation method. Madureira et al. [12] explored
the utility of computational fluid dynamics (CFDs) in simulating particle behavior within
the respiratory system. Bruce et al. [13] built a dust diffusion model to optimize the relative
efficiency of passive dust samplers. Moreover, the method of gas-solid two-phase flow is
40/). often used in dust diffusion simulation [14].
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In the spatial dimension, the dust diffusion spaces identified in the existing research
mainly include fully mechanized coal mining faces, chutes, building communities, confined
spaces, equipment interiors, etc. [15,16]. In the time dimension, dust simulation methods
include steady-state and transient simulations. While steady-state simulation models the
dust’s movement once it reaches a stable state, mine production environments involve the
dynamic influence of airflow movement on dust behavior [17,18]. Consequently, transient
simulation can better reflect the distribution and migration of sulfide ore dust in the
production site [19].

This paper established a physical model based on the ore transportation level of a
copper mine in China. The generation, migration, and dispersion of sulfide ore dust within
the ore loading, transporting, and unloading operations were simulated using the FLUENT
software. The study analyzed the impact of factors such as the dust generation rate, the air
velocity in the roadway, and the dust source position on the distribution of sulfide ore dust.
This analysis highlighted the location and time of the sulfide ore dust’s high-concentration
distribution area. Based on these findings, dust-reduction measures such as water curtain
and dynamic ventilation were adopted, which can significantly reduce the concentration of
sulfide ore dust as verified by simulation.

2. Numerical Simulation Methods
2.1. Physical Model

In this paper, a roadway model of sulfide ore at the loading, transporting, and un-
loading level is established based on the field measurement results, as shown in Figure 1.
Figure 2 illustrates a cross-section of the roadway, while Table 1 shows the main overall
dimensions of the roadway. Points “a”, “b”, “c”, and “d” represent ore loading points
where the load-haul-dump (LHD) vehicle shovels up and loads the ore from the sulfide
ore pile, and transports it to the ore pass, which is the ore unloading point. Figure 3 shows
the routes involved in the ore-transporting process, while Figure 4 illustrates the velocity
streamlines for each route within the roadway model. Operations that contribute to sulfide
ore dust generation include the following: (1) dust is generated when the LHD vehicle
shovels the sulfide ore; (2) ore dust is spilled in the haulage process, which also causes dust
on the ground; (3) dust is generated during the process of unloading the sulfide ore into the
ore pass; (4) dust deposited on the ore pass is swept up by the airflow currents generated
during the fall of the sulfide ore.

Ore Pass

Figure 1. Illustration of the roadway model.
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1000 H 3000
Figure 2. Cross-section of roadway.

Table 1. Main overall dimensions of the roadway.

Letter Letter Meaning Dimension

L1 Length of main haulage roadway 35m

L2 Length of secondary haulage roadway 5m

D1 Diameter of return air shaft 34m
D2 Diameter of ore pass 0.7m
W Net width of roadway cross-section 3.8m
H1 Height of roadway cross-section 3.8m
H2 Net height of roadway cross-section 2.53 m
R1 Radius of three-centered arch 2.63 m
R2 Radius of three-centered arch 0.88 m

(c) (d)

Figure 3. The routes involved in the ore-transporting process: (a) route a; (b) route b; (c) route c;
(d) route d.
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Figure 4. The velocity streamlines of different routes: (a) route a; (b) route b; (c) route ¢; (d) route d.

This paper takes the ore loading point and ore unloading point as the main sources
of dust generation. The generation, migration, and dispersion of sulfide ore dustina 30 s
period of the ore loading, transporting, and unloading operation were simulated with
the transient simulation method. The release time and interval of the dust source are
determined according to the ore drawing operation process: the ore loading time is 1-3 s
(the first dust generation stage), the haulage time is 3-10 s (the first dust reduction stage),
the ore unloading time to the ore pass is 10-12 s (the second dust generation stage), and
12-30 s is the second dust reduction stage.

2.2. Mesh Configuration

The model is meshed using the meshing schemes in Table 2. Figure 5 verifies the
independence of these various meshing schemes. Notably, as the grid size decreases from
0.15 m to 0.13 m, there is a significant change in the roadway air velocity. The change in
the air velocity is stabilized as the grid size is refined to 0.12 m. Figure 6 illustrates the
rate of change in the roadway air velocity with different gridding schemes. Specifically,
when the grid size is 0.12 m, the air velocity change rate in the roadway remains within 5%,
indicating that the trend of air velocity change has stabilized. With a grid size of 0.12 m,
the total grid count is 1,409,799, satisfying the requirements for calculation accuracy. As
shown in Figure 7, the model is meshed using the tetrahedron method.

Table 2. Meshing schemes.

Scheme Grid Size (m) Number of Grids Number of Nodes
1 0.12 1,689,785 3,437,177
2 0.13 1,409,799 260,782
3 0.15 1,010,232 187,919
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Figure 5. Roadway air velocity for different meshing schemes.
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Figure 6. Rate of variation in roadway air velocity for different meshing schemes.

L.

Figure 7. Schematic diagram of tetrahedral mesh delineation for the roadway model.
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The mesh used for the simulation calculation is required to meet various quality
requirements [20]. The mesh quality is mainly evaluated through the aspect ratio and
deflection rate. The minimum aspect ratio must be greater than 0.05 and the average
deflection rate must be less than 0.33. The quality indexes of the 0.12 m grid in this paper
are shown in Table 3, which meet the calculation requirements.
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Table 3. Mesh quality index.

Parameters Minimum Maximum Average
Grid quality 0.22216 1 0.8447
Aspect ratio 1.1596 9.2224 1.8227
Skewness 7.0832 x 10~° 0.79979 0.21601
Orthogonality 0.25891 0.99681 0.86471
Maximum corner 70.653° 157.18° 95.542°

2.3. Theoretical Model
2.3.1. Theory of Gas-Solid Two-Phase Flow

The Eulerian-Lagrangian method is used in the present study. The air is treated as a
continuous phase and solved using the Navier—Stokes equations, while particles are treated
as a discrete phase and solved using Newton’s second law. Eventually, the motion state of
the dust particles and the distribution of sulfide ore dust concentration at different times
were obtained [21].

(1) Control Equations of Continuous Phase Turbulent Flow

The continuous phase primarily solves the equations of continuity, momentum, and
energy about the fluid. These equations are commonly known as the Navier—Stokes
equations (N-S equations) in computational fluid dynamics [22]. In this simulation, the
flow process is treated as isothermal and the direct energy transfer and conversion of the
fluid are ignored, so the energy equation is closed.

The continuity equation:

aui
=0 1
o, (1)
The momentum equation:
a(pu;) N dpujuj) — ap " 9T;j
ot dx i dx; dx i

+pgi+F 2)

where u; is the mean velocity of the fluid, x; is the i-direction, p is the density of the fluid,
p is the fluid pressure, g; is the gravitational acceleration of gravity, and F; is the relevant
source that contains the other models.

The realizable k-¢ model has been widely used to resolve turbulence flow [23,24]. It
has been shown in the literature that eddy viscosity-based models present a compromise
between speed and reasonable accuracy for the pressure drop. The equations are given as
follows:

5 (pk) + 3 (pkug) = [ (1 + 1) ] + G+ Gy — pe — Yu + S
S

X
' u; , 3)
Gk = mS?, S =,/25;Sij, Sij = %(TZZ + %)
) ) _ 9 9 2
5 (pe) + - (pew) = - [(y + ﬁ,’—‘) a—j]} +0C1Se — pCazrme + C1ef CacGy + Se

(4)

G = max(0.43,’7’7?), n=sk

where Gy is the turbulent kinetic energy due to the laminar velocity gradient, G, is the
turbulent kinetic energy generated by the buoyancy force, Yy, is the contribution to the
dissipation rate of the expansion of turbulent pulsations in the compressible flow into the
global process, Sy and S, are the turbulent kinetic energy and turbulent dissipative source,
oy and o, are the turbulent Prandtl numbers denoting the k and € equations, and Cy¢, Co,
and Cs, are the empirical constants.

(2) Control equations of discrete phase
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The main forces on sulfide ore dust in the flow field include (1) gravity, (2) buoyancy,
(3) drag force, (4) Snaffman lift force, pressure gradient force, virtual mass force, Basset
force, Magnus force, thermophoresis force, and Brownian force. The pressure gradient
force is disregarded due to the incompressible nature of air in the system. The virtual mass
force and Basset force are omitted given that the air density is significantly lower than the
density of sulfide ore dust. Moreover, the thermophoretic force is not considered as heat
exchange is absent during the airborne transport of sulfide ore dust. In addition, given the
small particle size in this study, the Magnus force exerts minimal influence on the sulfide
ore dust, thus rendering it negligible. Accordingly, the forces acting on the dust particles
are simplified as gravity, buoyancy, drag force, and Snaffman lift force.

The forces equations:

1
Fo = cmdppyg 5)

1
Fy = _mdppg (6)

1 1,
Fp = 5Cpp|u—up|(u—up)zl7rdp 7)
o du

Fs = 1.61dp\/pu(u — uy) dy (8)

where Fy is the gravity, Fj, is the buoyancy, Fp is the drag force, Fs is the Snaffman lift force,
dy is the particle diameter, p,, is the density of the particle, p is the density of the fluid, Cp
is the drag coefficient between gas and particles, u, is the particle velocity, and u is the
velocity of the gas phase.

The trajectories of discrete phase particles are predicted by integrating the force balance
on the particles. The governing equation is written as:

duy

Pp—p
T = Bp(u—up) + g+

+ Fothers (9)

where g is the gravitational acceleration, F,, is an additional acceleration term, fp(u —
up), is the drag force per unit particle mass, and is given as follows:

18]1 Rep
pp = —Cp—- (10)
dzp, 24
where y is the fluid viscosity, and Rey, is the particle Reynolds number.
The particle Reynolds number Re, was defined as:
d —
Re, — PPPIJ\ a1

2.3.2. Impinging Airflow Accompanying Dust Generation

From a microscopic perspective, sulfide ore dust is produced during the extrusion
and crushing of ore as it moves and collides rapidly. This rapid movement drives the air
surrounding the crushed ore into a flow, resulting in an impact airflow that shares the same
direction, cycle, and speed as the sulfide ore dust. On a macro level, the movement of
lump ore propels the surrounding air, also generating an accompanying impact airflow.
For instance, during the unloading of ore into the ore pass, a powerful impact airflow is
created.

In the dust generation position, the sulfide ore dust can reach a position far away
from the dust source due to the existence of impact airflow. This is further verified by the
simulation which showed that, in the absence of impact airflow, the sulfide ore dust settled
in a short distance after generation. However, the sulfide ore dust moved a long distance
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after we added the condition of an accompanying impact airflow, which is more consistent
with the movement and distribution of sulfide ore dust in the generation process. Thus, the
accompanying airflow condition is necessary to simulate the real motion state of sulfide
ore dust particles.

2.4. Boundary Condition

The gas phase in this simulation is represented by air at 25 °C, possessing a density of
1.1691 kg/m3 and a dynamic viscosity of 1.84 x 10~ kg/m-s. The inlet boundary condition
for the roadway is set to an inlet velocity of 6 m/s, while a Pressure outlet is used at the
outlet of the roadway.

Distinct boundary conditions are implemented at various wall locations. Reflective
boundary contact models are used on the sides and top of the main haulage roadway,
trap boundary models on the bottom, and escape boundary models on the ends of the
roadway, the ore pass, and the bottom of the return air shaft. A no-slip wall boundary
condition was set for the inner wall of the roadway. The default wall roughness is 0.6. The
boundary conditions in the simulation of this paper are shown in Table 4. Additionally,
the parameters of the discrete phase model and continuous phase model are detailed in
Tables 5 and 6, respectively.

Table 4. The parameters of boundary conditions.

Boundary Condition Parameter
Inlet boundary type Velocity Inlet
Velocity magnitude 6m/s

Outlet boundary type Pressure Outlet
Turbulence intensity 2.72%

Wall roughness height 0.05m

Wall roughness constant 0.6

Upper and side wall Reflect

Bottom wall Trap
The ends of the roadway, the ore pass, and the bottom of the return air shaft Escape
Hydraulic diameter 3.84
Reynolds number 1,462,174

Turbulence intensity 2.71%

Wall shear condition No-Slip

Table 5. The parameters of the discrete phase model.

Discrete Phase Model Parameter
Interaction with Continuous Phase On
Update DPM source each flow iteration On
Unsteady particle tracking On
Maximum steps 2000
Length scale 0.01m
Discrete random walk model On
Injection type Surface
Material Copper Ore
Density 4200 kg/m3
Diameter distribution Roisin—-Rammler
Min. Diameter 1x10®m
Max. Diameter 1x107*m

Spread parameter 1.87
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Table 6. The parameters of the continuous phase model.

Continuous Phase Model

Parameter

Solver Pressure Based
Time Steady
Viscous Model Realizable k-¢
Near-wall Treatment Standard Wall Functions
Energy Off
Temperature 25°C
Material Air
Density 1.1691 kg/ m3
Viscosity 1.84 x 1072 kg/m's
Solution methods Parameter
Pressure—Velocity Coupling Simple
Momentum Discretization First order upwind
Convergence criterion 104
Time step size 0.1s
Number of Time steps 300
Maximum iteration steps 40
Calculation steps 12,000

2.5. Numerical Validation

The air velocity was measured on-site to verify the accuracy and reliability of the
simulation results. Measurement points were arranged at 7 m, 14 m, 21 m, 28 m, and 35 m
along the main haulage roadway, and the air velocity was measured three times at each
measurement point and the average of the measurement results was taken. A comparison
of the simulation results with the actual measurement results is shown in Figure 8.

- - - 6
[ ] Simulated air velocity
L4 [ |Measured air velocity
—A— Relative error

B -

»10 | 4 <§
~— -
]
208 5
3 o
o} R
06 =
< | 12 &
041
02
0.0 0

14 21 28 35
Position (m)

Figure 8. Comparison of air velocity.

As shown in Figure 8, the discrepancy between the simulated air velocity and the
measured air velocity is small, with an average error of 3.2% and a maximum deviation of
less than 5%. The simulated air velocity and measured air velocity have similar distribution
patterns, indicating the good accuracy of the numerical simulation.

2.6. Simulation Scheme

Based on the principle of control variables, eight simulation schemes were designed,
as detailed in Table 7, considering dust source positions, dust generation rates, and air
velocities as variables. The primary dust sources in these simulations were the ore loading
and unloading points. Specifically, dust is generated at the ore loading point during the
first dust generation stage, while dust generation occurs at the ore unloading point in the
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second dust generation stage. Schemes 1, 2, and 3 represent low, medium, and high dust
generation rates, respectively, with dust generation rates of 1 kg/s, 2 kg/s, and 3 kg/s. The
unloading points remain static, while the loading points, labeled as “a”, “b”, “c”, and “d”,
correspond to the respective simulations conducted for schemes 2, 6,7, and 8. As for air
velocities, schemes 2, 4, and 5 correspond to normal, low, and high air velocities in the
roadway, respectively, at 1 m/s, 0.5 m/s, and 2 m/s. According to the detonation test data
for the sulfide ore dust and considering the safety coefficient for preventing sulfide ore
dust explosions, 0.2 kg/m?3 is determined as the lower limit of explosion concentration.

Table 7. Simulation scheme.

Si . . Dust Generation Rate Dust Generation Rate Air Velocity in the
imulation Dust Source Position . . . .
Scheme (Ore Loading Point) in th.e First Dust in the.Second Dust Road w1.tl.1 Dust Source
Generation Stage (kg/s) Generation Stage (kg/s) Position (m/s)

1 a 1 1 1

2 a 2 2 1

3 a 3 3 1

4 a 2 2 0.5

5 a 2 2 2

6 b 2 2 1

7 C 2 2 1

8 d 2 2 1

3. Results and Discussion
3.1. Dust Generation Rate

The dust generation rates in schemes 1, 2, and 3 increase sequentially; the loading point
is “a”, and the air velocity of the roadway is 1 m/s. The maximum concentration of sulfide
ore dust (Cpay) in the roadway at different times for schemes 1 to 3 is shown in Figure 9. In
scheme 1, the Cy;5x remains below 0.2 kg / m> throughout the operation, indicating a low
explosion hazard of the sulfide mine dust in the roadway when the dust generation rate is
comparatively low. For schemes 2 and 3, the C;;4¢ in the roadway increases significantly
due to the enhanced dust generation rate. The peak C;;u¢ value also increases significantly,
where that in scheme 2 peaks at 0.48 kg/m3 and in scheme 3 it peaks at 0.63 kg/m3, both
exceeding the lower explosive limit concentration. In terms of the duration of time in
which the maximum sulfide ore dust concentration is higher than the lower explosion limit,
scheme 1 has a duration of 0 s, while scheme 2 has a duration of 5.5 s and scheme 3 has a
duration of 9 s. This trend indicates that as the dust generation rate increases, the duration
of the high-concentration state extends, thus augmenting the explosion hazard.

0.6 —=— Scheme 1

' ~—e— Scheme 2
—a— S¢

05} Scheme 3

Maximum concentration (kg/m?)

0 5 10 1S 20 25 30
Time (s)

Figure 9. Maximum dust concentration in the roadway at different times for schemes 1 to 3.
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0.18
0.16

At 13 seconds, the Cy,y for schemes 1, 2, and 3 reaches its peak. Figure 10 illustrates
the concentration of sulfide ore dust at various heights along the roadway at this time:
the bottom (0.4 m height), the middle (1.6 m height), and the top (2.9 m height). The dust
concentration at different heights increased with the increase in the dust generation rate.
The concentration of sulfide ore dust at the top is highest at positions of 17 m and 23 m. This
is attributed to the return air shaft located at 17 m, where the sulfide ore dust is strongly
disturbed by the airflow, while 23 m is the location of the ore pass, and the direction of the
sulfide ore dust generated from the ore pass is upward. As a result, the dust gathers at
the top of the roadway. In addition, a high concentration of sulfide ore dust also occurs at
approximately 20 m, where the superposition effect of sulfide ore dust from two sources is
the greatest.

0.18

Scheme 1-bottom
Scheme 1-middle

Scheme 2-bottom
0.16 Scheme 2-middle

E Scheme 1-t E Scheme 2-t
P 0.14 cheme 1-top %5 0.14 } cheme 2-top
< <
= 0.12 = 012
10 10
5 0.10 g 0.10
S 0.08 S 008}
= =
s 0.06 g 0.06F
Q Q
% 0.04 % 0.04F
= =
R 0.02 M R .02}
0.00 = Aa - : 0.00 b - :
0 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Position (m) Position (m)
(a) (b)
0.18

Scheme 3-bottom
0.16 Scheme 3-middle
0.14 | Scheme 3-top

0.12
0.10
0.08
0.06
0.04
0.02

Dust concentration (kg/m®)

0.00 . .
0 5 10 15 20 25 30 35
Position (m)
(9

Figure 10. The concentration of sulfide ore dust at different heights of the main haulage roadway at
13 s for schemes 1 to 3: (a) scheme 1; (b) scheme 2; (c¢) scheme 3.

Figure 11 presents the total dust generation rate and the dust discharge rate at different
times for schemes 1 to 3. The dust discharge rate refers to the quantity of dust discharged
from the return air shaft per unit of time. The total dust generation rate signifies the
difference between the quantity of dust generated in the roadway and that settled in the
roadway and discharged from the return air shaft at that moment, which is the quantity
of dust generated at that moment floating in the roadway. The integral of the total dust
production rate over time is the total quantity of dust floating in the roadway:.
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Figure 11. Total dust generation rate and dust discharge rate at different times for schemes 1 to 3:
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(a) scheme 1; (b) scheme 2; (c) scheme 3.

In this model, the ore loading points generate dust at 1-3 s (the first dust generation
stage) and the ore unloading point generates dust at 10-12 s (the second dust generation
stage). During this time, the dust generation in the roadway exceeds that settled in the
roadway and discharged from the return air shaft, resulting in a positive total dust genera-
tion rate. However, at the moments of 3-10 s (the first dust reduction stage) and 12-30 s
(the second dust generation stage), the generation rate in the roadway is zero, consequently
leading to a negative total dust production rate.

The overall trend in the changes in the dust generation rate in schemes 1, 2, and 3 is
the same. The discharge rate begins to rise from 2.5 s, marking the onset of sulfide ore dust
being discharged through the return air shaft. From 3 s onwards, the sulfide ore dust in the
roadway experiences a rapid decrease. The loading operation concludes and transitions
into the transporting operation, resulting in a considerable quantity of sulfide ore dust
settling in the roadway. Simultaneously, a minor fraction of sulfide ore dust is discharged
through the return air shaft. Between 10 and 12 s, the dust generation rate shows a stable
trend. The quantity of sulfide ore dust discharged through the return air shaft increases
significantly compared with the first dust reduction stage.
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3.2. Roadway Air Velocity

The roadway air velocities in schemes 2, 4, and 5 are 1 m/s, 0.5 m/s, and 2 m/s,
respectively, with the loading point being “a” and the dust generation rate being 2 kg/s.
Figure 12 presents the maximum concentration of sulfide ore dust in the roadway at
different times for schemes 2, 4, and 5. Within the initial 0-10 s, the influence of air velocity
remains relatively insignificant. Between 10 and 16 s, the air velocity becomes a significant
factor. Specifically, the peak concentrations are ordered as Cyay, scheme2 > Cinax, schemes >
Cinax, schemea- The duration of the C;sy exceeding the lower limit for explosion concentration
in each scheme is as follows: Tsepemer (4.4 S) > Tschemes (4-0 S) > Tochiemes (3.2 8). This indicates
that a higher air velocity facilitates a more rapid discharge of sulfide dust, whereas a lower
air velocity is more conducive to reducing the peak C;4¢ value.

0.6+ —&— Scheme 2
‘g . —=e— Scheme 4
§0 05+t —a— Scheme 5
a
e
g 04r
5
S 03f
3
E 02
= 4
g
<
s 0.1
=
0.0 : - - - -
0 S 10 15 20 25 30

Time (s)
Figure 12. Maximum dust concentration in roadway at different times for schemes 2, 4, and 5.

The maximum dust concentration in schemes 4 and 5 peaked at 13 s as well. Figure 13
presents the concentration of sulfide ore dust at different heights of the main haulage
roadway at 13 s for scheme 2, 4, and 5. In scheme 4, the peak concentration of sulfide ore
dust is observed at the return air shaft and ore pass, while in scheme 5, it is situated at 19 m.
As the air velocity intensifies, the maximum dust concentration at the top and middle also
rises. This signifies that an increased air velocity aggravates the superposition effect of
sulfide ore dust, resulting in a more concentrated distribution. Within the first 15 m of the
main haulage roadway, varying air velocities have a distinct impact on the distribution of
the sulfide ore dust. Specifically, a slower air velocity prolongs the distribution distance of
the sulfide ore dust and enlarges the settling space for the dust particles.

Figure 14 illustrates the dust discharge rate and the total dust generation rate at
different times for schemes 2, 4, and 5. At an air velocity of 0.5 m/s (scheme 4), the dust
discharge rate is minimal, indicating that sulfide ore dust settles more readily under lower
wind speeds. As the air velocity increases, the impact of the airflow on the sulfide ore
dust discharge becomes more significant, albeit coupled with an augmented dispersal of
airborne sulfide ore dust. The above results indicate that the air velocity has a dual effect
on the dispersion of sulfide ore dust. Therefore, adopting an optimal air velocity is crucial
for effectively reducing dust concentrations.
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Figure 13. The concentration of sulfide ore dust at different heights of the main haulage roadway at
13 s for schemes 2, 4, and 5: (a) scheme 2; (b) scheme 4; (c) scheme 5.
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(a) scheme 2; (b) scheme 4; (c) scheme 5.
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3.3. Dust Source Position

The ore loading positions in schemes 2, 6, 7, and 8 are “a”, “b”, “c”, and “d”, respec-
tively, with the roadway air velocity being 1 m/s and the dust generation rate being 2 kg/s.
The maximum concentration of sulfide ore dust in the roadway at different times for these
schemes is shown in Figure 15. The peak Cyqy reaches 0.47 kg/m? in scheme 2, which is
higher than that of others. The Cy;4y in scheme 6 fluctuates significantly at different times
and has the longest duration above the lower explosive concentration limit. In scheme 6, the
sulfide ore dust is discharged from the return air shaft through the shortest path. Moreover,
due to the disturbance of airflow near the return air shaft, the diffusion movement of the
sulfide ore dust is more intense and disperses in the roadway space for a longer time.

06} —=— Scheme 2
"’E —e— Scheme 6
ED 05} —a— Scheme 7
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e
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g
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Figure 15. Maximum dust concentration at different times for schemes 2, 6, 7, and 8.

Figure 16 shows the concentration of sulfide ore dust at different heights in the main
haulage roadway at 13 s for schemes 2, 6, 7, and 8. In scheme 7, the concentration of sulfide
dust in the top position of the ore pass is significantly greater than that in the middle
and bottom, and the difference in concentration between the top, middle, and bottom
is significant. Furthermore, for scheme 8, the dust concentrations at the top and middle
within the return air shaft are greater than those observed in the ore pass, distinguishing it
from the other schemes.

Figure 17 presents the dust discharge rate and the total dust generation rate at different
times for schemes 2, 6, 7, and 8. When the dust source is closer to the return air shaft, the
dust discharge is timely and the quantity of dust discharge is high for schemes 6 and 7.
Particularly in scheme 6, most of the sulfide ore dust can reach the return air shaft and be
discharged quickly through the return air shaft at the same time as dust generation. For
scheme 8, the dust source in the first dust generation stage is far from the return air shaft.
The sulfide ore dust settles more on the path between the dust source and the return air
shaft, and only a small portion is discharged.

Based on the preceding analysis of sulfide ore dust movement patterns at various times,
3,13 s, and 30 s are chosen to analyze the distribution of sulfide ore dust concentration in
the roadway. These selected times correspond to the onset of dust transportation, the peak
dispersed concentration, and the ultimate dispersed state, respectively. Figure 18 presents
the distribution of sulfide ore dust in the model layout at 3 s. The loading point in scheme
6 is the closest to the return air shaft, and the sulfide ore dust generated is the first to be
discharged through the return air shaft. The sulfide ore dust in scheme 8, which is farther
away from the return air shaft, is only transported to the haulage roadway. The maximum
dust concentration in all schemes is 0.1 kg/m?>, which is below the lower limit of explosive
concentration.
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Figure 16. The concentration of sulfide ore dust at different heights of the main haulage roadway for
schemes 2, 6,7, and 8: (a) scheme 2; (b) scheme 6; (c) scheme 7; (d) scheme 8.
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Figure 18. Distribution of sulfide ore dust in the model layout at 3 s: (a) scheme 2; (b) scheme 6;

(c) scheme 7; (d) scheme 8.

Figure 19 presents the distribution of sulfide ore dust in the model layout at 13 s. At
13 s, the sulfide ore dust is in a highly dispersed state. Most of the dust generated in the first
dust generation stage has been settled and discharged. At this time, the high concentration
of sulfide ore dust is mainly distributed in the ore pass and above the roadway wall.
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Figure 19. Distribution of sulfide ore dust in the model layout at 13 s: (a) scheme 2; (b) scheme 6;

(c) scheme 7; (d) scheme 8.

Figure 20 shows the distribution of sulfide ore dust in the model layout at 30 s. The
concentration of sulfide ore dust in the different schemes is reduced to below the lower limit
of the explosive concentration, and the spatial location of the final distribution of sulfide



Minerals 2024, 14, 523

18 of 22

Particle Mass Concentration
. 5.000 x 10-2

3.750 x 10-2
2.500 x 10-2

1.250 x 10-2

[kg m=3]
Particle Mass Concentration
. 2.500 x 101
1.875 x 101
| 1.250 x 101

6.250 x 102

[kg m=3]

ore dust varies significantly. The ore pass is the location with the major concentration of
sulfide ore dust in the different schemes, which is the essential location for sulfide ore dust
management.
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Figure 20. Distribution of sulfide ore dust in the model layout at 30 s: (a) scheme 2; (b) scheme 6;
(c) scheme 7; (d) scheme 8.

4. Water Curtain Dust Reduction and Dynamic Ventilation

A comprehensive dust reduction scheme is proposed based on the above analysis
of the movement law, aggregation position, and duration of sulfide ore dust settlement.
The water curtain measures are adopted at the dust-generating positions to reduce the
generation of sulfide ore dust from the source. During the migration, diffusion, and
settlement of sulfide ore dust, the air velocity of the roadway should be controlled by
controlling the operation of fans. Dynamic ventilation methods are used to reduce effects
of the disturbance of airflow on the sulfide ore dust and discharge the sulfide ore dust
promptly. According to existing research, the dust reduction efficiency of the water curtain
can reach more than 55%. After adding an appropriate amount of dust suppressant, the
dust reduction efficiency can reach 85.9% [25,26]. In this paper, recycled water is used as
the medium to reduce the generation of sulfide ore dust at the ore loading point and ore
pass. And the dust reduction efficiency is taken as 50%. Based on the above analysis, a
high air velocity is conducive to the timely migration of sulfide ore dust to the return air
shaft, while a low air velocity at the return air shaft can avoid dust accumulation caused by
airflow disturbance. Considering the distance from the roadway entrance to the return air
shaft, the change of airflow from the entrance to the return air shaft has a certain delay.

The optimized dynamic ventilation scheme is shown in Figure 21. The air velocity
from 0 to 7 s is 2 m/s, which can accelerate the migration of sulfide ore dust to the return
air shaft. The air velocity is 0.5 m/s for 8 to 15 s, which can reduce the disturbance of
the airflow and ensure that the sulfide ore dust is steadily discharged. The air velocity
between 16 and 30 s is 2 m/s. The concentration of sulfide ore dust is below the lower limit
of explosion concentration at this time, so the high air velocity is conducive to the rapid
discharge of residual dust.
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Figure 21. Air velocity of dynamic ventilation scheme.

Based on scheme 2, an optimized dust reduction scheme was simulated to verify
the effect. The maximum dust concentration in the roadway is significantly reduced in
the ore loading, transporting, and unloading process, as shown in Figure 22. The time
that the maximum dust concentration is above the lower limit of explosion concentration
is significantly shortened, which only lasted 0.5 s. The maximum dust concentration is
0.116 kg/m3, and the accumulation of sulfide ore dust in the roadway has been significantly
prevented.
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Figure 22. Maximum dust concentration in the roadway at different times.

Figure 23 illustrates the concentration of sulfide ore dust at different heights of the main
haulage roadway at 13 s. Notably, the concentration of sulfide ore dust has significantly
decreased across all height positions. Specifically, the maximum concentration of sulfide
ore dust has diminished from 0.10 kg/m3 to 0.048 kg/m3 and the spatial distribution of
sulfide ore dust along the roadway has narrowed by 4 m. Consequently, the prevention
scheme exhibits an impressive comprehensive dust-reduction effect.
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Figure 23. The concentration of sulfide ore dust at different heights in the main haulage roadway at
13 s: (a) scheme 2; (b) prevention scheme.

Figure 24 presents the dust discharge rate and the total dust generation rate at different
times for scheme 2 and the prevention scheme. In the prevention scheme, the dust gener-
ation rate is reduced in the first dust generation stage and the proportion of sulfide ore
dust discharged through the return air shaft to the generation of dust increases. Therefore,
the amount of dust accumulation in the roadway decreases. This result indicates that the
prevention scheme using water curtain dust reduction and dynamic ventilation can still
effectively reduce the generation and accumulation of sulfide ore dust in the roadway while
reducing the effects of a disturbance in the air velocity on the sulfide ore dust.
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Figure 24. Dust generation rate at different times for scheme 2 and prevention scheme: (a) scheme 2;
(b) Prevention scheme.

5. Conclusions

This paper uses the Fluent software to simulate the migration and dispersion of sulfide
ore dust during the ore loading, transporting, and unloading process. The concentration
distribution of sulfide ore dust in different dust source positions, the dust generation rate,
and the roadway air velocity are explored. Based on the results of the study, targeted dust
control measures were proposed. The main conclusions are as follows:

(1) The dust generation rate at the source determines the concentration of sulfide ore dust
in the roadway. Spatially, the primary accumulation positions of high-concentration
sulfide ore dust are the side walls near the ore loading point, the return air shaft, and
the vicinity of the ore pass. Temporally, the highest sulfide ore dust concentration
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occurs during the ore unloading process in the ore pass. Additionally, with the
increase in the dust generation rate, the duration of the concentration of sulfide ore
dust above the explosion critical value is longer.

(2) The air velocity in the roadway exerts a dual effect on the migration of sulfide ore dust.
On the one hand, a high air velocity facilitates the accelerated discharge of sulfide ore
dust. On the other hand, increased airflow disturbance intensifies the dispersion of
sulfide ore dust. Conversely, when the air velocity is low, it leads to an increase in the
deposition of sulfide ore dust. Therefore, the overall dust reduction’s effectiveness is
optimized by maintaining an appropriate roadway air velocity.

(8) There are notable variations in the migration, settlement, and distribution of sulfide
ore dust at different ore loading points. When the ore loading points are situated far
from the return air shaft, a large quantity of sulfide ore dust settles. The maximum
concentration of sulfide ore dust decreases when the ore loading points are near the
return air shaft. When operating near the ore pass, the maximum dust concentration
increased because of the superposition of the dust generated at the ore loading point
and the ore pass.

(4) The comprehensive dust reduction measures of the water curtain and dynamic venti-
lation can reduce the concentration in time and space, resulting in a shorter duration
of high-concentration dispersion. Ultimately, the risk of explosion is reduced from the
perspective of sulfide ore dust dispersion.
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