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Abstract

To investigate the influence of dust produced by multi-dust sources at a fully mechanized mining face with a large mining
height on the safety conditions in a coal mine, the No. 22305 fully mechanized mining face of the Bulianta coal mine was
considered as the research object in this study, and the space—time evolution of dust was analyzed with computational fluid
dynamics (CFD). The wind flow simulation results show that the distribution law of wind flow is mainly affected by the
structure of the roadway, and the speed and direction of the wind flow change greatly while passing by corners and through
large-scale equipment. The dust generation and pollution diffusion laws with respect to time and space were investigated
based on simulations of dust production due to 5-s, 30-s, and 60-s coal cutting, continuous coal cutting, and hydraulic sup-
port shifting. The space—time evolution law under different dust-producing times shows the transportation and diffusion
procedure of dust under the wind flow; the dust-generated via coal mining and shifting were superposed on the downwind
side and a 36-m-long dust belt was formed, which filled the coal mining space; the dust concentration in the breathing zone
120 m downwind the front drum had a dust concentration higher than 1700 mg/m?, this was the crucial dust-proof area, and
effective dust reduction methods should be addressed.

Keywords Coal mine environment - Fully mechanized mining face - Wind flow - Dust pollution - Dust space—time
evolution law - Numerical simulation

Introduction million people die from various occupational diseases each

year, which is equivalent to an average of more than 5500

Occupational health problems in industrial production envi-
ronments have received attention worldwide. According to
the International Labor Organization, approximately 2.02
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deaths per day (Elisaveta et al., 2010). In China, there have
been nearly 1 million people diagnosed with occupational
diseases, and more than 90% of these are occupational pneu-
moconiosis patients (Peng et al., 2019). There are approxi-
mately 30,000 new occupational disease cases in China each
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year (Fig. 1), 80% of which are linked to coal mine-related
work (Cheng et al., 2016; Su et al., 2021; Lu et al., 2009).
China’s 7662 coal mines had provided approximately 3.5 bil-
lion tons of coal to the end of 2017 (Liu et al., 2019; Zhang
et al., 2018a). Owing to the rapid development in the field
of coal mine production and support equipment, the number
of fully mechanized mining faces with large mining height
has been increasing (Chen et al., 2018). The dust concentra-
tion would be as high as the point which was from 3000 to
5000 mg/m> measured in working places underground coal
mine, if sufficient and effective dust-suppression methods
were not employed (Xie et al., 2010; Acton et al., 2011).
The ultra-high dust concentration in the workplace can bring
about outstanding occupational disease issues among work-
ers (Zhang et al., 2014). In addition, a large amount of dust
can damage equipment and cause malfunction. Workers
who work in high dust concentrations for long periods of
time are vulnerable to pneumoconiosis and eventually death.
Scholars and researchers mainly used theoretical research,
building a scaled-down actual model, field measurement,
and numerical simulation to study the features of multi-dust
pollution and diffusion laws in coal mine (Chen et al., 2018).
For instance, Xu et al. (2014) performed numerical simula-
tions and field measurements to obtain the characteristics of
a coal mine ventilation system and to study the movement
patterns of dust production due to coal cutting and hydrau-
lic support shifting. Pang et al. (2017) and Xu et al. (2018)
analyzed the measured of the dust concentrations of a fully
mechanized mining face in a coal mine to determine the
distribution range and quality of respirable dust and total
dust. They proved that the both coal cutting and hydraulic
support shifting are the most important dust sources in the
underground. Sun et al. (2018) investigated the disturbance
intensity and effect of gas turbulence in coal mines on dust
diffusion. According to the comparative analysis, the tur-
bulent wind flow generated by the interaction between coal
cutting and original ventilation system is the most significant

Fig.1 New cases of occupa-
tional diseases in recent years
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factor affecting the dust distribution. Gémez and Milioli
(2003) conducted a two-dimensional riser numerical simu-
lation research and verified the numerical simulation results
through specific experiments. Many studies and researches
have fully proved the reliability of numerical simulations
for this case. It can not only accurately calculate the flow
field distribution and particle diffusion laws by simulating
the motion state of wind flow and solid particles, but also
can save a lot of manpower and material resources under
the condition of ensuring data reliability (Krawczyk, 2020;
Wang et al., 2018). Therefore, numerical simulations are
widely used in the fields of fluid dynamics, rock mechanics,
and thermodynamics.

Scholars worldwide have determined the characteris-
tics of and mitigation methods for dust pollution in coal
mines (Chang et al., 2020; Seaman et al., 2020). Yao et al.
(2015) used a gas-phase multiphase flow mathematical
model to simulate dust diffusion and analyzed optimal dust
exhausting wind speed of steeply inclined fully mechanized
mining face. Ansart et al. (2009) developed a numerical
simulation method to investigate the distribution law of coal
mine dust. Zhou et al. (2016) analyzed the impact of wind
flow on the respirable dust migration law at a 5.6 m high
at a fully mechanized mining face. However, the applied
physical models are too simplified (Zhou et al., 2017), they
usually only include mining sections, simplified internal
coal mining machines, and hydraulic supports, and ignore
the infiltration of wind and dust due to incomplete models
and production systems. The results of numerical simulation
studies have qualitatively been analyzed, but there were no
detailed, quantitative analyses of the simulation process have
been presented.

According to the conclusions of the paper. (I) Because
coal mine workers usually work at the coal cutter and under
the shifted hydraulic support, the impact of coal cutting
and hydraulic support shifting on the personnel breathing
zone (i.e., the horizontal space in which the human nose
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and mouth usually are, which corresponds to a height of
1.55-1.75 m in the vertical space) during the dust production
was analyzed. (II) The physical model is based on an actual
coal mine environment, the physical model, which included
two main dust sources—coal cutting and hydraulic support
shifting—was composed of four parts: a coal mining area, an
air inlet lane, a return airway, and goaf. In the meantime, the
physical model of research restores the layout of equipment
in the fully mechanized mining face with a large mining
height. (IIT) FLUENT was adopted for the numerical simu-
lation software, while CDF-POST was used for processing
and displaying numerical simulation results Furthermore,
by considering the impacts of the arrangement of the large-
scale support, coal mining, and transfer equipment on the
wind flow, further quantitative analysis of the dust pollu-
tion diffusion law was conducted. (IV) The main objective
of this research is investigating the evolution of coal mine
dust in space and time, performing a specific description
of the complete mining procedure, from dust generation, to
transport, and removal via the roadway.

Model construction and meshing
Mathematical model

CFD simulations are performed to determine the laws of
different flow phenomena to solve fundamental control
equations (Torano et al., 2011). In this research, the fresh wind
flow in the roadway is described as a gas phase, and the dust
particles produced by the two main dust sources (coal cutting
and hydraulic support shifting) are described as the solid
phase. This study used the standard k-e model to simulate the
turbulent continuous phase wind flow in a fully mechanized
coal mining face with large mining height (Cheryl et al.,
2009). By considering the dust particles as discrete phases,
the combination of the k-e-@-kp model was employed to
calculate the wind flow-dust turbulent flow in the two-phase
coal mining space (Kong et al., 2017; Hu et al., 2016).
Specifically, the commonly used Reynolds-averaged
Navier—Stokes method was applied. The time average of
any variable ¢ is defined as follows (Zhang et al., 2018b):

1+At
1

=5 ¢(n)dt ey

1
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where the superscript of ¢ represents the time-aver-
aged value. If the superscript “” represents the pulsation
value, the relationship between the instantaneous value of
the physical quantity ¢, the time average value @, and the
pulsation value ¢ isasfollow:p=p+ ¢, ¢ =0,¢ = ¢,
¢ =0.

The turbulent gas-phase and discrete particle-phase equa-
tions are as follows (Gousseau et al., 2011; Liu et al., 2018b):
Continuous equation of turbulent gas phase:
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where g— gas phase; p— particle phase; p— gas phase den-
sity (kg/m?); a— the volume fraction of gas phase in the control
volume; U— velocity vector (m/s); 1— time (s); i— the indicator
sign of the tensor.

The momentum equation describing the gas phase in the
numerical simulation is as follows (Patel et al., 2017):
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The momentum equation describing the particle phase in
the numerical simulation is as follows (Peirano et al., 2001):
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The temperature equation describing the particle phase in
the numerical simulation is as follows:
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In Egs. (4)—(7), j, I-the indicator sign of the tensor; P, Pp—
the gas phase pressure and particle phase pressure (Pa); f,—
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the drag coefficient along the direction of j; y— the collision
energy dissipation; z-the shear force (N/m?); ¢,— the particle
phase viscosity; 6, ;— the “Kronecker delta” symbol; u— the
viscosity coefficient of the laminar flow (Pa-s); ®— tempera-
ture (K); I'g— the particle temperature transport coefficient.

The turbulence energy equation (i.e., the k equation)
describing the gas phase in the numerical simulation is as
follows:
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The turbulence dissipation rate (i.e., the £ equation)

describing the gas phase in the numerical simulation is as
follows (Pontiggia et al., 2009):
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The viscosity of the gas phase turbulent flow in the
Eq. (2) due to turbulent flow is closed by the k, model of
the gas phase and the turbulent flow of the particle phase is
k, modeled as follows: k, = %(U'i,sU’m), i.e., the velocity
pulsation energy of the particle caused by the turbulence
mechanism (Wang et al., 2018, 2016).

The turbulent energy equation describing the particle
phase in the numerical simulation is as follows (Wang et al.,

2009; Liu et al., 2018a).
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In Eqgs. (8)—(10), e-the dissipation rate of turbulence; k
-the kinetic energy of turbulence; G,-the production term
of turbulent kinetic energy k; z-the shear force; oy, o.-the
turbulence Prandtl number of k equation and € equation; the
empirical constants in the formula are C,=1.44, C,=1.92
C,=0.85C,=0.09.

After being closed by the above model, it should be men-
tioned that the model neglects the impact of solid turbulence
on the particle temperature equation and gas-particle drag
force in the two-phase flow in the three-dimensional turbu-
lence space (Nie et al., 2017; Widiatmojo et al., 2015; Cai
et al., 2018).

Dust particles are influenced by different forces in a tur-
bulent flow field (Cundall and Strack, 2008)

di - —, &(Gr) =
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where 74— air velocity (m/s); u — particle velocity (m/s);

F (u — up)— the drag force on partlcle with unit mass (V);
s(p,~p)

Py ~
with unit mass (V); F — virtual mass force (N); F’ »— pres-
sure gradient force (N), E mag— Magnus lift force (N); F,—
saffman lift force (N); F,,.,.— the force of particle colli-

sions (N).

— the sum of the gravity and buoyancy on particle

other

Physical model introduction

Using the No. 22305 fully mechanized mining face of the
Bulianta coal mine as the research object, SolidWorks was
employed to build a full-scale physical model, which com-
prised the material roadway, the coal mining area, goaf,
and the transportation roadway. Figure 2 shows that the
physical model is located in the coordinate system. All
the roadways adopt regular rectangular sections. The coal
mining area was 300.8 m X 8.0 m X 6.8 m. The material
roadway was 110.0 m x 6.0 m X 4.3 m. The transportation
roadway was 116.0 mx 5.8 mx4.5 m and the goaf was
300.8 mx 12.0 m X 6.8 m. According to the Bulianta coal
mine operational procedure, we adopted the exact geologi-
cal conditions around the coal mine and the 8- to 15-m
periodic caving span at the working face. It is reasonable
to set the width of the goaf to 12 m. The double-drum
coal cutter performs round-trip coal cutting activities in
the coal mining area; hence, its position is relatively flex-
ible. It is located at 69.5 m on the downwind side of the
air-entrance corner. We also built 150 hydraulic division
supports, 2 advanced supports, 1 scraper conveyor, and 1
set of broken, transfer, and transport equipment according
to the actual situation. This study endeavored to restore
the overall layout of the coal mining system and transpor-
tation system in the fully mechanized mining face with
large mining height, in order to minimize the deviation of
the physical model from the numerical simulation results.

Meshing and grid independence analysis

The physical model was prepared with SolidWorks software
and outputted as a Parasolid(*.x_t) file, which was then
imported into ICEM for meshing. Firstly, in the process of
spatially dividing the calculation area, ICEM was able to
merge the sharp endpoints on the model geometry, and auto-
matically ignore the small model defects. Then, the unstruc-
tured grid was generated. Since the grid quality played a
crucial role in numerical simulation results (Camelli et al.,
2014; Yao et al., 2013), it was of necessity to smooth the ele-
ments and remove the low-quality elements (element quality
is less than 0.4) to improve grid quality.
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Fig.2 Physical model diagram
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In this study, a grid containing 6,439,374 elements was
first generated. The grid independence must be checked
before the formal numerical simulation to avoid discrepancy
in the numerical simulation with the change of grid density
(Wang et al., 2020). Therefore, two other grids containing
8,567,562 elements and 5,047,405 elements were gener-
ated by changing the maximum and minimum element size.
Since wind flow is an important factor affecting dust diffu-
sion, numerical simulations of wind flow were performed to
verify the grid independence for the three grids with differ-
ent number of elements. The elements of three grids were
8,567,562 elements, 6,439,374 elements, and 5,047,405
elements. Figure 3 presents the actual field wind flow meas-
urement data to assess the reliability of the simulated wind
flow. The wind flow measurements were performed with a
TSI-9545 wind meter. The wind flow speed was measured
at 10-m intervals from the air inlet and the measured data of
three measurements were averaged.

Figure 3 shows the evidently different elements number of
the three grids. However, the difference in the elements num-
ber does not affect the wind flow simulation data. Therefore,
the three grids meet the requirements of simulation. Moreo-
ver, the actual measured wind flow data were compared with
the simulation data of the three grids; the relative error bars
were set to+20% of the actual measured data because the
study is a practical engineering problem. The three folding
lines all fall within the error bars of the measured data; most
errors are below 10%, which means that the simulation data
of the three schemes are in good agreement with the actual
measured data.

In summary, the three grids can be used for further simu-
lations. After considering the calculation time and simu-
lation result files size, the grid with 6,439,374 elements
for the numerical simulations was determined finally. The
maximum and minimum elements in the grid were 0.998927
and 0.086538; the overall elements indicate that the high-
quality elements are greater than 98%, which can be used

for the next step of numerical simulation. The grid quality
is shown in Fig. 4. In addition, the number of elements is
shown in Table 1.

Numerical simulations
Parameters for numerical simulations

The main parameters of the numerical simulation were set
according to the basic principles of fluid dynamics and anal-
ysis result of the wind flow and dust data collected at the
production site, as shown in Table 2.

The number of large, mechanized equipment and its com-
plex structure at the 7 m-high fully mechanized mining face
have an evident impact on the wind flow distribution. Fur-
thermore, the wind flow plays an important role in transport-
ing dust in the roadway. The numerical simulation of wind
flow is crucial for numerically simulating the behavior of
dust. Therefore, it was necessary to confirm the convergence
of the wind flow simulation had to be confirmed before
determining the migration law of the discrete-phase dust. In
order to display intuitively the wind flow speed streamline,
dust traces, and dust concentration distribution, the trans-
parent treatment function of CFD-POST was used for the
hydraulic support top beam in the physical model.

Simulation of wind flow in a 7-m-high fully
mechanized mining face

For the purpose of clearly and intuitively display the wind
flow speed and the trend of the wind flow in a fully mecha-
nized mining face, the rainbow column was set to a mini-
mum value of 0 m/s and a maximum value of 2.5 m/s, while
the density of the track is adjusted. Red represents the case
in which the speed exceeded 2.5 m/s.

@ Springer
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Fig.3 Grid independence
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Fig.4 Grid quality

Table 1 The number of elements in the grid

Elements quality range Number of elements Proportion Elements quality = Number of elements Proportion
range

0.0-0.05 16 0.000% 0.50-0.55 478,918 7.437%
0.05-0.10 137 0.002% 0.55-0.60 505,843 7.855%
0.10-0.15 824 0.013% 0.60-0.65 471,534 7.323%
0.15-0.20 3492 0.054% 0.65-0.70 475,938 7.391%
0.20-0.25 11,386 0.177% 0.70-0.75 417,151 6.478%
0.25-0.30 29,139 0.453% 0.75-0.80 428,962 6.662%
0.30-0.35 15,023 0.233% 0.80-0.85 504,874 7.840%
0.35-0.40 25,608 0.398% 0.85-0.90 530,792 8.243%
0.40-0.45 325,049 5.048% 0.90-0.95 1,022,601 15.880%
0.45-0.50 678,569 10.538% 0.95-1.00 513,518 7.975%
Total elements of the grid 6,439,374

@ Springer
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Table2 Parameter setting Project Setting Project Setting

Turbulent model Standard k-& model Material Coal-hv

Inlet airflow velocity 1.4ms! Dust sources Coal cutting/hydrau-

Inlet boundary
Outlet boundary
Particle model
Solution methods

DPM iterative steps of 100
the continuous phase

Under-relaxation factor  0.01

Velocity-inlet
Pressure-outlet
Discrete phase model
SIMPLE

lic support shifting
8.00e —07/7.00e —07
4.30e —06/3.00e — 06
2.00e —04/8.00e — 05
50,000

Rosin—Rammler

Minimum particle diameter (m)
Median particle diameter (m)
Maximum particle diameter (m)
Maximum iterative steps

Diameter distribution

Diffusion parameter 1.13

Figure 5 shows that in the wind direction along the work-
ing surface; the section was regular and unobstructed within
82 m from the material roadway inlet. The inlet wind flow
speed remained at 1.4 m/s without significant change. The
flow velocity increased to values between 1.6 and 2.0 m/s
as it flowed through the single hydraulic support. Due to a
windshield being set at the air-entrance corner, the wind flow
changed obviously as it passed by the corner. Because of the
centrifugal force, the wind flow speed near the outer corner
side exceeded that near the inner corner side. The wind flow
speed increased instantaneously at the air-entrance corner,
exceeding 2.5 m/s, and the maximum wind flow speed was
twice the inlet wind flow speed. At this time, some wind
flow entered the goaf and spiraled forward at 0.5 m/s. The

Velocity
Streamline [m s*-1]
0.00 0.50 150 200 250

1.00

advancing support was 6 m on the windward side of the coal
cutter, and the step distance of the hydraulic support was
0.86 m. After the wind flow had entered the coal mining
area, it mainly accumulated in the haulageway (i.e., the route
through which the coal cutter passed through), and the wind
flow speed was kept at 0.9 m/s. The large, high mining space
allowed the wind to flow through the section sufficiently.
When the wind flow passed through the coal cutter, its speed
increased slightly to values between 1.1 and 1.2 m/s.

The wind flow in the untouched area presented an evi-
dent decrease-increase pattern. The wind flow in the wide
non-advancing support area was relatively stable. How-
ever, because of the blockage of surrounding objects, the
wind speed was slowly reduced, the wind flow speed in the

CHITEEES e

Air-entrance corner

25.000

Fig.5 Wind flow speed streamline diagram

Around the shearer

Air-outlet corner

100.00 (m)
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haulageway gradually decreased to 0.7 m/s, and the wind
flow speed on the sidewalk decreased to 0.3 m/s. Subse-
quently, part of the wind flow in the goaf area 180 m to the
downwind side of the coal cutter re-entered the non-advanc-
ing support area, and the total wind flow speed rose back to
1.4 m/s, which then increased rapidly to above 1.9 m/s at
26 m before the return wind corner.

After the wind flow had entered the return air roadway
through the return wind corner, large equipment such as the
lead bracket, the transfer machine, and the crusher occupied
most of the space of the roadway, so the flow cross section
was narrow, and the wind flow was disordered and main-
tained a speed of more than 2.2 m/s. After the wind passed
through the second lead bracket, the section enlarged, and
there was less equipment, so the wind flow speed decreased
to 1.3 m/s. At this time, the wind flow speed away from the
conveyor-belt side reached 1.6 m/s, slightly higher than that
near the conveyor belt.

According to Figs. 6 and 7, the wind flow from the
bottom plate to the top plate showed a low—high-low dis-
tribution trend. The overall wind flow speed in the haul-
ageway was higher than that in the goaf. The high-speed
wind flow of the air-entrance corner filled the entire ver-
tical space, and the wind flow speed in the middle and
lower parts of the vertical space in the return wind corner
was significantly higher than that in the upper space. The
air leakage of the goaf flowed into the goaf from the air-
entrance corner and advanced spiraling at 0.4 m/s speed.
At the corresponding coal cutter, owing to the lateral
wind flow, part of the sidewalk wind flow leaked into the
goaf, disturbing the wind flow in the goaf. Because of
this high-speed air leakage, the original spirally advanc-
ing wind flow gradually stabilized and remained at
0.5-0.6 m/s, which then dropped to less than 0.3 m/s at
the end of the goaf; finally, the wind began to flow back
to the sidewalk and the haulageway.

According to Figs. 8 and 9, the height of the side-
walk breathing zone was approximately 1.55 m. How-
ever, because of the hydraulic support base with 0.7 m
height and the height of the workers, 2.2--2.4-m height

Fig.6 Wind flow speed cloud
diagram for different height sec-
tions in three-dimensional space

Veloci X
Streamtl:llrl\e )

250 P

»
(=)

() s WOW P N
Sow R
3 3 % %

o
©

Fig. 7 Distribution of wind flow speeds at different heights in the
three-dimensional haulageway

was chosen for analysis. Because the height of the
large mining was 6.8 m, the wind flow trends were
similar in the selected height range. Due to the sud-
den increase in wind flow speed at the air-entrance
corner, the wind flow speed on the sidewalk breathing
zone could reach more than 1.8 m/s and decreased to a
minimum (0.3 m/s) 160 m to the downwind side of the
air-entrance corner. While approaching the return wind
corner, the wind flow began to return with that in the
goaf, and the wind flow speed of the sidewalk breath-
ing zone slowly increased to 0.8 m/s. In the vertical
three-dimensional space, the wind flow speed gradually
decreased as height increased at the same position on
the sidewalk of the mining area.

0.00
[m s?-1]
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Fig.9 Distribution of wind flow speed of the sidewalk breathing zone
in the coal mining area

Numerical simulation of the space-time evolution
law of dust at 7-m-high fully mechanized mining
face

In accordance with the wind flow simulation results, the time
scale was considered transient. Combined with dust particle
distribution and roadway transparency treatment, the effects
of different dust generation durations during mining opera-
tions at a fully mechanized mining face and the space—time

evolution of dust pollution diffusion during continuous
operation were analyzed.

As shown in Fig. 10, during 7=5-25 s, the dust gener-
ated by the rear drum moved close to the coal wall with the
wind flow, and the dust generated by the front drum dif-
fused in a vertical direction; when 7=50 s, dust generated
by the front and rear drums started to overlap, and moved
to the downwind side. At this time, most of the dust was
concentrated between the coal cutter and the coal wall; at
T=100 s, because the wind flow speed within 180 m of the
coal cutter side of the coal cutter was stable at 0.7—-1.0 m/s,
the dust from the front and rear drum gathered into a dust
cloud of 46-m length, with a high concentration at the center
and a lower surrounding concentration. The dust particles
in the front received a high amount of kinetic energy; the
speed exceeded 0.96 m/s. When T=150 s, at 28 m down-
wind of the coal cutter, the dust cloud filled the coal wall to
the sidewalk space, while the center concentration gradu-
ally decreased, and the dust pollution distance gradually
increased. The dust particles moved laterally into the goaf
due to continuous collisions; during 7=200-250 s, during
this time, the dust concentration was below 600 mg/m?, and
the dust particles at the front end of the dust mass were close
to the return wind corner; when 7=300 s, the dust entered
the return air roadway. Because the wind flow speed of the
return airway exceeded 1.2 m/s, the dust at the front began to
exit the roadway. The dust pollution distance was currently
up to 332 m. During 7=300-500 s, the dust in the room
between the coal wall and the sidewalk maintained a speed
of above 0.7 m/s, and continuously went in to the transporta-
tion roadway, accelerating the movement out of the roadway.
The dust continuously migrated to the downwind side with
the wind flow, and the particles and the dust started to flow
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Fig. 10 Laws of dust pollution in the coal mining area.
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back into the haulageway at =400 s. When 7=600-700 s, As shown in Fig. 11, at T=30 s, the front and rear drums
the dust in the goaf completed returning and left the road-  produced the large quantity of the dust, which filled the room
way. When 7> 700 s, a small part of the remaining dust in ~ near the coal cutter and then spread to the sidewalk area.
the goaf was retained in the no-flow corner, and gradually =~ When T=50 s, affected by the lateral wind flow at the rear
settled due to the action of gravity. drum of the coal cutter and the collisions among the dust
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particles, a small amount of dust in the sidewalk leaked into
the goaf from the lower gap of the hydraulic support and dif-
fused into the whole space. During 7=100-150 s, the dust
in the haulageway moved backward with the wind flow, at
a speed of above 0.7 m/s. Due to the continuous expansion
of the dust pollution area, the dust concentration decreased
continuously. When 7=200-300 s, all of the dust in the
haulageway and the sidewalk entered the return airway and
moved out of the roadway. It was observed that the dust
in the goaf began to flow back into the haulageway with
the wind flow. During T=400-700 s, the dust in the goaf
completed returning and left the roadway. When 7> 800 s,
the remaining small amount of dust in the goaf was retained
in the no-flow corner, and gradually settled due to gravity.

As shown in Fig. 12, the dust migration and diffusion
speed were significantly reduced, and the large quantity of
dust particles collided with each other, which affected their
migration tracks along with the wind flow. Thus, a great
quantity of dust particles remained in the coal mining area
and impacted the environment. When 7=60 s, the coal dust
from the front and rear of the coal cutter filled the space
between the coal wall to the sidewalk and diffused into the
goaf from the lower gap of the hydraulic support, affected
by the lateral wind flow at the rear drum with a speed of
0.8 m/s. When T=100 s, the dust moved down to the wind
side, and the concentration of the central decreased rapidly.
Affected by the spiral leakage of 0.4 m/s, the dust in the goaf
first adhered to the wall and then gradually diffused on the
cross section of the whole goaf due to the interaction of dust
particles; When T=200-500 s, the dust entered the return
airway and started to exit the roadway. At this time, the con-
centration of dust decreased due to the large distribution
range. When 7=700 s, most of the dust in the haulageway
and sidewalk had been removed from the roadway. The dust
in the goaf began to flow back with the wind flow into the
haulageway with the wind flow. During 7=700-900 s, the
dust in the goaf completed returning and left the roadway;
when 7> 900 s, the remaining small amount of dust in the
goaf was retained in the no-flow corner, and gradually set-
tled due to gravity.

As shown in Fig. 13 that, when T=10 s, the rear drum
dust moved backward, and the front drum dust spread rap-
idly and vertically. The hydraulic support began to move as
the hydraulic support top-beam left the top plate, and a small
amount of dust immediately leaked into the mining area
along the gap. When T=30 s, two to three sets of hydraulic
supports began to enter the shifting state. The phenomenon
of dust falling along the coal block caused the moving dust
to spread vertically, and some other dust spread to the wind
side with the wind. The coal-cutting dust quickly filled the
coal mining space in both horizontal and vertical directions.
When T=50 s, a small amount of moving dust entered the
goaf, and other dust was mixed with the coal-cutting dust

and transported to the downwind side in the haulageway.
Owing to the high concentration of dust accumulation on the
floor of the roadway, the dust concentration distribution from
the top plate to the bottom plate in the three-dimensional
space of the coal mining area was high-low—high. When
T=100 s, the dust generated by the hydraulic support shift-
ing and coal cutting was affected by the lateral wind flow on
the coal cutter side, and entered the goaf. The dust concen-
tration in the goaf increased rapidly. The concentration at
134 m downwind the coal mining machine remained high.
When T=200-300 s, the dust concentration at the front end
gradually decreased with increased pollution diffusion range,
while dust accumulation still existed on the roadway floor
and at the top of the hydraulic support. When T=400 s, the
dust in the haulageway and sidewalk entered the return air-
way. The working face was basically filled with dust, which
spread in the whole space of the coal mining area, and the
dust concentration of the machine tunnel reached its maxi-
mum and remained stable. When 7'=500-600 s, during this
time, it can be clearly observed that the dust in the coal
mining area was close to saturation. The dust concentration
tends to be stable, and the dust concentration in the goaf was
in a higher range. The side description shows that the wind
speed of air leakage in the goaf was small, and the path of
the same air flow was much longer than the air flow inside
the machine tunnel. When 7=700 s, the entire coal min-
ing area and the goaf have almost reached the equilibrium
state of dust concentration, and the goaf has been filled with
dust. When =800 s, the dust concentration in the coal min-
ing area remains dynamic and stable. The amount of dust
entering the goaf and the dust concentration returning to
the coal mining area and transportation lane with the wind
have also reached a stable state, and the dust concentration
in the transportation lane remains at 1200 mg/m>®. When
T>900 s, the dust generated by coal cutting, hydraulic sup-
port shifting, and the dust returned in the return airway were
dynamically stable. The dust concentration was at a higher
level in the roadway.

Figures 13 and 14 show that the dust from the coal cut-
ting and hydraulic support shifting was superimposed at
the back of the coal cutter and formed a dust cluster more
than 2850 mg/m?>. The dust concentration in the local area
of the sidewalk was close to 3700 mg/m3, which was the
most important dust-proof area in the whole mining pro-
cess. The area 0-122 m of the downwind sidewalk of
the advancing support had a dust concentration of more
than 1200 mg/m>. Because the wind flow speed remained
at 0.4-0.8 m/s at the height of the sidewalk breathing
zone, sedimentation along the dust after 122 m was not
apparent.

Figures 13 to 15 show that the dust concentration in most
places in the haulageway and sidewalk exceeded 1000 mg/
m?. The blue line of the 0-—18-m range on the downwind
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Fig. 11 Laws of dust pollution Particle Mass Concentration
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side of the advancing support was higher than the red line

where coal cutting happens, and the dust directly entered the
because the support was closer to the sidewalk than the place

height of the sidewalk breathing zone; at 18-51 m, based on
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Fig. 12 Laws of dust pollution Particle Mass Concentration
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the original dust produced by hydraulic support shifting, the  rises to above 3000 mg/m®. Behind 51 m, the dust in the
horizontal wind flow at the machine brings the coal cutting  sidewalk diffused to the goaf, and the dust concentration
dust into the sidewalk, and the dust concentration instantly ~ decreased significantly. In the haulageway, a large amount
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of dust produced by coal cutting continuously moved back- Field measurements

ward, resulting in the dust concentration decreasing slower

than that in the sidewalk. In general, the dust concentration
in the sidewalk and the haulageway showed a trend of sud-
den rise and gradual fall.

@ Springer

To assess the reliability of the numerical simulation
results, the actual dust concentration at the No. 22305
fully mechanized mining face in the Bulianta coal mine
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was measured. As shown in Fig. 16, the dust sample was
collected using an AKFC-92A mine dust sampler, and the
dust concentration was measured. The arrangement of
the measuring points was as follows: the dust concentra-
tion was measured at 10-m intervals from the advancing
support. Each point was measured three times with the
arithmetic average value of the three used as the measured
result.

Through the comparisons shown in Table 3, we can see
that during continuous coal cutting and hydraulic sup-
port shifting; differences were observed in the patterns of

dust production: (i) the difference in dust concentration
between the dust produced by hydraulic support shift-
ing and coal cutting was substantial; (ii) coal cutting and
shifting at the front and rear of the coal cutter makes
the dust concentration increase fast. The dust concen-
tration within 37 m in front of the sidewalk in the coal
mining area was kept in a relatively high range. Through
the simulated and the on-site measured data, the maxi-
mum dust concentration was close to 4000 mg/m* when
no dust-proofing measures were used. The variation in
trends for the actual measured data and the numerical
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Fig. 16 AKFC-92A dust meas-
uring instrument
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Table 3 Comparison of numerical simulations and actual measurements of dust concentrations in the sidewalk breathing zone

Measuring points 0 10 20 30 40 50 60 70 80 90 100 110
Simulation results (mg/m®) 1195 1921 2383 3621 3322 2866 2256 2326 1933 1565 1437 1573
Measurement data (mg/m®) 991 2227 3008 3929 3478 2961 2455 2039 1858 1422 1391 1354
Error (%) 20.6 13.7 20.8 4.5 7.8 3.2 8.1 14.1 4.0 10.1 33 16.2

Measuring points 120 130 140 150 160 170 180 190 200 210 220 230
Simulation results (mg/m®) 1337 1150 1249 1002 979 902 847 657 7179 801 709 852
Measurement data (mg/m?) 1475 1359 1399 1261 1106 1158 939 754 845 894 936 980
Error (%) 9.4 15.4 10.7 20.5 11.5 22.1 9.8 12.9 7.8 10.4 24.3 13.1
Measuring points 240 250 260 270 280 290 300 310 320 330 340
Simulation results (mg/m®) 970 1068 955 902 850 810 769 717 703 684 697
Measurement data (mg/m?) 1049 1308 1075 981 734 711 689 687 563 607 610
Error (%) 15 18.3 11.2 8.1 15.8 13.9 11.6 4.4 24.9 12.7 14.3

simulation results were basically the same. The relative
error between the actual measured data and the numerical
simulation results was 3.3 to 24.9%; most relative errors
were approximately 10%. The existence of errors may be
caused by two factors. First, a physical model was con-
structed that should imitate the real conditions as well
as possible; nevertheless, inevitable, small deviations
resulted in differences between the numerical simulation
results and actual field measurements. Second, the com-
plex environment of the fully mechanized mining face
with the large mining height can result in small errors in
the actual measurement process. Overall, the error analy-
sis results are acceptable; this proves the validity of the
numerical simulation results.

Conclusions
(i) This research established a physical model of a
7-m-high, fully mechanized mining face that that imitates

the actual on-site. Furthermore, the comparison between
the numerical simulations and the measured data showed

@ Springer

that the simulation results are basically consistent with the
actual conditions at the coal mine site. Thus, the results
can be used as guidance for preventing dust formations
in mines.

(i1) The simulation identified three apparent changes of
wind flow in the 7-m-high, fully mechanized mining face:
at the air-entrance corner, parallel to the coal cutter posi-
tion, and at the return wind corner. Air leakage was mainly
concentrated 10 m downwind of the air-entrance corner and
in the gap of the advancing support. The wind flow speed
in the haulageway was higher than that in the sidewalk. The
wind flow speed at the height of the sidewalk breathing zone
was 0.19-2.08 m/s, which decreased first and then increased.

(iii) Based on the simulations of dust production by coal
cutting for 5 s, 30 s, and 60 s, continuous coal cutting and
hydraulic support shifting, the dust generation, and pollu-
tion diffusion laws were investigated from the perspectives
of time and space. According to the simulation results, the
dust generated by coal cutting and shifting formed a dust
cloud with a concentration above 2850 mg/m? on the down-
wind side of the coal cutter. This was an important dust
source that caused serious dust pollution in the breathing
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zone. The breathing zone 0-120 m downwind of the coal
cutter with a dust concentration of more than 1700 mg/m?
must be dust-proof, where effective dust reduction methods
should be implemented.
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