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Abstract

The heading face is one of the zones most severely affected by dust pollution in under-
ground coal mines, and dust control becomes even more challenging during roadway
excavation with continuous miners. To improve dust mitigation in environments character-
ized by intense dust generation, high ventilation demand, and large cross-sectional areas,
this study integrates numerical simulations, laboratory experiments, and field tests to inves-
tigate the physicochemical properties of dust, airflow distribution, dust migration behavior,
and a comprehensive dust control strategy combining airflow regulation, foam suppres-
sion, and dust extraction fan systems. The results show that dust dispersion patterns differ
markedly between the left-side advancement and right-side advancement of the roadway;
however, the wind return side of the continuous miner consistently exhibits the highest
dust concentrations. The most effective purification of dust-laden airflow is achieved when
the dust extraction fan delivers an airflow rate of 500 m3/min and is positioned behind the
continuous miner on the return side. After optimization of foam flow rate and coverage
based on the cutting head structure of the continuous miner, the dust suppression efficiency
reached 78%. With coordinated optimization and on-site implementation of wall-mounted
ducted airflow control, foam suppression, and dust extraction fan systems, the total dust
reduction rate at the heading face reached 95.2%. These measures substantially enhance
dust control effectiveness, improving mine safety and protecting worker health. The result-
ing reduction in dust concentration also improves visibility for underground intelligent
equipment and provides practical guidance for industrial application.

Keywords: dust control; continuous miner; heading face; foam; dust extraction fan

1. Introduction
Mine dust not only poses a serious occupational risk of pneumoconiosis but also

presents a significant explosion hazard [1,2]. Once pneumoconiosis develops, lung lesions
continue to progress, ultimately leading to impaired pulmonary function and even res-
piratory failure [3–5], with a reported mortality rate of up to 22.04% [6,7]. Coal workers’
pneumoconiosis alone accounts for more than 50% of all reported cases. In China, 14 of
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the 24 major coal mine accidents—each causing more than 100 fatalities—were attributed
to dust explosions [8,9]. In addition, high dust concentrations in underground coal mines
reduce visibility, increasing the likelihood of accidents caused by human operational errors
and severely limiting the perception accuracy of unmanned intelligent equipment. There-
fore, effective prevention and control of mine dust are essential for ensuring production
safety and protecting miners’ health.

The heading face in underground coal mines is among the zones most severely affected
by dust pollution. Cutting operations performed by roadheaders on coal and rock generate
substantial quantities of dust, with instantaneous concentrations frequently exceeding
1000 mg/m3 [10]. With the rapid development of tunneling machinery and increasing
demands for higher advance rates, the use of continuous miners equipped with transverse
cutting heads has increased. Compared with axial roadheaders, continuous miners have
significantly larger cutting heads, which enlarge the cutting zone and intensify cutting
activity, thereby further aggravating the difficulty of dust control.

To address dust control at the heading face, several technologies have been developed,
including water mist dust suppression, foam dust suppression, dust extraction using a
dust extraction fan, and ventilation-based control. Water mist dust suppression primarily
relies on two mechanisms: pre-wetting of the cutting zone and capture of suspended dust
particles. However, because both water mist and dust exist as dispersed phases, the collision
probability between them is relatively low, and on-site dust suppression efficiencies are
typically only 40–60% [9,11].

Foam dust suppression technology leverages the advantages of gas–liquid two-phase
foam, including strong adhesion, excellent wetting ability, extensive coverage, and good
continuity. By forming a continuous foam layer over the cutting area via foam jetting, this
method effectively reduces dust dispersion at the source. However, during operation, the
cutting head is embedded in the coal–rock mass and performs high-intensity cutting, which
limits the ability of the foam jet to penetrate and wet the interior of the cutting zone. As a
result, coverage is largely restricted to the surface, and overall dust suppression efficiency
typically ranges from 60% to 80% [12–15]. A dust extraction fan operates by drawing in
dust-laden airflow and purifying it using internal filter screens or water mist. The dust
removal efficiency of the extracted airflow can exceed 95% [16–18]. However, the effective
suction range of a dust extraction fan is limited, and its intake flow rate is often lower
than the incoming airflow in the roadway, leaving a substantial portion of the dust-laden
air unfiltered.

Ventilation-based dust control primarily uses auxiliary facilities such as wall-mounted
air ducts and air curtains to regulate wind velocity distribution. This approach reduces
airflow speed and turbulence intensity at key dust sources such as cutting, crushing, and
loading points, thereby limiting dust diffusion. Moreover, by redirecting airflow, dust-laden
air can be guided toward the inlets of the dust extraction fan or into spray zones, which
enhances the overall effectiveness of dust suppression.

Previous research and technological developments in heading-face dust control have
largely focused on axial roadheader operations. However, compared with roadheader
working faces, continuous miner heading faces are characterized by significantly larger
cross-sectional areas, higher airflow volumes, deeper cutting depths, higher dust generation
rates, and fundamentally different excavation processes. As a result, dust control at
continuous miner faces is considerably more challenging, and the performance of existing
single dust suppression technologies remains unsatisfactory. Owing to the unique operating
conditions at continuous miner working faces, the direct application of technologies that
have proven effective for roadheader operations—such as foam dust suppression, airflow
regulation, and dust extraction fan systems—is no longer sufficient. Achieving high-
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efficiency dust suppression under these conditions requires a comprehensive technological
upgrade; however, relevant systematic studies remain limited.

This study addresses the specific characteristics of continuous miner heading faces. It
investigates airflow distribution in large-section tunneling environments and analyzes the
influence of wall-mounted ventilation duct structures and layout configurations on airflow
behavior. It further examines how dust extraction fan type and spatial arrangement affect
dust extraction performance and develops a foam dust suppression system tailored to the
structural configuration and cutting characteristics of continuous miners. On this basis, a
comprehensive dust control system integrating ventilation regulation, foam suppression,
and fan-assisted dust extraction is established. Field experiments are then carried out
to evaluate the performance of the integrated system, providing practical guidance and
theoretical reference for effective dust control at continuous miner tunneling faces.

2. Materials and Methods
2.1. Research Method

The overall workflow of this study is as follows: on-site measurement of airflow
and dust parameters; numerical analysis of dust dispersion laws at the tunneling face;
construction of a dust extraction fan and foam dust suppression collaborative system;
and on-site implementation and evaluation of the collaborative dust suppression system.
First, fundamental input parameters such as wind speed and dust concentration were
obtained through on-site measurements. Then, based on the spatial layout of the Weiqiang
heading face, a numerical model of airflow and dust migration at the heading face was
established and validated using field measurements. Finally, the simulation results were
used to guide the design of the combination dust suppression system, and comparative
field experiments were conducted to evaluate the dust suppression performance of different
system combinations (Figure 1).

 

Figure 1. Research process and framework.

2.2. Field Conditions of the Continuous Miner Tunneling Face

This study conducted on-site dust suppression experiments in the 3305 auxiliary
transportation roadway and belt roadway of the Weiqiang Coal Mine in Yulin, Shaanxi
Province, as shown in Figure 2. The working face, with a coal seam dip angle close to 0◦,
is a semi-coal–rock roadway. Excavation simultaneously cuts both the coal seam and the
overlying roof rock, providing an ideal basis for comparing the pollution characteristics
and dust suppression effectiveness for coal dust and rock dust. The roadway has a large
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designed cross-section (6.3 m × 3.1 m) and is classified as a low-gas mine, which is favorable
for the combined application of multiple dust suppression techniques. A 12CM15-10D-type
continuous miner (JOY Global, Milwaukee, WI, USA) with a 3.3 m wide cutting head is
used for excavation at the working face. The large cutting area, involving both coal and
roof rock, leads to high generation rates of coal dust and rock dust, creating substantial
challenges for dust control. Therefore, this excavation site provides high research value for
the study of dust control technology.

 
Figure 2. Weiqiang Coal Mine, Yulin City, Shaanxi Province, China.

2.3. Measurement and Analysis of Airflow at the Continuous Miner Excavation Face

To characterize airflow distribution at the excavation face and to provide validation
data for the numerical simulation, airflow velocity was measured using a CFJD5 mine
anemometer (Astar, Shenzhen, China). Nine measurement points, labeled a, b, c, d, e, f, g,
h, and i, were arranged in the auxiliary transportation roadway at a lateral offset of 1 m
from the left sidewall and at distances of 2.5 m, 5 m, 7.5 m, 10 m, 15 m, 20 m, 25 m, 30 m,
and 40 m from the working face, as shown in Figure 3.

 

Figure 3. Wind velocity measurement setup.

2.4. Dust Concentration Measurement

To quantitatively assess dust concentration at the heading face under different cutting
conditions prior to implementation of comprehensive dust control measures, dust sampling
was conducted in accordance with the Technical Specification for Comprehensive Dust Pre-
vention of Continuous Coal Mining Face (MT/T 1189-2020) [19]. Measurement points were
arranged in the 3305 belt roadway and the 3305 auxiliary transportation roadway, 5–10 m
from the operator on the right side. To reduce random error during dust sampling, two
independent measurement campaigns were carried out. The same personnel, equipment
(AKFC-92A mine dust sampler, Zhengzhou Huazhi Technology Co., Ltd., Xi’an, Shaanxi,
China), locations, and procedures were used for both campaigns. The two measurements
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were taken during different shifts, separated by two days. For each location, the final dust
concentration value was calculated as the average of the two measurements. All sampling
was performed during normal cutting operation of the continuous miner. The locations of
the sampling points are shown in Figure 4.

 

Figure 4. Layout of dust concentration measurement points on site.

In both the 3305 belt roadway and the 3305 auxiliary transportation roadway, dust
concentrations were measured at two sampling points: one at the continuous miner opera-
tor’s position and the other 5–10 m away along the right sidewall. At each sampling point,
total dust and respirable dust concentrations were measured separately during cutting
operations, with each measurement lasting 1 min. Because the roadway cross-sectional
width is approximately twice the length of the cutting head, the tunneling face is excavated
in two sequential cutting steps. First, the left side of the face is advanced by 5 m, after
which the machine retracts; then, the right side of the face is advanced by another 5 m.
Accordingly, dust concentration measurements were performed separately during left-side
advancement and right-side advancement of the continuous miner.

2.5. Methods for Measuring the Physicochemical Properties of Dust
2.5.1. Dust Sample Collection

To investigate the physicochemical properties of dust in this coal mine, coal dust and
rock dust samples were collected from the 3305 heading face of the Weiqiang Coal Mine
in Hengshan District, Yulin City, Shaanxi Province. Approximately 30 g of coal dust were
obtained using a membrane filtration and scraping method, with samples taken from the
coal-cutting process of the continuous miner. Similarly, approximately 30 g of rock dust
were collected using the same method, with samples taken from the roof rock cutting
process of the continuous miner, as shown in Figure 5 and Table 1.
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Figure 5. Dust sample pictures and sampling information.

Table 1. Dust sample information.

Sample
Number Type Sampling Method Mass Notes

M-01 Coal dust
Filter membrane

collection & scraping

30 g Continuous mining
machine cuts coal seams

R-01 Rock dust 30 g Continuous mining
machine cuts the roof rock

2.5.2. Particle Size Distribution Measurement

The particle size distribution of dust is critical for assessing dust-related hazards and
for selecting appropriate prevention and control strategies. Previous studies indicate that
dust reduction efficiency is strongly influenced by the absolute difference between droplet
size and coal dust particle size [12]. As coal dust particle size increases, dust suppression
efficiency initially increases and then decreases. Particle size analysis was conducted
using a Malvern Mastersizer 3000 laser particle size analyzer (Malvern Panalytical Ltd.,
Malvern, Worcestershire, UK), with a SCIENTZ-1500F ultrasonic disperser (Jiayuanda
Technology Co., Ltd., Shenzhen, China) and deionized water as the dispersing medium.
Tests were performed in accordance with the national standard GB/T 19077-2016, Particle
Size Analysis—Laser Diffraction Method [20,21]. The instrumental measurement error was
3%. To ensure reliability, each sample was tested three times, and the mean value was used
for data analysis.

2.5.3. Measurement Method of Free Silica Content

To minimize potential experimental errors associated with a single analytical method,
the free silica (SiO2) content in the dust samples was determined using both infrared (IR)
spectroscopy and X-ray diffraction (XRD). The analyses were carried out in accordance
with GBZ/T 192.4-2007 [22], Determination of Free Silica in Workplace Air—Infrared
Spectrophotometry, and GBZ/T 192.5-2007, Determination of Free Silica in Workplace
Air—X-ray Diffraction Method [23]. The instrumental measurement error was 5%. To
ensure reliability, each sample was measured three times, and the mean value of the three
measurements was used for data analysis.
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2.5.4. Hydrophobicity and Hydrophilicity Test

The wettability of the dust samples was evaluated using a KRUSS DSA30 contact
angle analyzer (Krüss GmbH, Hamburg, Germany), following the procedure specified in
GB/T 30693-2014 [24], Measurement of Surface Contact Angle—Sessile Drop Method. The
instrumental measurement error was 5%. To ensure reliability, each sample was measured
three times, and the mean value of the three measurements was used for data analysis.

2.6. Numerical Simulation Setup for Dust Migration Characteristics

Identifying dust dispersion pathways is essential for optimizing the configuration of
wall-mounted ventilation ducts and the placement of the dust extraction fan. Because it
is difficult to directly observe dust migration patterns using experimental methods alone,
numerical simulation was used to analyze the diffusion process of dust at the heading face.

2.6.1. Geometric Model Construction

The dimensions of the roadway and machinery in the geometric model were deter-
mined from the actual size of the heading face. During model construction, the detailed
structures of the continuous miner were appropriately simplified. The geometric model
and associated parameters are shown in Figure 6 and Table 2.

Figure 6. Geometric models.

Table 2. Parameters of each geometric model.

Number Model Name Size (m × m × m)

1 Continuous mining machine 11.05 × 3.3 × 2.1
2 Shuttle cart 8.99 × 3.05 × 1.31
3 Four wall anchor bolt machine 6.4 × 2.7 × 2.5
4 Auxiliary transport tunnel air duct 60 × 0.5 × 0.5
5 Rubber transportation tunnel air duct 60 × 0.5 × 0.5
6 Auxiliary transport tunnel 75 × 5.6 × 3.1
7 Rubber transportation tunnel 75 × 5.5 × 3.1
8 Contact Lane 19.5 × 5.0 × 3.1
9 Dust curtain 5.5 × 3.1

Because the wind velocity is significantly lower than the speed of sound, the airflow
was treated as an incompressible fluid and solved using a pressure-based solver in the CFD
model. The inlet boundary condition at the duct was defined based on the measured airflow
velocity. The simplified geometric model included both the auxiliary and transportation
ducts, with a perimeter of 3.14 m and a cross-sectional area of 0.785 m2. Considering
ventilation requirements and dust suppression effectiveness, the distance between the duct
outlet and the working face was set to 20 m. Based on the actual airflow conditions in
the roadway, the inlet velocity at the simulation boundary was set to 12 m/s. The mesh
generation and computational parameters are shown in Figure 7 and Table 3.
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Figure 7. Numerical Model Grid and Computational Parameters.

Table 3. Continuous phase parameter setting.

Type Parameter

Solver Transient
Gravity Y = −9.81 m/s2

Turbulence model Realizable k-epsilon
Energy Off

Dynamic viscosity 1.7894 × 10−5 kg/m·s
Density 1.225 kg/m3

Temperature 24.8 ◦C
Inflow velocity 12 m/s

Export boundary type Presser-outlet
Turbulence intensity 2.9%
Hydraulic diameter 1 m

Wall shear conditions No slip

2.6.2. Physical Model Setup

Dust particles exhibit distinct size-segregation behavior during motion. Heavier
particles are strongly influenced by gravitational acceleration and undergo continuous
settling during transport, leading to progressive enrichment of fine particles in downstream
sections of the tunnel. To simplify the analysis, the following assumptions were adopted:

(1) Gas is incompressible.
(2) No heat conduction or energy transfer occurs.
(3) Collisions between dust particles are not considered.
(4) Irregularly shaped dust particles are treated as ideal spheres with the same mass.
(5) Particles are simultaneously subjected to gravity and buoyancy, which act in opposite

directions in the fluid.

These assumptions reduce the applicability of the numerical model under conditions
of high turbulence, strong non-uniformity, thermal disturbance, or high dust concentration.
They also do not account for the effects of true particle morphology, surface roughness, or
internal porosity on aerodynamic behavior, nor do they capture the influence of particle
orientation and rotation on predictive accuracy. However, these assumptions ensure that
the model remains computationally efficient and numerically tractable.

The buoyancy acting on a dust particle can be expressed mathematically as [25,26]:

FG =
1
6

πd3
ρ(ρρ − ρg)g (1)

where dρ represents the dust particle diameter (mm); ρρ denotes the particle density
(kg/m3); and ρg indicates the air density (kg/m3).

During fluid motion, non-uniformity in the velocity field alters the forces acting on
particles. When particles are located in regions with a velocity gradient, they are subjected
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to a transverse force that acts from the low-velocity region toward the high-velocity region.
In fluid mechanics, this force is defined as the Saffman lift force, Fs. Its expression is
given by:

FS =
2Kv

1
2 ρdij

ρρdρ(dlkdkl)
1
4
(
→
u −→

u ρ) (2)

where K = 2.594; dij is the fluid deformation rate tensor.
Dust particles experience fluid drag force in the airflow. Assuming steady-state flow

conditions, the expression is given by:

FD = CD
ρg

8
(ug − uρ)

2πd2
p (3)

where CD is the gas drag coefficient; ug is the gas velocity (m/s); uρ is the dust particle
velocity (m/s).

The random force induced by Brownian motion cannot be neglected in the dynamics
of micron-sized particles. When the particle diameter is less than 10 µm, this force, which
arises from molecular collisions, becomes particularly significant. To accurately capture
Brownian effects in numerical simulations, the energy conservation equation must be
enabled. This force term is applicable only under laminar flow conditions. Its expression is:

FBr = ζ

√
πS0

∆t
(4)

where ∆t is the particle time step; S0 is the spectral intensity function; ζ is a Gaussian
random function, expressed as:

F(x) =
1√
2π

∫ x

−∞
e
−

t2

2 dt (5)

Subsequently, to simulate the actual dust concentration distribution in underground
mines, the mass flow rate (Qm) of the injection source is calculated by:

Qm = kqρρug A (6)

where kq is the coefficient representing the ratio of measured concentration to simulated
concentration at the same location; A is the cross-sectional area of the tunnel (m2).

This improved formula offers both operational simplicity and high computational
accuracy and was therefore used in this study to calculate the Qm parameter. To reduce
measurement error and account for dust dispersion along the airflow path, spatial data
from five monitoring points were averaged, yielding kq = 1.2.

Given the stable thermodynamic conditions in the return airway (temperature fluc-
tuations within ±0.5 ◦C) and the negligible effects of resistance loss and heat transfer, the
energy equation was deactivated in the computational model. Multiple monitoring points
were used to collect real-time flow field data, and material properties, boundary conditions,
and other key parameters were configured according to the settings summarized in Table 4.
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Table 4. Discrete phase parameter setting.

Solution Method Setting Parameter

Pressure-velocity coupling SIMPLEC
Gradient discretization format Least Square Cell Based

Momentum discretization format Second Order Upwind
Convergence criterion 0.001

Time step 0.1 s
Particle processing Transient particle trajectory
Turbulence model Follow the fluid time step

Maximum number of calculation steps 5000
Spray type Face spray

Spray start time 10 s
Spray stop time 150 s

Mass flow (kg/s) 0.008
Size distribution Rosin-Rammler

Minimum particle size (m) 5 × 10−6

Maximum particle size (m) 1.5 × 10−4

Median particle size (m) 4.6 × 10−5

Distribution index 1.59
Number of particle sizes 20

2.6.3. Grid Convergence and Model Validation

In order to evaluate the validity and reliability of the model, a comparative analysis
was conducted between the measured wind speed data and the velocity vectors at the
corresponding points in the model’s continuous phase. Three grids with different reso-
lutions were selected for the grid independence analysis (low density: 524,300; medium
density: 1,513,800; high density: 3,295,600). Using the actual air duct wind speed as the
inlet condition, the wind speeds at the measurement points were recorded for each grid.
The simulated wind speeds at the measured wind speed positions a, b, c, d, e, f, g, h, and i
were also obtained. A comparison of the simulated wind speeds for the three grid densities
with the actual wind speed is presented in Figure 8.

Figure 8. Comparison between wind speed calculated using grids of three different densities and
actual wind speed.

The velocity distributions obtained from the three grids exhibit trends consistent with
the measured values, indicating that the model reliably reproduces the attenuation char-
acteristics of airflow in the roadway. However, the low-density grid shows a pronounced
deviation in the 0–15 m region, where the local flow field is characterized by strong turbu-
lence and eddy structures. This discrepancy is primarily attributed to insufficient mesh
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resolution, which limits the model’s ability to capture the complex flow transitions near the
surface. In contrast, the medium-density and high-density grids (red and blue curves) yield
nearly identical velocity distributions beyond 15 m, and the relative error at all monitoring
points remains below 11%. This suggests that refinement beyond the medium-density grid
provides only marginal accuracy gains while substantially increasing computational cost.
Therefore, considering both accuracy and efficiency, the medium-density grid was selected.
In this configuration, a total of 1,513,800 grid elements were generated in the computational
fluid domain.

Subsequently, asensitivityanalysiswasperformedonthreekeyboundaryconditions—turbulence
intensity, hydraulic diameter, and inlet wind speed—to assess the model’s response to variations in
boundary settings and to determine the optimal parameter combination for subsequent simulations,
as shown in the figure below (Figure 9).

 

Figure 9. Sensitivity analysis of key boundary parameters of numerical model.



Atmosphere 2025, 16, 1290 12 of 32

Comparison of turbulence intensities of 4%, 6%, 8%, and 10% shows that increasing
turbulence intensity slightly enlarges the local eddy region in front of the heading face and
at roadway intersections and enhances airflow mixing. However, the overall wind speed
distribution beyond 15 m changes very little, with a maximum wind speed difference of less
than 5%. This indicates that turbulence intensity primarily influences local flow stability
and the recirculation zone near the outlet, while having a limited effect on the global wind
field. Considering both accuracy and stability, a turbulence intensity of 2.9% was adopted
for subsequent simulations. When the hydraulic diameter increases from 0.5 m to 2.0 m, the
jet kinetic energy and diffusion characteristics change significantly. At smaller diameters,
the outlet wind speed is higher, the jet impact is stronger, and pronounced wall-attached
vortices are observed. At larger diameters, the jet kinetic energy decreases and backflow
weakens. The differences above 1.0 m become less pronounced, indicating that the model
is not highly sensitive to this parameter within the range of actual ventilation pipe sizes.
Therefore, 1.0 m was selected to match the measured diameter. When the inlet wind speed
increases from 9 m/s to 12 m/s, the jet penetration depth and airflow uniformity are
significantly improved, and the stagnation zone is reduced. At inlet wind speeds below
9 m/s, airflow decays too rapidly, making it difficult to form a stable mainstream. The
simulation result at 12 m/s shows the highest agreement with the measured wind speed
field and is therefore used as the final boundary condition.

3. Original Airflow and Dust Characteristics at the Heading Face of a
Continuous Miner
3.1. Wind Velocity Distribution Along the Roadway

As shown in Table 5, the airflow velocity in the auxiliary transportation roadway
decreases rapidly within 2.5–7.5 m of the excavation face. Beyond 10 m, the rate of decrease
becomes significantly slower: for every additional 5 m, the velocity drops by no more than
0.3 m/s, with an average reduction of less than 0.15 m/s. In some locations, a slight local
increase in velocity is even observed. Beyond 30 m, the airflow velocity approaches a stable
state, with the average velocity difference between the 30 m and 40 m measurement points
being only 0.01 m/s. These measurements provide reliable input data for both numerical
calculation and model validation.

Table 5. Actual measured wind speed values.

Monitoring
Point Wind Speed Values Obtained from Each Sampling (m/s) Mean (m/s) SD CI

a 3.2 3.6 3.5 3.2 3.3 3.4 3.7 3.2 3.4 3.1 3.34 0.19 3.22–3.46
b 2.5 2.2 2.8 2.6 2.6 2.3 2.9 2.5 2.7 2.3 2.54 0.26 2.38–2.70
c 2.0 1.9 1.5 1.7 1.6 1.8 1.5 1.6 1.8 1.4 1.68 0.20 1.56–1.80
d 0.9 1.2 1.3 1.2 1.1 1.1 1.3 1.1 1.2 1.0 1.14 0.12 1.06–1.22
e 1.0 1.0 0.9 1.1 1.5 1.2 1.1 1.3 1.1 0.9 1.11 0.18 0.99–1.23
f 0.7 0.9 1.2 1.1 1.0 0.9 1.2 1.0 1.1 0.9 1.02 0.15 0.92–1.12
g 0.8 0.9 0.8 0.7 0.9 1.0 1.1 0.8 0.9 1.0 0.89 0.12 0.81–0.97
h 0.6 0.7 0.9 0.5 0.6 0.8 0.9 0.9 0.7 0.9 0.75 0.13 0.65–0.85
i 0.7 0.5 0.6 0.8 0.9 0.6 0.7 0.9 0.8 0.9 0.74 0.14 0.64–0.84

Inlet 11.9 12.2 12.1 11.8 12.1 11.9 12 12.1 12 11.9 12 0.14 11.89–12.11

3.2. Original Dust Concentration at the Continuous Miner Heading Face

The dust concentration measurements are summarized in Tables 6 and 7. The average
total dust concentration for rock dust was 1044 mg/m3, compared with 861 mg/m3 for
coal dust, representing a 21% increase for rock dust. The respirable dust concentration
for rock dust was 27% higher than that for coal dust. This indicates that, under the
same conditions (i.e., using only the original spray dust suppression system), rock cutting
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produces substantially more total dust and fine particulate matter than coal cutting, thereby
posing a greater health risk.

Table 6. Measurement results of dust concentration at monitoring points 1–4 during roof rock cutting.

Dust Measurement Results at Monitoring Point 1

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 785.3 911.4 116.2 141.2
Second measurement 900.1 1223.4 131.1 170.4
Average concentration 842.7 1067.4 123.65 155.8

Dust measurement results at monitoring point 2

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 631.9 791.6 188.4 194.1
Second measurement 801.5 1103.8 201.5 189.2
Average concentration 716.7 947.7 194.95 191.65

Dust measurement results at monitoring point 3

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 1135 1145 285 310
Second measurement 899.7 1217.4 132.3 162.1
Average concentration 1017.35 1181.2 208.65 236.05

Dust measurement results at monitoring point 4

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 1255 1380 310.2 295.3
Second measurement 869.0 1421.8 119.5 163.6
Average concentration 1062 1400.9 214.85 229.45

Table 7. Measurement results of dust concentration at monitoring points 1–4 during coal cutting.

Dust Measurement Results at Monitoring Point 1

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 648.5 717.5 160.1 175.0
Second measurement 859.3 1097.2 152.3 176.5
Average concentration 753.9 907.35 156.2 175.75

Dust measurement results at monitoring point 2

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 510.0 855.1 105.1 200.1
Second measurement 721.3 965.4 99.8 113.4
Average concentration 615.65 910.2 102.4 156.7

Dust measurement results at monitoring point 3

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 597.4 899.7 139.8 158.9
Second measurement 652.4 1053.6 151.4 177.1
Average concentration 624.9 976.65 145.6 168

Dust measurement results at monitoring point 4

Test conditions Total dust concentration (mg/m3) Respiratory dust concentration (mg/m3)
Left-side advancement Right-side advancement Left-side advancement Right-side advancement

First measurement 820.0 995.3 230.2 265.1
Second measurement 911.4 1296.2 102.6 158.7
Average concentration 865.7 1145.75 166.4 211.9

We also observed that dust concentrations were generally higher when the continuous
miner was cutting on the left side of the roadway than on the right side. During left-side
advancement, the cutting zone is confined within the groove, where airflow influence is
limited and dust disperses more slowly. In contrast, during right-side advancement, the
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cutting area is exposed directly to the airflow field, allowing dust to disperse more readily
toward the operator position.

In the auxiliary transportation roadway, the increase in dust concentration during
right-side advancement was more pronounced than in the belt roadway. In addition, dust
concentrations at Sampling Points 3 and 4 in the belt roadway were significantly higher
than those at Sampling Points 1 and 2 in the auxiliary transportation roadway—by 40%
for rock dust and 26% for coal dust. This difference is primarily attributed to the layout of
the ventilation ducts: in the auxiliary transportation roadway, the intake duct is located
on the left side of the roadway, whereas in the belt roadway it is located on the right side.
Consequently, in the auxiliary transportation roadway, high-concentration dust generated
during right-side advancement is more readily transported by the left-sided airflow toward
Sampling Points 1 and 2. In contrast, in the belt roadway, the right-sided airflow partially
dilutes the dust-laden air.

3.3. Physicochemical Properties of Dust
3.3.1. Particle Size Distribution Characteristics of Dust in the Roadway Heading Face

The particle size distribution test results are summarized in Table 8. For the coal dust
sample (M-01), the median particle size D50 is 44.60 µm, with D10 of 11.15 µm, D90 of
112.30 µm, and an average particle size D[4,3] of 35.98 µm. These values indicate that most
particles fall within the coarse respiratory-dust range (10–75 µm), which settle relatively
quickly but may remain airborne long enough to impair visibility and local air quality.
A smaller fraction of <10 µm dust still exists, posing inhalation hazards to the upper
respiratory tract [27–29].

Table 8. Sample particle size distribution.

Sample Number D10 (µm) D50 (µm) D90 (µm) D[4,3] (µm)

M-01 11.15 44.60 112.30 35.98
R-01 1.95 7.75 18.50 6.83

In contrast, the rock dust sample (R-01) is much finer, with D50 of 7.75 µm, D10 of
1.95 µm, D90 of 18.50 µm, and an average particle size D[4,3] of only 6.83 µm. Such fine
particle size leads to a high lung deposition rate and facilitates penetration beyond the
protective barriers of the human respiratory system, posing substantial health risks [29,30].
In addition, particles in the range of 10–75 µm are also considered to be the most explosive
part in the restricted mine environment, and the 50 µm particle size dust explosion is
the most severe, which highlights the dual hazards of fine mineral dust in underground
operations [31–34].

Although large-particle coal dust settles rapidly, it can remain suspended in the work
environment for a certain period, impairing air quality and visibility. By comparison, the
finer particle size of rock dust makes it more easily inhaled and more likely to deposit
in deep regions of the respiratory tract, such as the alveoli. Long-term accumulation can
induce severe pathological changes, including pulmonary fibrosis, thereby threatening the
health of operators.

Regarding dust mitigation, conventional water-spray and foam systems perform effec-
tively on coarse particles (>20 µm) due to efficient collision and agglomeration. However,
their efficiency decreases markedly for ultrafine respirable dust (<10 µm), comprehensive
dust control technology integrating dust reduction, dust suppression and dust removal
is required.
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3.3.2. Free Silica Content in Dust from the Roadway Heading Face

The test results for free silica content are summarized in Table 9. For the coal dust
sample (M-01), the free silica content determined by the infrared method and the XRD
method is 6.2% and 5.8%, respectively, which falls within the low-content range. Neverthe-
less, prolonged exposure to a coal dust environment containing even low concentrations of
free silica can still lead to occupational diseases such as coal worker’s pneumoconiosis and
therefore cannot be overlooked. In contrast, the free SiO2 content in the rock dust sample
(R-01) is substantially higher. The values measured by the infrared method and the XRD
method are 32.7% and 33.1%, respectively, indicating a high level of occupational health
risk. Long-term exposure to such dust may result in severe health outcomes, including
silicosis [35,36].

Table 9. Free silica content in the sample.

Sample Number Test Method Free SiO2 (%)

M-01 Infrared spectrum 6.2
M-01 XRD 5.8
R-01 Infrared spectrum 32.7
R-01 XRD 33.1

3.3.3. Hydrophobicity and Hydrophilicity Analysis of Dust in the Roadway Heading Face

The surface wettability of dust is a key factor determining foam film stability and
dust capture efficiency during foam dust suppression. In general, the more hydrophobic
the coal dust is, the lower the efficiency of foam dust suppression. The contact angle
test results are summarized in Table 10. The coal dust sample (M-01) exhibits a contact
angle of 108.7◦, indicating strong hydrophobicity. Such dust is not easily wetted by water
mist, tends to remain airborne, and readily disperses throughout the roadway, thereby
increasing the difficulty of dust control. In wet dust removal processes such as spray dust
suppression, ordinary water mist is ineffective at capturing highly hydrophobic coal dust.
As a result, dust removal efficiency is low and repeated treatment is required, increasing
labor and resource cost. In contrast, the rock dust sample (R-01) has a contact angle of
68.4◦, indicating hydrophilicity. This type of dust can be more effectively captured by wet
dust removal measures, which helps reduce airborne dust concentrations in the working
environment [37,38].

Table 10. Analysis of sample hydrophilicity and hydrophobicity.

Sample Number Contact Angle (◦) Determination of Hydrophilicity and Hydrophobicity
M-01 108.7 hydrophobicity
R-01 68.4 hydrophilicity

The comparative analysis of physicochemical properties reveals distinct challenges in
controlling coal dust and rock dust at the roadway heading face. Coal dust particles are
relatively coarse, with moderate free silica content but strong hydrophobicity. As a result,
coal dust remains airborne for a limited period but is difficult to wet using conventional
water mist, which reduces the effectiveness of wet suppression techniques. Therefore,
coal dust control should focus on improving wetting performance—for example, through
surfactant-assisted spraying or foam dust suppression—to overcome hydrophobicity and
enhance dust capture efficiency.

In contrast, rock dust is characterized by ultrafine particle sizes, very high free silica
content, and hydrophilic behavior. Its fine particle size increases the likelihood of deep
pulmonary deposition and raises the risk of severe occupational diseases such as silicosis.
Although its hydrophilicity enables effective suppression using conventional wet methods,
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the high toxicity and persistence of respirable rock dust require more stringent protective
measures. Engineering controls such as enhanced ventilation, localized dust extraction,
and real-time monitoring of silica concentrations should be implemented in combination
with wet suppression to reduce health risks.

3.4. Wind Flow Distribution Under Different Working Conditions

Figure 10a,b shows the overall airflow vector fields for left-side advancement and
right-side advancement, respectively. For left-side advancement, when the high-velocity
jet from the duct outlet (peak velocity 12 m/s) impinges on the roadway face, intense
shear flow is generated. Under the combined influence of the confined roadway geometry
and local pressure gradients, the jet undergoes pronounced lateral deflection, gradually
attaches to the roadway wall, and rotates. At 3 m above the floor, where the influence of
the continuous miner and shuttle car is relatively limited, the airflow from the duct can
propagate toward both the return and intake sides with a velocity of approximately 6 m/s.
In this region, partial merging with the incoming jet produces vortical structures. At 2 m
and 1 m above the floor, the airflow is directed mainly toward the return side. A portion of
the stream bypasses the continuous miner through the gap between the machine and the
wall, adheres to the return sidewall, and then converges with the return airflow impinging
on the face near the shuttle car. This interaction generates several small-scale vortices,
which subsequently develop into a larger vortex in front of the shuttle car before gradually
diffusing toward the intake side.

 

Figure 10. Airflow vector fields during left- and right-side advancements.

For right-side advancement, when the continuous miner shifts from the left side to
the right side of the roadway, it obstructs the airflow discharged from the duct. As a result,
the high-velocity jet becomes confined within the roadway space at 3 m above the floor.
After impinging on and reflecting from the roadway face, the airflow undergoes kinetic
energy dissipation and then disperses more uniformly in the space behind the shuttle car.
At 2 m and 1 m above the floor, the airflow emerging from the duct interacts with the flow
leaking through gaps in the miner and with the recirculating flow in front of the machine.
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The collision of these streams generates vortices near the shuttle car on the intake side. On
the return side, after bypassing the continuous miner, the airflow rapidly diffuses toward
the intake side.

After passing through the equipment area, the airflow experiences a sudden expansion
of the roadway cross-section. This expansion causes part of the flow to deflect toward
the intake side, while most of the airflow remains concentrated near the floor. Beyond
30 m from the working face, the airflow gradually diffuses and becomes relatively uniform
across the roadway.

3.5. Dust Migration and Dispersion Patterns Under Different Operating Conditions

Dust particles generated at the excavation face exhibit characteristic migration patterns
driven by the airflow field. Initially, fine particles produced by coal and rock breakage
are entrained and transported downstream by the primary airflow. Owing to roadway
geometry and the presence of mining equipment, local vortex structures form in the flow
field. These vortices partially confine and recirculate dust, while the remaining particles
continue to disperse along the main airflow direction. The dust migration and dispersion
patterns at the working face during left-side advancement and right-side advancement are
shown in Figure 11a,b.

 

Figure 11. Time-Dependent Dust Distribution during Left- and Right-Side Advancements.

From 10 s to 20 s, dust particles are primarily concentrated around the continuous
miner and the shuttle car, with relatively high concentrations near the return sidewall. After
passing the shuttle car, most of the dust gradually shifts from the roadway walls toward the
roadway center. Notably, during right-side advancement, dust migration in the auxiliary
transportation roadway occurs more slowly than during left-side advancement, and dust
generated under right-side advancement tends to accumulate above the shuttle car.

From 30 s to 40 s, during left-side advancement, dust is entrained by airflow from the
duct into the connecting roadway and is mainly distributed near the roadway center in
an approximately conical pattern. In contrast, during right-side advancement, most dust
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remains near the continuous miner and the shuttle car, with only a small fraction reaching
the intersection of the auxiliary transportation roadway and the connecting roadway.

From 50 s to 60 s, under left-side advancement, dust is diverted within the connecting
roadway. Due to the presence of the dust curtain at the outlet of the auxiliary transportation
roadway, airflow in the rear section of the auxiliary transportation roadway is impeded.
As a result, substantially more dust exits through the connecting roadway and the belt
roadway than directly through the auxiliary transportation roadway. Under right-side
advancement, only a small portion of dust is transported into the connecting roadway and
into the rear section of the auxiliary transportation roadway.

From 90 s to 120 s, most dust reaches the roadway intersection. Under right-side
advancement, the amount of dust present in the connecting roadway is higher than under
left-side advancement. The spatial distribution is similar to that observed at 60 s in the
left-side advancement condition, but with fewer particles near the outlet boundary.

The overall dust distribution in the roadway under the two operating conditions is
shown in Figure 11c,d. In both cases, most dust is concentrated in the front section of
the auxiliary transportation roadway, with pronounced accumulation along the auxiliary
transportation roadway walls and around the shuttle car and the continuous miner. In
addition, elevated dust concentrations are observed near the floor in the rear section
of the belt roadway near the outlet. Compared with left-side advancement, right-side
advancement results in greater dust accumulation at the bottom of the connecting roadway
and around the shuttle car and continuous miner.

4. Construction and Effectiveness Verification of the Foam-Dust
Extraction Fan Collaborative Dust Reduction System
4.1. Layout Strategy and Airflow Control for Dust Extraction Fans

The key factors governing the dust suppression efficiency of a dust extraction fan are
primarily the fan airflow volume and its installation position. Based on the results presented
in Sections 3.4 and 3.5, optimal dust reduction is achieved when fans are installed near
the continuous miner and positioned radially at either the midpoint or the return-air side
of the auxiliary transportation roadway. In addition to the onboard fans mounted on the
continuous miner, the placement and airflow capacity of fans in the auxiliary transportation
roadway must therefore be determined with precision. To this end, different airflow
volumes were evaluated at two installation positions (midpoint and return-air side of the
auxiliary transportation roadway) to identify the optimal combination for maximizing
dust suppression.

Five airflow volumes were tested: 100 m3/min, 200 m3/min, 300 m3/min, 400 m3/min,
and 500 m3/min. For intuitive comparison of cross-sectional dust concentration distri-
butions, the fan duct position was defined as X = 0 m, and sampling cross-sections were
established every 2 m in the direction extending downstream from the fan. Each sampling
plane collected 40,000 data points to obtain the average dust concentration, as summarized
in Table 11. The dust extraction fan achieved the highest dust suppression efficiency at an
airflow rate of 500 m3/min, regardless of whether it was positioned at the midpoint of the
roadway or on the return-air side, yielding efficiencies of 70.3% and 69.2%, respectively.
When the airflow rate was below 500 m3/min, the suction capacity was insufficient to
effectively capture dust particles. When the airflow rate exceeded 500 m3/min, the fan size
became impractical for deployment at the tunneling face.
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Table 11. Dust removal effect of dust extraction fans at different installation locations under varying
air volumes.

(a) The Dust Reduction Effect of Different Air Volumes When the Dust Extraction Fan Is Installed in the Middle of the Tunnel

Air Volume
m3/min

Dust Concentration (mg/m3) Dust Reduction Efficiency
X = 2 m X = 4 m X = 6 m X = 8 m X = 10 m Average Value

100 215 222 232 229 226 225.7 25.9%
200 200 199 189 203 201 198.3 35.2%
300 153 141 145 155 148 149.5 50.2%
400 105 101 103 100 104 103.7 66.4%
500 155 148 147 139 146 146.4 52.3%

(b) The Dust Removal Effect of a Dust Extraction Fan Installed on the Return Air Side at Different Air Volumes
Air volume

m3/min
Dust concentration (mg/m3) Dust reduction efficiency

X = 2 m X = 4 m X = 6 m X = 8 m X = 10 m Average value
100 229 220 232 223 227 228.7 25.4%
200 195 192 197 195 196 195.2 36.1%
300 159 151 149 156 158 155.5 49.9%
400 108 112 109 112 104 109.8 64.3%
500 158 146 151 149 145 149.5 51.2%

At the optimal airflow rate of 500 m3/min, the spatial distribution of dust concen-
tration across the tunnel cross-section is shown in Figure 12. When the dust extraction
fan is installed in the middle of the tunnel, dust particles are drawn toward the fan duct
under negative pressure, forming localized high-concentration dust clouds. Both the spa-
tial distribution patterns and the average concentration measurements indicate that this
configuration provides moderate effectiveness in controlling dust in the rear section of the
auxiliary transportation roadway. However, apart from coarse particles that have already
settled on the floor, areas of elevated dust concentration persist near the tunnel center,
indicating that dust capture efficiency is not yet fully optimized. In contrast, when the fan is
positioned on the return air side, the relatively higher airflow velocity near the tunnel center
promotes dust dispersion after partial extraction by the fan duct. Spatial and statistical
analyses show that this arrangement achieves dust suppression performance comparable
to that of the central installation, with no significant difference in overall effectiveness.

 
Figure 12. The optimal dust reduction effect of installing a dust extraction fan in the middle of the
auxiliary transportation roadway or on the return air side.

4.2. Optimization of Dust Extraction Fan Selection and Positioning at the Tunneling Face

The configuration and overall layout of the underground dust removal systems are
shown in Figure 13. In the auxiliary transportation roadway, dust control is implemented
through an integrated approach that combines on-board foam dust suppression technology
with two strategically positioned fans: Fan 1, a ground-installed central extraction unit, and
Fan 2, a machine-mounted auxiliary unit. In the belt roadway, dust mitigation is achieved
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through a coordinated system that couples on-board foam dust suppression technology
with the localized extraction capability of Fan 2.

 
Figure 13. The availability and overall layout of underground dust removal devices.

Field measurements indicate that during bolter operation, a 1.5 m lateral clearance
is maintained on both sides of the roadway, while the shuttle car requires a 3 m lateral
clearance on one side. The dust extraction fan is installed on the floor on the side opposite
the supply air duct, adjacent to the rib, thereby ensuring adequate operational safety
margins. In the optimized configuration, the dust extraction fan is positioned on the floor
opposite the supply duct (near the rib), with its inlet connected to an S-shaped elbow and
then to a negative-pressure duct (diameter: 0.8 m; segment length: 5 m) that extends to
within 5 m of the tunnel face (Figure 14).

The installation of the floor-mounted dust extraction fan (Fan 1) is carried out by
anchoring 3 m rail segments to the roof mesh using adjustable chains along the rib. Con-
secutive rail segments are extended toward the excavation face, maintaining a uniform
elevation, until they reach within 5 m of the face. Pulleys are engaged with the rail grooves
to suspend the negative-pressure ducts (∅0.8 m) using tensioned steel wires, which are
then advanced forward so that the duct inlet can be positioned at the face and secured
with wire fasteners. To enhance dust capture, a 5 m attached wall duct (∅1 m) is installed
at the terminus of the supply duct. In field application, wet cyclonic dust extraction fans
are arranged at distances of 5 m, 32 m, and 59 m from the connecting roadway, and are
advanced in 27 m increments in coordination with tunneling progress (Figure 15).
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Figure 14. On-site investigation of tunnel space during excavation process.

Figure 15. Cont.
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Figure 15. General layout plan of dust extraction fans No. 1 and No. 2 on site.

As shown in Figure 15b, the onboard dust extraction fan (Fan 2) was originally
mounted above the conveyor chute of the continuous miner. However, this configuration
frequently resulted in impacts from falling rock and vibration-induced structural damage
to the chute. To resolve these issues, the collector was relocated to the upper left side of
the miner frame, where welded support brackets and protective guardrails were added to
improve impact resistance and structural stability. In addition, the control switches and
water valves were repositioned near the operator’s cab using custom-mounted brackets,
which significantly improved operational accessibility. To enhance dust control perfor-
mance, a left-oriented elbow was installed at the exhaust outlet to prevent the exhaust jet
from re-entraining dust on the conveyor chute. At the air intake, an attached wall duct
was added to convert the axial flow into a radial discharge pattern, thereby improving
dust capture efficiency near the cutting face. These modifications ensured reliable dust
extraction without interfering with normal mining operations while preserving sufficient
operating space.

4.3. Layout and Optimization of Foam Dust Suppression System

The foam dust suppression system uses the working face water supply (3 MPa) and
compressed air (0.6 MPa) as media sources. The host unit automatically mixes water, foam-
ing agent, and air at predetermined ratios to generate high-performance dust-suppressing
foam. The foam is then delivered through high-pressure hoses to foam injection valve
blocks and finally sprayed via specialized nozzles onto the continuous miner’s cutting
drum, achieving full coverage of the dust source.

To address spatial constraints at the tunneling face and reduce pressure loss, a shock-
resistant integrated foaming system was developed (Figure 16). A new vertical foam
generator (VFG) is integrated into the foam generation chamber, as shown in Figure 17. Key
components of the conventional system—including the traditional jet pump, horizontal
foam generator (HFG), and foam nozzle—were replaced with a cavitating jet pump (CJP),
the VFG, and a 3D-printed nozzle, respectively. Because the cross-sectional area of the VFG
is four times that of the HFG, the pressure loss across the VFG is 22% lower than that across
the HFG, as determined from pressure measurements at the inlets and outlets of the foam
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generators. High-pressure water and compressed air provide the driving energy for the
system. As high-pressure water flows through the CJP, a negative pressure is created at the
inlet of the DSFA line, which entrains the DSFA into the system. Valve 3 regulates the DSFA
flow rate. The DSFA solution mixes with compressed air and is conveyed through a hose
to the foam nozzle, where foam is generated and subsequently applied directly to the dust
source for suppression. When the supplied water and/or air pressure exceeds the required
operating pressure, it can be reduced by partially closing Valves 1 and 2, respectively.
Critical dimensional parameters are summarized in Table 12. The outer shell of the foam
generation chamber is constructed from 06Cr19Ni10 stainless steel with an 8 mm wall
thickness. The integrated unit has compact overall dimensions of 840 × 540 × 700 mm and
delivers a foam output of 85 ± 5 m3/h at 1.5 MPa water pressure and 0.6 MPa air pressure.
The generated foam exhibits an expansion ratio of 35 × (ASTM D1881) [39] and a half-life
greater than 22 min, exceeding the MT/T 240 standard [40] (Table 13). The integrated
75◦ dispersion-angle flat-fan nozzles provide an effective coverage area of 5.2 m2 at a range
of 3 m, ensuring full coverage of the cutting heads.

 

Figure 16. Schematic diagram of foam dust suppression system layout on continuous
mining machine.

 
Figure 17. Structure of upright foaming system.
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Table 12. Operating condition parameters of foam dust suppression system.

Main Tank
Dimensions Water Consumption Air Consumption Foam Expansion Ratio Foam Production Foam Agent

Consumption

840 × 540 × 700 mm 2–3 m3/h 80–120 m3/h >30 times 60–100 m3/h 10 kg/h

Table 13. Foaming device geometric parameters and specific dimensions.

Foaming Device Geometric Parameters Geometric Parameter Dimensions

Jet nozzle inlet diameter d0 20 mm
Jet nozzle contraction angle αn 13◦
Air intake chamber diameter d2 40 mm

Air intake chamber contraction half-angle 20◦
Air intake hole diameter dair 15 mm

Liquid intake chamber inlet diameter 32 mm
Liquid intake chamber contraction half-angle 10◦

Liquid intake hole diameter dw 10 mm
Throat length L 110 mm

Diffusion chamber diffusion angle 7◦
Diffusion chamber outlet diameter d4 54 mm

Swirl bubble generation chamber inner diameter 54 mm
Swirl bubble generation chamber length 186.44 mm

Helix angle γ 126.8◦
Helix number of turns 3

The foam tank is mounted on the left side of the operator’s platform (500 × 500 × 400 mm)
to avoid obstructing the operator’s view and to prevent collision with falling rock debris. An
on-off valve is installed in the cab and connected to the tank via a DN19 high-pressure rubber
hose. The tank outlet is connected to the foam distributor through a DN51 elbow and rubber
hose, and the distributor outlet is connected to four DN25 × 5 m delivery pipes. These pipelines
are routed along the lower part of the continuous miner’s cover plate to the nozzle valve block,
which is welded to the front edge of the cover plate to minimize impact from rock debris.

During field verification of the foam dust suppression system, it was observed that
broken coal slag and dust readily accumulated on the continuous miner’s cover plate in
front of the nozzle valve block, preventing foam from adequately covering the cutting
drum. Operational issues included insufficient foam suction flow and discontinuous
foam coverage on the drum surface. To address these problems, system performance
was improved through structural modifications and parameter adjustments. The specific
optimization measures are as follows:

(1) Nozzle valve block clogging: The position of the nozzle valve block was adjusted to
the front edge of the continuous miner’s cover plate (Figure 18) to prevent coal slag
accumulation from blocking the spray. To quantitatively evaluate the likelihood of
nozzle blockage before and after optimization, the foam system was activated at the
end of each cutting cycle, and the number of blocked nozzles was recorded. A total of
60 cutting cycles were examined for both the pre-optimization and post-optimization
configurations. The blockage rate was calculated as the total number of blocked
nozzles divided by the total number of nozzles over 60 cutting cycles (60 × 8 = 480).
Before optimization, the nozzle blockage rate was 8.96%. After relocating the nozzle
valve block, the blockage rate decreased to 2.92%, representing a 67% reduction.
Following optimization, the effective coverage area within a 3 m range remained
5.2 m2, satisfying the requirement for complete coverage of the cutting head.
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Figure 18. Schematic diagram of improved nozzle valve block position (scale unit in the
figure: centimeters).

(2) Insufficient foam continuity: The foam liquid suction flow in the foam tank was
adjusted to produce a continuous foam layer on the cutting drum surface, thereby
resolving the problem of intermittent spraying.

(3) Pipeline connection and protection: Identification markings were added at the valve
block connections to prevent misconnection of the air and water lines. High-pressure
rubber hoses were standardized to DN specifications to ensure compatibility with
the existing piping system in Weiqiang Mine. The tank wall thickness was increased
to 8 mm (overall size: 50 cm × 50 cm × 40 cm), and a protective cover was installed
over the control valve to reduce the risk of impact damage from falling rock.

(4) Component durability improvement: The hex socket screws on the tank cover were
replaced with hex bolts to prevent thread stripping. A filter screen was installed at
the inlet of the liquid suction pipe, and the foaming agent formulation was modified
to reduce sediment-induced clogging.

(5) Spray parameter optimization: The nozzles were upgraded to conical diffusion noz-
zles (dispersion angle 60–90◦) with integrated self-cleaning filters (≥200 mesh). The
nozzle array was repositioned outward to the front section of the cutting arm (≤0.5 m
from the cutting head), and adjustable pressure plates were added to the bracket to
enable fine adjustment of the spray direction (angle tolerance ≤±3◦).

After optimization, system performance improved significantly: the total dust sup-
pression rate increased from 68% to 78%; cutting tool wetting coverage increased from 70%
to 95%; nozzle clogging was eliminated; and the liquid film remaining after foam rupture
continuously coated the surface for ≥10 s, achieving both pre-wetting of the cutting tools
and sealing of newly generated dust.

4.4. Verification of Cumulative Dust Suppression Effects Between Foam and Dust Extraction Fans

To systematically evaluate the dust suppression performance of different equipment
configurations, comparative experiments were conducted under four conditions: (1) base-
line dust concentration measurement prior to any treatment; (2) combined application of
the foam system and the floor-mounted dust extraction fan; (3) comprehensive deployment
of foam, floor-mounted dust extraction fan, and onboard dust extraction fan; and (4) a con-
trol condition simulating improper installation of the foam + floor-mounted dust extraction
fan combination. The quantified results of these tests are presented in Table 14, demon-
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strating the operational advantages of the optimized equipment synergy in underground
mining environments.

Table 14. Comparison of dust reduction effects of different dust removal equipment combinations.

Location Dust Type Distance from the
Face (m)

Average Value
(mg/m3)

Time Average
Value (mg/m3)

Dust Removal
Efficiency

Belt roadway (Pre-dust removal)
Total dust 5 m 945 118.13
Total dust 15 m 987.5 123.44

Respirable dust 5 m 210 26.25
Respirable dust 15 m 217.5 27.19

Auxiliary transportation roadway
(Pre-dust removal)

Total dust 5 m 820 102.50
Total dust 15 m 805 100.63

Respirable dust 5 m 190 23.75
Respirable dust 15 m 192.5 24.06

Auxiliary transportation roadway
(original system enabled)

Total dust 5 m 523.73 65.47 30.53%
Total dust 15 m 402.51 50.31 34.62%

Respirable dust 5 m 108.43 13.55 30.58%
Respirable dust 15 m 68.08 8.51 33.52%

Belt roadway (original system
enabled)

Total dust 5 m 415.18 51.90 33.56%
Total dust 15 m 570.32 71.29 34.12%

Respirable dust 5 m 100.22 12.53 31.17%
Respirable dust 15 m 120.27 15.03 27.72%

Auxiliary transportation roadway
(foam + floor-mounted dust

extraction fan)

Total dust 5 m 70 8.75 91.5%
Total dust 15 m 57.5 7.19 92.9%

Respirable dust 5 m 30 3.75 84.2%
Respirable dust 15 m 25 3.13 87.0%

Belt roadway (foam +
floor-mounted dust extraction fan)

Total dust 5 m 109.3 13.66 83.56%
Total dust 15 m 159.6 19.95 84.12%

Respirable dust 5 m 69.8 8.73 51.17%
Respirable dust 15 m 70.8 8.85 57.72%

Auxiliary transportation roadway
(foam + on-board + floor-mounted

dust extraction fan)

Total dust 5 m 47.5 5.94 94.2%
Total dust 15 m 50 6.25 93.8%

Respirable dust 5 m 25 3.13 86.8%
Respirable dust 15 m 22.5 2.81 88.3%

Belt roadway (foam + on-board +
floor-mounted dust extraction fan)

Total dust 5 m 45.36 5.67 95.2%
Total dust 15 m 71.1 8.89 92.8%

Respirable dust 5 m 27.09 3.39 87.1%
Respirable dust 15 m 31.54 3.94 85.5%

Auxiliary transportation roadway
(foam + floor-mounted dust

extraction fan) (incorrect
installation)

Total dust 5 m 227.5 28.44 72.3%
Total dust 15 m 192.5 24.06 76.1%

Respirable dust 5 m 70 8.75 63.2%
Respirable dust 15 m 72.5 9.06 62.3%

The data in Table 15 show that, in the auxiliary transportation roadway, the original
system alone achieved dust removal efficiencies of 30% for both total dust and respirable
dust. The foam + floor-mounted dust extraction fan configuration increased the removal
efficiencies to 90% for total dust and 84% for respirable dust, while the foam + onboard dust
extraction fan + floor-mounted dust extraction fan configuration further improved these
values to 93% and 86%, respectively. In the belt roadway, the original system achieved
removal efficiencies of 34% for total dust and 31% for respirable dust. The foam + floor-
mounted dust extraction fan configuration resulted in efficiencies of 84% for total dust
and 51% for respirable dust, whereas the foam + onboard + floor-mounted dust extraction
fan combination achieved 95% and 87%, respectively. These results demonstrate that the
cumulative dust suppression system substantially improves dust reduction performance.
However, improper installation of the floor-mounted dust extraction fan can significantly
reduce effectiveness: field data indicate that total dust removal efficiency dropped from
90% to approximately 72%, and respirable dust removal from 84% to about 62%. This
underscores the critical importance of proper installation (Table 15).
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Table 15. Comparison of the effect of the innovative dust removal technology in this paper with
other technologies.

Measure Total Dust Reduction Efficiency Respirable Dust Reduction Efficiency

Foam dust removal technology 72% 67%

Wet dust removal technology 82%

Nozzles atomization dust removal technology 87.5% 84.2%

The cloud-mist dedust technology 75%~85%

A blowing–spraying synergistic dust collector 90.3%

A self-powered induction spray dust removal system 67.0% 60.8%

A dust reduction technology system based on the
surfactant-magnetized water with strong wettability

and new spray equipment
90.8% 85.3%

Dust suppression scheme in this paper 95% 87%

To further evaluate the technological advancement of the proposed system, its perfor-
mance was compared with both conventional dust control methods—including spray dust
reduction, foam dust removal, and wet dust removal technologies [41–46]—and recently
developed technologies such as cloud dust removal technology and self-powered induction
spray dust removal systems, as summarized in the table. The results show that the dust
extraction fan + foam dust suppression combination achieves substantially higher dust
removal efficiency than either traditional or emerging technologies. In addition, a compari-
son of visibility at the heading face before and after applying the dust extraction fan and
foam dust suppression, as shown in Figure 19, demonstrates a marked improvement in
visual clarity around the continuous miner when the proposed system is in use.

 

Figure 19. Comparison of visibility at the cutting face before and after turning on the dust extraction
fan and foam.

All dust concentration data reported in this study represent instantaneous concen-
trations generated during coal and rock cutting by the continuous miner. In contrast,
both domestic and international Occupational Exposure Limits (OELs) for respirable dust
are defined in terms of time-weighted average (TWA) concentrations, as summarized in
Table 16.
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Table 16. Occupational Exposure Limits (Respirable Dust) for Coal and Rock Dust in China and
the U.S.

Dust Type Country/Organization
Time-Weighted Average Limit

(TWA, mg/m3)
Remarks and Conditions

Coal dust (respirable) China (GBZ 2.1-2019) [47] 2.5 Applicable when free SiO2 content < 10%.

Coal dust (respirable) U.S.–NIOSH [48] 1.0 Recommended exposure limit (measured by
MSHA method).

Coal dust (respirable) U.S.–OSHA [49,50] 2.4 Permissible exposure limit (when coal dust
contains <5% SiO2).

Rock dust (respirable) China (AQ 4203-2008) [51] 5.0/2.5/1.0/0.5/0.2 Corresponding to free SiO2 contents of approx.
5%, 10%, 30%, 50%, and >50%, respectively.

At the Weiqiang Coal Mine, each 24-h period consists of one maintenance shift (8 h)
and two production shifts (8 h each). During each production shift, the continuous miner
completes three tunneling cycles, alternating between the belt roadway and the auxiliary
transportation roadway, with each cycle lasting approximately 40 min. Because little dust
is generated when the miner is idle or not cutting, the time-weighted average (TWA) dust
concentration during production shifts was estimated proportionally based on the active
cutting duration, as shown in the second column from the right in Table 16.

When the foam dust suppression system, onboard dust extraction fan, and floor-
mounted dust extraction fan operated simultaneously, the respirable dust TWA concen-
tration in the belt roadway and the auxiliary transportation roadway ranged from 2.81
to 3.94 mg/m3. Considering that the rock layer thickness to be cut at the Weiqiang 3305
heading face is less than 1 m, whereas the coal seam thickness ranges from 2.2 to 2.4 m,
more than two-thirds of the suspended dust in the roadway is coal dust.

Given that the measured free SiO2 content in coal dust was 5.8–6.2% and that in rock
dust was 32.7–33.1% (Table 4), the post-treatment dust concentrations comply with the
requirements of China (AQ 4203-2008) [51]. However, they still exceed the permissible
exposure limits specified in China (GBZ 2.1-2019) [47], as well as U.S. NIOSH [48] and
U.S. OSHA standards [49,50]. This indicates that further optimization of dust control
technologies is required to meet international occupational health benchmarks.

4.5. Limitations of the Proposed Dust Suppression System

Although the combined use of the onboard dust extraction fan, floor-mounted dust
extraction fan, foam dust suppression system, and attached air duct significantly reduces
dust concentration at the continuous miner working face, the integrated dust suppression
system still requires optimization and adaptation under different roadway advancement
conditions due to the following limitations:

(1) Mobility of the floor-mounted dust extraction fan
The floor-mounted dust extraction fan must be continuously advanced as the roadway

progresses. At present, it is mainly dragged forward by the continuous miner, which is
time-consuming and labor-intensive. The development of a self-propelled floor-mounted
dust extraction fan would greatly improve operational efficiency and convenience.

(2) Spatial constraints for equipment arrangement
When arranging the floor-mounted dust extraction fan, sufficient space must be

reserved for the operation of the continuous miner, shuttle car, and bolter. If the roadway
width is insufficient, the fan cannot be properly installed. In such cases, the air-handling
capacity of the onboard dust extraction fan should be enhanced to compensate.

(3) Protection under unstable roof conditions
During excavation, large rock fragments may fall from unstable roofs and strike the

onboard dust extraction fan, potentially causing structural damage. Therefore, the external
dimensions and protective housing of the onboard dust extraction fan should be designed
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with full consideration of the continuous miner’s geometry and the impact characteristics
of falling rock.

(4) Variation in water quality for dust suppression
The concentration and composition of electrolytes in dust suppression water vary

among mines. To prevent degradation of foam performance due to dissolved salts, the
selected foam suppressant should be evaluated for foaming ability, foam stability, and
wettability when mixed with the site-specific dust suppression water.

(5) Limited coverage of foam spraying
Because of space constraints on nozzle placement, the current foam spray system

can only cover the upper cutting area of the continuous miner’s cutting head. Close
coordination between the foam dust suppression system and the dust extraction fans is
therefore essential to achieve effective overall dust control.

5. Conclusions
(1) This study demonstrates that dust diffusion and migration at the excavation face are

jointly governed by structural alterations caused by cutting and the resulting airflow
dynamics. Flow disturbances generate vortex accumulation zones. During left-side
advancement, dust is more readily dispersed toward the connecting tunnels, whereas
during right-side advancement, dust tends to remain near the equipment, forming
localized high-deposition regions. These observations provide a theoretical basis for
optimizing the spatial layout and configuration of dust control equipment.

(2) By replacing the conventional jet pump, horizontal foam generator, and standard
foam nozzle in the existing foam system with a cavitating jet pump, a vertical foam
generator, and a 3D-printed nozzle, the flow resistance of the foam generation unit
was reduced by 22%. This modification significantly increased foam delivery rate
and effectively prevented nozzle clogging. Consequently, the wetting coverage of the
cutting picks increased from 70% to 85%, and the overall dust suppression efficiency
improved from 68% to 78%.

(3) Based on the coupled influence of the air-supply duct and the dust extraction fans
on the migration of dust-laden airflow at the excavation face, the optimal types and
spatial arrangement of the onboard and floor-mounted dust extraction fans were
determined. The integrated “foam + onboard dust extraction fan + floor-mounted
dust extraction fan” strategy achieved a total dust reduction efficiency exceeding 93%
(peaking at 95.2%), demonstrating superior synergistic performance.

These outcomes markedly enhance dust control effectiveness, thereby improving mine
safety and safeguarding workers’ health. The resulting reduction in dust concentration also
improves visibility for underground intelligent equipment and provides practical guidance
for large-scale industrial application.
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