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Abstract
In order to study the problems of unreasonable airflow distribution and serious dust pollution in a heading surface, an 
experimental platform for forced ventilation and dust removal was built based on the similar principles. Through the similar 
experiment and numerical simulation, the distribution of airflow field in the roadway and the spatial and temporal evolu‑
tion of dust pollution under the conditions of forced ventilation were determined. The airflow field in the roadway can be 
divided into three zones: jet zone, vortex zone and reflux zone. The dust concentration gradually decreases from the head to 
the rear of the roadway. Under the forced ventilation conditions, there is a unilateral accumulation of dust, with higher dust 
concentrations away from the ducts. The position of the equipment has an interception effect on the dust. The maximum 
error between the test value and the simulation result is 12.9%, which verifies the accuracy of the experimental results. The 
research results can provide theoretical guidance for the application of dust removal technology in coal mine.

Keywords Heading surface · Forced ventilation · Airflow field · Dust pollution

1 Introduction

In recent years, the mechanization level of coal mining has 
been greatly improved, and the safe and efficient coal min‑
ing is becoming mature (Ji et al. 2023; Wang et al. 2020; 
Yu et al. 2023). However, high concentration dust, which 
affects the safety of coal mine production and threatens the 
occupational health of coal mine employees for a long time, 
is still very serious (Jiang et al. 2023; Moreno et al. 2019; 
Zheng et al. 2023b).

At present, in addition to individual protection measures, 
coal dust control measures are commonly used at home and 
abroad: coal seam water injection to reduce dust, spray dust 

removal, ventilation dust removal and so on (Nie et al. 2017; 
Yu et al. 2017; Ashish et al. 2022; Han et al. 2023; Zhou 
et al. 2023; Zhu et al. 2023). Coal seam water injection 
reduces dust from the source, but there are problems such 
as water injection difficulty and low dust reduction efficiency 
(Geng et al. 2017; Wang et al. 2023; zhang et al. 2022a, 
b, 2023; Zhou et al. 2022). Spray dust removal requires a 
large amount of water and is not suitable for mines where 
water is scarce, and is prone to environmental pollution and 
nozzle blockage (Hou et al. 2022; Peng et al. 2022; Xiong 
et al. 2021). Ventilation is currently one of the more effective 
ways to remove dust, and a lot of research has been carried 
out at home and abroad. Zhou et al. found that the ventila‑
tion method of long pressure short extraction with the outlet 
of pressure duct 5 m away from the working face had the 
best dust removal effect, and the dust concentration could 
be rapidly reduced to less than 6 mg/m3 (Zhou et al. 2020). 
Chen et al. used fluent software to numerically simulate the 
ventilation and dust removal system of the excavation face of 
rock roadway, and concluded that the average dust removal 
rates under the conditions of installing the wall duct, install‑
ing the dust collector and installing both at the same time 
were 49.4%, 67.1% and 86.2%, respectively (Chen 2018). 
Kurnia used computational fluid dynamics to evaluate a vari‑
ety of strategies to improve dust dispersion generated at the 
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coal face and to ensure a safe level of dust concentration in 
mine tunnels to ensure operator safety (Kurnia et al. 2014). 
Toraño used CFD model to study the dust characteristics 
of the two auxiliary ventilation systems and found that the 
model accurately predicted the airflow and dust character‑
istics of the working face and different roadway sections 
(Toraño et al. 2011).

To sum up, most scholars have used numerical simula‑
tions to study the ventilation and dust removal at a particular 
site coal and rock excavation workface, and relatively few 
studies have carried out experimental research to explore 
the laws. Most of the coal mine heading faces use forced 
ventilation. However, the wind speed of the outlet and the 
distance from the outlet to the excavation face have great 
influence on the dust removal effect of the forced ventilation, 
so it is very important to study the forced ventilation dust 
removal. In this paper, we take the 25212 heading surface of 
Hongliulin Mine as a prototype and conduct an experiment 
by building a simulation test platform for ventilation and 
dust removal of coal mine heading surface, while combin‑
ing numerical simulation technology to study the laws of 
airflow field changes and the spatial and temporal evolution 
of dust pollution. The study can provide guidance for the 
determination of the optimal wind speed of the roadway and 
the optimal distance from the pressure duct to the heading 
face. It can also provide theoretical basis for the installation 
position and opening time of the cyclone ventilation device 
attached to the wall on the mine duct, the air curtain device 
on the tunneling machine, and the automatic purification 
water curtain.

2  Experimental and simulation method

2.1  Establishment of similar experimental platform

2.1.1  Design of experimental platform

The 25212 roadhead in the Hongliulin coal mine in Shaanxi 
Province is used as a prototype, the roadhead is approxi‑
mately 4 m wide and high, and the roadhead is ventilated by 
a press‑in type ventilation method. There are 2 sets of FBD 
No. 8.0/2 × 55 local ventilation fans (1 of which is standby), 
with motor power of 2 × 55 kW, air volume of 680–880  m3/
min, and noise of ≤ 85 dB. The press‑in local ventilation 
fan is placed in the 25213 exiting frame lane, 30 m west of 
25212 bypass. The maximum air supply distance is 3200 m. 
The press‑in ducts are extended to the face of the working 
face through the 25213 outframe lane and the 25212 out‑
frame lane. The anti‑static soft wind pipe with a diameter 
of 1000 mm is used. The press‑in ducts are arranged at the 
top of the right gang of the roadway, and are laid and hung 
according to the regulations. The maximum air volume of 

the working face is 412  m3/min and the air volume of the 
roadway at the fan is 975  m3/min. The site of heading face 
25212 is shown in Fig. 1. The ventilation schematic diagram 
of the working face is shown in Fig. 2.

To ensure the feasibility of the test, the original dimen‑
sions were scaled using the similarity criterion to build the 
experimental platform, using the 25212 heading surface of 
the Hongliulin coal mine in Shaanxi Province as the pro‑
totype. The model was designed according to the reality: 
model = 2: 1, section height of the model was 2 m, width 
was 2 m, and length was 9 m. As the dust generated by 
the heading face tends to stabilize its distribution with the 
increase of movement distance, the length of the model road‑
way is not designed according to the actual type length. The 
distance from the outlet of the air duct to the working face 
is calculated according to the formula (1) of the effective 
range. The cross‑sectional area of the roadway head is 4  m2, 
so the distance from the outlet to the working face should 
be less than 3 m.

where S is the cross‑sectional area and Ls is the distance 
from the air outlet to the head.

The roadway adopts the pressure‑in ventilation mode, 
and the turbine fan with the power of 15 kW provides 
variable frequency air supply. The pressure air duct is 
composed of an acrylic fixed air duct with a diameter 
of 0.4 m and a movable flexible air duct. The outlet is 
equipped with a bidirectional wind speed sensor for min‑
ing. The adjustable distance between the air outlet and 
the driving face is 1–3 m. The dust generation system 
of the device is composed of an aerosol generator, an air 
pump, a gas pipe and a moving mode group. The aerosol 
generator is located at the front end of the roadway and 

(1)Ls ≤ 1.5
√
S

Fig. 1  Site of heading face 25212
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can move on the end face with a moving range of 0–1 m 
and a precision of 1 mm. Airflow speed, dust height, air 
duct distance from the head position and other parameters 
can be adjusted in real‑time visual control console. Tak‑
ing the central position of the end face where the aerosol 
generator is located as the coordinate origin, X direction 
indicates that the tunnel head points to the end of the 
tunnel, Y direction indicates that the tunnel pressure side 
points to the roadheader, and Z direction indicates that the 
tunnel floor points to the roof. The experimental model 
roadway is shown in Fig. 3.

2.1.2  Experimental method

2.1.2.1 Preparation of  experimental materials The coal 
sample used in the experiment was taken from Hongliulin 
Mine in Shaanxi Province, and the fresh lumps of coal were 
taken out from under the mine, sealed with cling film and 
brought to the laboratory. The coal briquettes were put into 
a planetary ball mill for grinding, which was operated at a 
frequency of 50 Hz and the running time is 1 h. To ensure 
uniform dust emission from the dust collector, the coal pow‑
der was put into a drying box at 40 °C for 24 h before the 
experiment. Finally, 0.2 g of coal powder was taken and the 
dust particle size was determined by Malvern particle size 
analyser. The particle size of the dust can be set as a CFD 

Fig. 2  Ventilation diagram of 
working face 25212

Fig. 3  Simulation test platform for ventilation and dust removal of heading surface
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parameter, with a minimum dust diameter of 1  μm and a 
maximum dust diameter of 200 μm. The characteristic parti‑
cle size of coal dust sample is shown in Table 1. The particle 
size distribution curve is shown in Fig. 4. The fitting result 
of Rosin–Rammler function is shown in Fig. 5.

The instrument for measuring dust mass concentra‑
tion is CCZ‑20A dust sampler (Jiangsu Changshu Yushan 
Company), with sampling flow of 20 L/min and working 
noise ≤ 75 dB(A). Polypropylene fiber filter membrane 
(Shandong Weifang Jukai electronic technology company) 
is selected for dust collection, with specifications of 40 mm 
and aperture of 0.8 μm.

2.1.2.2 Pressure ventilation parameters setting There are 
many factors affecting dust concentration of roadway under 
forced ventilation, among which the most important ones 
are wind speed of outlet and distance from outlet to driving 

Table 1  The characteristic particle size of coal dust

Item Characteristic particle size (μm)

D10 D50 D90

Value 13.370 53.680 123.078

Fig. 4  Particle size distribution 
curve of dust

Fig. 5  Fitting result of Rosin–
Rammler function
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face (Hua et  al. 2018). In this paper, the control variable 
method was used to study the changes of dust mass con‑
centration with different wind speed and different distance 
from the pressure duct to the head. Firstly, the distance from 
the pressure air outlet to the head is kept at 2 m, and the air 
speed is set at 0.5, 1.0, 2.0, 3.0 and 4.0 m/s respectively for 
the dust mass concentration, and the optimal air speed is 
selected. Then, under the optimal wind speed, the dust mass 
concentration of 1.0, 1.5, 2.0 and 2.5 m from the pressure 
duct to the driving face was studied. The measuring points 
were arranged at 1, 2, 3, 4 and 5 m from the head, and the 
height of the measuring points was kept at 0.75 m above the 
human breathing zone.

2.1.2.3 Measurement of  dust mass concentration The 
experimental installation uses a TOPAS brand dust genera‑
tor (SAG410) manufactured in Germany. To ensure the uni‑
form and stable dust generation from the aerosol generator, 
the coal dust is dried before each experiment. The operating 
power of the dust generator is controlled by the air flow. The 
power of the dust generator is maintained at 20% and the 
dust generation rate is maintained at 1000 mg/s. The pres‑
sure air duct of the roadway is kept ventilated, and the oper‑
ating platform is used to control the wind speed, the height 
of the aerosol generator and the distance between the outlet 
and the driving face. The dust mass concentration at each 
measuring point was measured by CCZ‑20A dust sampler. 
In order to reduce the random error of the test, the filter 
film was put into a drying box at 100 ℃ for 30 min before 
and after weighing. The filter film before and after the test 

was weighed by an electronic balance, and the dust mass 
concentration at each measuring point was calculated by 
Eq. (2). Each weighing was repeated 3 times and averaged. 
Figure 6 shows the specific procedure.

where, C is the dust concentration at measuring point, mg/
m3; m2 is the mass of the sampled membrane, mg; m1 is the 
mass of the filter membrane before sampling, mg; Q is the 
sampling flow, L/min; t is the sampling time, min.

2.2  Building of CFD model

The diffusion and diffusion process of dust in heading 
face under the action of air flow belongs to the category of 
gas–solid two‑phase flow. Eulerian‑Lagrange method was 
used to calculate and solve the process. Euler method focuses 
on the physical quantity change of particles at every point 
and moment in space, regardless of the motion of individual 
particles. Therefore, the flow is regarded and described as a 
continuous phase in the Euler coordinate system. Lagrange 
method focuses on the study of each particle, describing the 
motion process of particles at any time and the change of 
physical quantity over time. Thus, dust particles are treated 
as discrete phases and described in Lagrangian coordinates 
(Jin et al. 2022; Liu et al. 2019; Nie et al. 2022b). The fol‑
lowing assumptions are made for the model:

(2)C =
m

2
− m

1

Q × t
× 1000

Fig. 6  Diagram of the experimental process. a Pulverized coal preparation b Drying of pulverised coal and filter membranes c Dust sampler 
selection d Alleyway testing e Collection of filter membranes f Measurement of dust concentration
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(1) Air flow is an incompressible fluid.
(2) The interaction between particles and the influence of 

particles on the continuous phase are ignored.
(3) All dust is seen as a sphere.
(4) Energy exchange is not considered.

Dust is subjected to multiple forces during its movement 
(Chhabra 2019). According to Newton's second law, the 
force balance equation of dust is

where g⃗(𝜌p−𝜌)
𝜌p

 is gravity, �⃗F is the additional force, u⃗−u⃗p
𝜏r

 is the 

drag force of the unit particle, and

where �r is the particle relaxation time, u is the airflow veloc‑
ity, up is the dust particle velocity, � is the airflow viscosity, 
ρ is the airflow density, �p is the dust particle density, and d

p
 

is the dust particle diameter. Re is the relative Reynolds 
number, defined as

The additional forces �⃗F include the “virtual mass” force, 
pressure gradient force, thermophoretic force, etc. Based on 
previously published research on dust particles (V.K. Kol‑
lipara 2015), this paper does not consider the existence of 
additional forces.

2.2.1  Establishment of physical model

In order to realize the numerical simulation to reflect the 
effect of the test situation, this paper takes the test roadway 
as the prototype, simplifies the prototype to a certain extent, 
and uses Solidworks software to establish the physical model 
of the test roadway at 1: 1, the model size is 2 m × 2 m × 9 m. 
Since dust is generated from the roadway head in the driv‑
ing process, the roadway head in the model is set as the dust 
emission surface. The parameters used are listed in Table 2, 
and the physical model and grid of the test roadway are 
shown in Fig. 7.

2.2.2  Grid independence test

When computational fluid dynamics is used to simulate air‑
flow field and dust diffusion, the quality of the grid will 
directly affect the efficiency and accuracy of the simula‑
tion, so it is necessary to verify the grid independence of 

(3)
du⃗p

dt
=

u⃗ − u⃗p

𝜏r
+

g⃗
(
𝜌p − 𝜌

)

𝜌p
+ �⃗F

(4)�r =
�pd

2
p

18�

24

CdRe

(5)Re =
𝜌dp

|||
u⃗p − u⃗

|||
𝜇

the physical model. Air flow is the main factor restricting 
dust diffusion law and dust pollution effect. Therefore, wind 
speed distribution along the normal central axis of the road‑
way at the height of human respiratory tract is selected as 
the grid independence verification parameter. ICEM soft‑
ware was used to divide the physical model into unstruc‑
tured grids, and three different numbers of grids (Scheme 1, 
Scheme 2, Scheme 3) with coarse (324, 185 units), medium 
(817, 508 units) and fine (3, 044, 823 units) were gener‑
ated. The quality of the grids was all greater than 0.3. As 
can be seen from Fig. 8, the wind speed reaches the maxi‑
mum at 0.08 m of the heading face, and the wind speed is 
0.97 m/s (coarse grid), 0.71 m/s (medium grid), and 0.66 m/s 
(fine grid) respectively. The wind speed reaches the lowest 
at 0.315 m from the heading face, and the wind speed is 
0.37 m/s (coarse grid), 0.14 m /s (medium grid) and 0.10 m/s 
(fine grid) respectively. The wind speed at 0.3 m to 1.3 m 
from the heading face fluctuates constantly, which may be 
due to the influence of equipment storage in the roadway, 
where there is eddy current and the wind speed is relatively 
chaotic. After 2.76 m from the heading face, the wind speed 
showed a decreasing trend. In contrast, the velocity values of 
coarse grid and fine grid have the largest deviation, and the 
trend of wind velocity curves of medium grid and fine grid 
is roughly the same. For example, compared to a fine grid, at 
the peak of the velocity curve, the relative error of the coarse 
grid is 31.9%, while the error of the medium grid is only 
7.5%. At the valley of the velocity curve, the relative error 
of the coarse grid is 31.4%, and the error of the medium 
grid is only 0.3%. Considering the computer performance 
and computational efficiency, we selected a medium grids 
to carry out follow‑up research.

2.2.3  Boundary conditions and parameter setting

The grid file was imported into Fluent, and the model bound‑
ary and dust parameters in the model tree of the software 
interface were set according to the specific conditions of the 
25212 heading face, as shown in Table 3.

The calculation flow chart includes preprocessing, solve 
and post‑processing, as shown in Fig. 9.

Table 2  Geometrical parameters used in the present model

Properties Value (m)

Length of the roadway 9
Height of the heading face 2
Width of the heading face 2
Diameter of air duct 0.4
Distance from duct to face 1–3
Size of the roadheader 3 × 1.3 × 1
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3  Analysis of ventilation and dust removal 
test and simulation results

3.1  Analysis of test results of pressure ventilation 
dust removal

3.1.1  Variation of dust mass concentration with wind 
speed

In this paper, the experimental results are fitted using Ori‑
gin 2023. The variation law of dust concentration with 
wind speed is shown in Fig.  10. The higher the wind 
speed, the faster the dust concentration decreases. The 
dust mass concentration in the roadway decreases gradu‑
ally from the head to the rear side of the roadway. When 
L < 1.4 m, the dust mass concentration gradually decreases 
with the increase of wind speed, indicating that when the 
wind speed is low, the driving effect of air flow is not 
enough to effectively discharge dust from the roadway, and 
the dust concentration may gradually accumulate. When 

the wind speed increases, the pushing effect of the air flow 
is strengthened, which can carry away the dust more effec‑
tively, so that the dust concentration is gradually reduced. 
When L > 1.4 m, when the wind speed in the roadway is 
too high, the mass concentration of dust at each measuring 
point increases, indicating that when the pressure duct is 
a certain distance from the driving face, the greater the 
wind speed, the dust accumulated on the ground may be 
raised again, resulting in the phenomenon of rising dust 
concentration in the roadway. When the distance between 
the pressure tuyere and the driving face is 1.8 m, the dust 
mass concentration is the lowest when the wind speed is 
2 m/s, about 30 mg/m3. When the distance between the 
air pressure tuyere and the driving face is 2.2 m, the dust 

Fig. 7  Experimental roadway. a Physical model. 1‑Heading face; 2‑Airflow inlet; 3‑Roadheader; 4‑Roadway; 5‑Air duct; 6‑Outlet. b Grid model

Fig. 8  Changes of wind speed along different grid conditions

Table 3  Simulation parameters used in the present model

Name Property Value and parameters

General Solver type Pressure‑based
Gravity 9.81 m/s2

Time Transient
Viscous model k‑epsilon Standard wall treatment
Material (Air) Density 1.225 kg/m3

Viscosity 1.79 ×  10–5 kg/(m s)
Velocity magnitude 20 m/s

Inlet Turbulent intensity 3.07%
Hydraulic diameter 1 m

Outlet Type Outflow
Method SIMPLE

Solution Initialization method Standard
Injection type Surface
Material Coal‑hv
Diameter distribution Rison‑rammler

Discrete phase Min. diameter 1 ×  10–6 m
Max. diameter 2 ×  10–4 m
Mean diameter 6.9 ×  10–5 m
Spread parameter 1.4
Number of diameters 10
Drag law Spherical
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mass concentration is the lowest when the wind speed is 
3 m/s, and the lowest concentration is 130 mg/m3. It shown 
that the increase of wind speed in the compressed venti‑
lation tunnel is not unlimited, and the high wind speed 
may bring about some negative effects, such as excessive 

airflow resistance and increased energy consumption. In 
order to achieve the best dust removal effect and energy 
consumption balance, the wind speed of the forced ven‑
tilation system should be controlled within a suitable 
range. Therefore, from the perspective of minimum dust 

Fig. 9  Flow chart of calculation process
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Fig. 10  Dust mass concentration at different wind speeds. a L = 1 m b L = 1.4 m c L = 1.8 m d L = 2.2 m
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concentration and energy saving, when the wind speed is 
2 m/s and the distance between the pressure tuyere and the 
driving face is 1.8 m, the dust concentration in the road‑
way is minimum, and the parameter setting of the roadway 
is reasonable.

3.1.2  The variation of dust mass concentration 
with distance

The measurement results of dust mass concentration with 
distance were nonlinear fitted, as shown in Fig. 11. When 
the distance from the air outlet to the heading surface is 1 m, 
the dust mass concentration is the highest, up to 510 mg/m3, 
indicating that when the pressure air outlet is too close to the 
heading face, dust tends to accumulate in the roadway and 
the ventilation and dust removal effect is poor. First of all, 
the limited time and space for fresh air to enter the heading 
face will limit the coverage of the airflow, making it impos‑
sible for dust to be effectively carried away from the vicinity 
of the digging face, thus affecting the dust control effect. 
Secondly, the close proximity leads to disturbed airflow and 
the close air supply may result in direct contact between the 
airflow and the surfaces of equipment and tools on the dig‑
ging face, thus creating turbulence or backflow prematurely.

The dust concentration decreases significantly with 
increasing distance from the pressure air outlet to the dig‑
ging face, and the further the distance, the lower the dust 
concentration. However, when the distance between the air 
outlet and the heading face is 1.8 m, the dust mass con‑
centration is the minimum, and when the distance between 
the air outlet and the heading face is 2.2 m, the dust mass 
concentration increases again, because when the distance 
between the air outlet and the heading face is too far, the 
fresh air may be subject to some resistance during the trans‑
mission process, resulting in a slower airflow, and the reduc‑
tion of air volume makes it insufficient to dilute the dust 
mass concentration, resulting in an increase of dust in the 
air. When the distance between the pressure duct and the 
driving face is close, the fresh air can reach the driving face 
quickly and form a strong airflow. In this situation, the air 
supply effect of the pressure duct is good, and the dust can 
be effectively taken away from the vicinity of the driving 
face, thus reducing the dust concentration. Therefore, the 
reasonable choice of the distance between the outlet and 
the heading face is very important to the influence of the 
change of roadway dust concentration. In summary, there 
are optimal values for both wind speed and distance from 
the air outlet to the headway. Considering the lowest dust 

Fig. 11  Dust mass concentration at different distance from pressure duct to heading surface. a V = 0.5 m/s b V = 1 m/s c V = 2 m/s d V = 3 m/s e 
V = 4 m/s
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concentration in the roadway and energy saving, when the 
wind speed is 2 m/s and the distance from the air outlet to 
the heading surface is 1.8 m, the dust concentration in the 
roadway is the lowest and the roadway parameter setting is 
reasonable.

3.2  Analysis of test results of pressure ventilation 
dust removal

From Sect. 3.1, it is concluded that the dust mass concen‑
tration in the roadway is minimum when the wind speed is 
2 m/s and the distance from the air outlet to the headway is 

1.8 m. Therefore, the author used ANSYS‑Fluent software 
to simulate the change of wind flow field and the spatial 
and temporal evolution of dust pollution under this optimal 
working condition, and compared them with the experi‑
mental results. The experimental and numerical simulation 
results are shown in Fig. 12, with a minimum error of 6.5% 
and a maximum error of 12.9% at each measurement point. 
This shows the correctness and validity of the numerical 
simulation results, which can be further analysed.

3.2.1  Variation law of airflow field

The distribution of the wind flow field in the roadway with 
and without the influence of dust is shown in Fig. 13. The 
airflow field in the roadway can be divided into three areas: 
the jet zone, the vortex zone and the reflux zone (Nie et al. 
2022a). The jet zone is the area where the air flows from 
the outlet of the duct to the heading face, the air velocity in 
this area is very high, in the shape of a jet, and has strong 
characteristics of straight‑line movement, which is recorded 
as zone I. Due to the restriction of the confined space of the 
roadway and the influence of the continuity of the wind flow, 
the flow in the opposite direction of the jet soon appears, 
and the wind flow forms a backflow area in the working 
area, which is recorded as zone II. At the same time, due 
to the suction of the jet, there is also a vortex zone at the 
interface between the jet and the return zone, which usually 
has a lower flow velocity and a rotational, spiral or cyclonic 
motion of the air flow, which is recorded as zone III. The 
interaction between the dust field and the airflow field is due 
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Fig. 12  Comparison of dust mass concentration between experimen‑
tal and numerical simulation under optimal working conditions

Fig. 13  Distribution of airflow 
field in roadway. a Dust‑free 
air flow field b Air flow field 
with dust
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to the fact that when there is a large amount of dust in the air, 
the dust particles interact with the airflow, slowing it down 
and changing the direction and distribution of the airflow, 
thus affecting the flow properties and transfer characteristics 
of the airflow. Specifically in the wind flow distribution near 
the location of the wind cylinder is different, with the dust 
impact of the wind flow field here is a vortex, no dust impact 
is a backflow.

The formation of the jet, return and vortex zones in the 
wind flow field takes a certain amount of time and depends 
on various factors such as air velocity and environmental 
conditions. The spatial and temporal evolution of the wind 
flow field in the tunnel is shown in Fig. 14. When the wind 
speed is 2 m/s and the distance from the air outlet to the 
heading face is 1.8 m, the jet zone and the reflux area on the 
side away from the wind pipe are formed at about 10 s, but 
at this time the airflow distribution in the roadway is still 
relatively disorderly, after a period of evolution, the return 
flow area on the side of the pressure duct is formed at about 

40 s, and a more obvious jet zone and return flow area are 
gradually formed in the tunnel at about 50 s, but the vortex 
area is not yet obvious, and when it reaches at 60 s the three 
zones become more obvious and stable. Higher air veloci‑
ties can facilitate the formation of jet zones, while slower 
airflows may take longer to form jet zones. The surround‑
ing environment also has an impact on the formation of jet, 
vortex and reflux zones (Yin et al. 2020). Obstructions, flow 
boundaries or other airflow disturbances in the environment 
may prevent the formation of jet zones and take longer to 
achieve stability.

As L increases, turbulence effects generally become 
more significant. The turbulence energy contour is shown 
in Fig. 15. The velocity vector diagram at the height of the 
human breathing zone is shown in Fig. 16. The contour of 
dust mass concentration at the height of human breathing 
zone is shown in Fig. 17. The contour plot shows the varia‑
tion of turbulent energy at different locations, with regions 
with higher energy usually corresponding to regions with 

Fig. 14  The spatial and temporal evolution of the airflow field in the roadway. a t = 10 s b t = 20 s c t = 30 s d t = 40 s e t = 50 s f t = 60 s
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stronger turbulence. If dust particles are present in these 
high‑energy regions, they may be affected by turbulence 
and accumulate, resulting in unusually high dust concen‑
trations. It can be seen from the contour line that there are 
two eddy currents at the front end of the heading machine, 
and the dust mass concentration in the roadway basically 
decreases gradually from the head of the roadway to the 
back side of the roadway. The dust mass concentration on 
the side away from the pressure duct is significantly higher 
than that on the other side.

3.2.2  Spatial and temporal model of dust pollution

The diffusion of dust concentration in the roadway over time 
is shown in Fig. 18. When the wind speed is low, the dust 
diffusion is slow and mainly concentrated at the front end. 
As time passes, the dust gradually diffused to the rear side of 
the roadheader, and the dust concentration on the rear side 
of the roadway gradually increased and reached stability at 
60 s. This phenomenon shows that the diffusion of the dust 
field is usually shown as the formation of a concentration 

Fig. 15  Turbulence contour at the height of human breathing zone

Fig. 16  Velocity vector diagram at the height of the human breathing zone

Fig. 17  Contour line of dust mass concentration at the height of human breathing zone
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gradient, with dust particles spreading from the initial 
release point to the surrounding area, forming a gradient of 
decreasing concentration. The reason may be that the size of 
different particles influences the diffusion behavior. Larger 
particles usually settling over short distances, while smaller 
particles can be diffused over longer distances by the airflow. 
In addition, the air flow can affect the suspension, trans‑
portation and settling of dust particles in the roadway. The 
turbulence effect in the environment can increase the mixing 
degree between particles and air flow, promote the agglom‑
eration of dust particles and the diffusion of dust particles 
to the rear of the tunneling machine.

According to the changes of dust concentration at dif‑
ferent distances from the head (Fig. 19), it can be seen that 
under the condition of forced ventilation, dust in the roadway 
has unilateral accumulation, and the dust concentration in 
the position far from the air duct is relatively high. The rea‑
son may be that the tunneling machine and other equipment 
in the roadway have the blocking effect, which will block 
the airflow and change its direction. The airflow on the right 
side of the boring machine (away from the air duct side) pro‑
duces higher speed and lower pressure, so that dust particles 
are more likely to accumulate on this side. In addition, the 
properties of dust particles also affect their behavior in the 
air flow. Particles with different characteristics will experi‑
ence different forces in the air flow, resulting in unilateral 
aggregation. Dust diffusion has self‑settling phenomenon. 
The dust concentration at the lower end is higher than that 
at the upper end and gradually diffuses pollution to the upper 

end. The reason is that dust particles themselves will move 
downward under the influence of gravity (Chen et al. 2022).

According to the change of dust concentration at the 
height of human breathing belt (Fig. 20), the dust concen‑
tration gradually decreases from the head to the back end 
of the roadway. The dust concentration is relatively high at 
the position of the tunneling machine, indicating that the 
arrangement and location of equipment and tools in the 
roadway can have an interception effect on the diffusion 
and propagation of dust particles. Therefore, a partition or 
barrier is set up in the roadway to block the airflow and the 
propagation of particulate matter. These obstructions can 
change the direction and speed of the air stream and cause 
particulate matter to accumulate or settle in the area behind 
them. In addition, Fig. 20 also shows that unilateral aggre‑
gation usually occurs on the side far from the air duct (air 
source). When the air duct or air source discharges air in a 
certain direction, dust particles are deflected in the air due to 
the difference in the flow direction and speed of the air duct. 
Driven by the air flow, dust particles move along the direc‑
tion of the air flow in the return flow area, and the air flow 
forms a higher speed and lower pressure area near it, which 
leads to the accumulation of dust concentration in this area, 
and also forms the phenomenon of unilateral accumulation 
of dust under the pressurized ventilation condition. From 
the above analysis, it can be seen that, without considering 
other factors, the position of the tunneling machine driver 
near the side of the pressure air duct is less harmful to dust. 
In addition, the diffusion and propagation of dust particles 

Fig. 18  Dust diffusion in road‑
way at different time. a T = 10 s 
b T = 30 s c T = 60 s
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can be effectively prevented by the reasonable arrangement 
of obstacles in the roadway.

3.3  Discussion

The experimental and numerical simulation results show 
that the air flow field in the press‑in ventilation roadway 
can be divided into three areas: jet zone, vortex zone and 
reflux zone, which is similar to the result in reference (Xiu 
et al. 2020). However, the formation of jet zone, vortex 
zone, and return zone requires a certain time, which can 
provide a theoretical basis for the installation position 

and opening time of the attached wall cyclone ventila‑
tion device on the mine duct or the air curtain device on 
the roadheader. The dust mass concentration on the side 
away from the air duct is significantly higher than that on 
the other side, which is similar to the conclusion in refer‑
ence (Yao et al. 2020). Therefore, a dust removal device 
can be added on the return side of the roadway, especially 
near the roadheader with large dust collection volume, to 
reduce the dust concentration (Sun et al. 2019). There are 
two eddies at the front end of the heading machine, so 
targeted dust removal measures can be implemented for 
the eddies area. Spraying should be added at the entrance 

Fig. 19  Dust mass concentration at different distances from the heading face. a T = 10 s b T = 20 s c T = 30 s d T = 40 s e T = 50 s f T = 60 s
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side to effectively capture small particles of dust (Zhang 
et al. 2020). This study helps to improve the understanding 
of dust distribution in the roadheading face and provides 
guidance for designing ventilation schemes and zoning to 
manage dust. On the other hand, this study can provide 
theoretical guidance for the determination of the optimal 
air velocity in the roadway and the optimal distance from 
the pressure duct to the face of the roadheading, and too 
high an increase in the air velocity does not necessarily 
lead to a decrease in the dust concentration all the time 

(Zheng et al. 2023a). However, this paper only investi‑
gated the distribution of dust in the roadway under forced 
ventilation conditions, which is useful for improving dust 
management in mines using this ventilation method. The 
experimental results may be different if a different venti‑
lation method is used, such as the long‑pressure, short‑
extraction ventilation method. Future research should 
focus on the development of new ventilation methods, 
such as the development of smart ducts and new wind 
control devices.

Fig. 20  Dust mass concentration at the height of breathing zone. a T = 10 s b T = 20 s c T = 30 s d T = 40 s e T = 50 s f T = 60 s
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4  Conclusions

In this paper, experiments and numerical simulation are 
used to study the effects of wind speed and distance from 
the outlet to the driving face on dust diffusion and propa‑
gation. Finally, the following conclusions are drawn:

(1) The similarity criterion number of press‑in ventilation 
dust removal model was deduced by similarity crite‑
rion. In order to ensure that the experiment is consist‑
ent with the site, the geometric similarity ratio of the 
experiment is 1: 2, a large pressure ventilation dust 
removal experimental model is built, and the relevant 
research on pressure ventilation dust removal is car‑
ried out through the similar experiment and numerical 
simulation. The research results can provide theoretical 
guidance for the application of the dust removal tech‑
nology on the integrated mining face of coal mine.

(2) According to similar experimental results, there are 
optimal values for wind speed and distance from outlet 
to head. When the wind speed is 2 m/s and the distance 
from the outlet to the driving face is 1.8 m, the mass 
concentration of dust in the roadway is the minimum. 
The maximum error between the test value and the 
simulation model is 12.9%, which verifies the correct‑
ness of the experimental results.

(3) According to the numerical simulation results, the air‑
flow field in the roadway with or without dust distur‑
bance can be divided into three areas: jet zone, vortex 
zone and reflux zone. Dust concentration gradually 
decreases from the head to the back end of the roadway. 
Under the pressure ventilation condition, dust accumu‑
lates in one side, and the dust concentration is higher 
in the position far from the air duct. The arrangement 
and location of the equipment will have an intercep‑
tion effect on dust particles. Reasonable arrangement 
of obstacles can effectively prevent the diffusion and 
propagation of dust particles.
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