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Abstract
Bolter miners are being increasingly used. Unfortunately, this mining technology causes a considerable amount of air 
pollution (especially by methane and dust) during excavation. In this study, the multiphase coupling field of airflow–dust–
methane for different distances between the pressure air outlet and the working face (Lp) was simulated by using the FLUENT 
software. The migration law of pollutants in the multiphase coupling field was analyzed, and the distance parameters between 
the pressure air outlet and the working face were optimized. Finally, the simulation results were verified based on the field 
measurement results. We found that the blowdown effect was more obvious when 14 m ≤ Lp < 16 m compared with other 
conditions. The peak value of dust concentration within this distance range was the smallest (44.4% lower than the highest 
peak value, which was verified when Lp = 18 m), while the methane concentration was < 0.6%. A high-concentration area 
(where methane concentration > 0.75%), identified near the walking part of the bolter miner, was 13 m shorter than the largest 
(when Lp = 18 m). Therefore, we determined that the optimal blowdown distance would be 14 m ≤ Lp < 16 m. Within this 
range, the dust removal and methane dilution effects are optimal, effectively improving the tunnel air quality and providing 
a safe and clean environment for mine workers.

Keywords Excavation and anchor synchronous tunnel · Multi-phase coupling · Temporal-spatial evolution law · Optimal 
blowdown distance · Air pollution control

Introduction

A harmonious coexistence has always been necessary for a 
sustainable development of human society (Niu et al. 2021; 
Nie et al. 2022; Peng et al. 2022); at the same time, a healthy 
and safe working environment is at the basis of long-term 
economic stability (Cui et al. 2019; Xue et al. 2021). Mineral 
resources have a fundamental role in supporting the current 
energy demand (which has increased significantly), especially 
in terms of coal resources (Nie et al. 2022; Hua et al. 2022; 
Liu et al. 2019). In China, to improve tunneling efficiency 
and meet the requirements of high-yield coal resources, min-
ing methods and technologies have been gradually develop-
ing towards informatization, automation, and mechanization 
(Xu et al. 2020; Zheng et al. 2016, 2021).

The popularization and application of bolter miners in min-
ing areas under suitable conditions has improved the level of 
underground equipment’s automation and tunneling efficiency 
(Fig. 1), and has promoted a sustainable development of coal 
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mines (Finkelman et al. 2021; Li et al. 2015). However, dur-
ing bolter miners’ operations, the contact area between the 
roller’s cutting teeth and the coal wall is relatively large (Xu 
et al. 2019, 2023; Nie et al. 2023a, b). This configuration can 
result in high dust concentrations in the working face (Palu-
chamy et al. 2021; Seaman et al. 2020; Trecheraa et al. 2020). 
In addition, large amounts of dust are typically lifted by the 
roller’s rotating force (Li et al. 2013). Notably, the methane 
emission rate tends to increase during mining, easily causing 
methane overrun and negatively affecting the working envi-
ronment (production safety in particular) (Nie et al. 2023c; 
Liu et al. 2023; Niu et al. 2023). At this stage, dust–methane 
pollution in the excavation face can reduced by a ventilation 
system (Nie et al. 2023d). Single-forced ventilation systems are 
commonly used in current methane-containing excavation tun-
nels (Chang et al. 2020; Fan and Liu 2021; Huang et al. 2021). 
This system includes a local fan (located in the intake airflow 
roadway) that introduces fresh air into the tunnel through a 
pressure air duct. After impacting the working face, this air 
mixes with methane and dust and is discharged outside of the 
tunnel (Han et al. 2019; Wang et al. 2019a, b). Ultimately, 

this process helps meeting the breathing requirements of mine 
workers. In the absence of local fans, methane would accu-
mulate in the tunnel near the air duct due to its buoyancy: 
single forced ventilation systems effectively prevent explo-
sions caused by electric sparks in areas of high methane con-
centration. Due to their high safety, simple layout, convenient 
installation, and other characteristics, single-forced ventilation 
systems are increasingly being installed in methane-containing 
tunnels, making research on this topic a top priority (Liu and 
Liu 2020; Ma et al. 2022). Importantly, the distance between 
the pressure air outlet and the working face determines the 
distribution of the airflow field and the effects of pollutant 
emissions (Li et al. 2020; Omid et al. 2020; Tu et al. 2021). 
The optimization of this parameter is therefore fundamental to 
reduce dust and methane pollution and ensure an improvement 
of air quality in the tunnel environment. Overall, reducing dust 
and methane pollution is a top priority in coal mine safety 
management (Nie et al. 2023e; Xu et al. 2023; Ren et al. 2022).

Some previous studies have focused on the optimization 
of bolter miners and on the reduction of tunnel pollution, 
providing a reliable basis for further investigations 

Fig. 1  Diagram of one-time tunneling process by cyclic cutting of bolter-miner
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(Liu et al. 2021a, b). For instance, considering a tunnel 
environment characterized by high dust concentrations, 
poor working conditions, and an inefficient, slow 
elimination of dust through ventilation, Jia et al. proposed a 
new dust control approach, consisting in the installation of 
dry dust removal equipment on the panel of excavation and 
on the anchor. After applying such approach for more than 
six months, they observed a 90% dust removal rate, which 
indicated an effective improvement of the environment 
in correspondence of the working face (Jia 2017). Niu 
et al. used a long pressure and short pumping dust-control 
system to control dust pollution at the working face. The 
dust control parameters of the system were optimized, 
and the installation layout was improved according to the 
production process conditions and the dust movement 
characteristics in correspondence of the continuous mining 
face. The dust collector of a continuous miner was used to 
control dust production during coal cutting, achieving a 
remarkable dust reduction effect (Niu and Yang 2019). Liu 
et al. analyzed the multi-phase flow state of a dusty airflow 
and, at the same time, applied spraying dust-settling on a 
continuous mining face: the spraying of a continuous miner 
was effectively improved. A BA405 fan and KC306 hollow 
nozzles were positioned at the two corners of a spade plate 
and optimized through a field test (Liu and Chen 2019). 
Zhou et al. used the CFD method to evaluate the effect 
of the curtain setback distance on airflow and methane 
distribution in a working face (both in the presence and 
in the absence of a continuous miner) based on full-scale 
ventilation gallery data. They compared and analyzed the 
methane distribution under three different curtain setback 
distances, determined the methane accumulation area at 
the working face, and verified the principle of the CFD 
model (Zhou et al. 2015). Lu et al. simulated methane 
and dust diffusion along a roadway based on the CFD 
model of a continuous mining face: the diffusion and 
accumulation of methane and dust under the influence of 
a continuous miner’s auxiliary ventilation were evaluated 
and discussed. The best dilution of methane and dust under 
such conditions was obtained by combining a scrubber fan 
in suction mode with a brattice (Lu et al. 2017). Wang et al. 
used the CFD method to simulate and study the airflow 
pattern and the diffusion characteristics of respirable dust 
in an underground heading face driven with a continuous 
miner, and identified the main reasons behind high 
concentrations of dust. Based on this, they proposed a new 
ventilation arrangement and a dust mitigation strategy to 
achieve the best mitigation effect (Wang et al. 2019a, b).

A lot of research has been conducted worldwide on 
methane emission, distribution, and accumulation in 
tunnels during excavation, with the aim of solving the 
problem of high methane concentrations (Liu et  al. 

2021a, b). Ji et al. analyzed the influencing factors of 
methane emissions: by using a numerical simulation 
software (COSMOL Multiphysics), they investigated the 
methane flow law in a roadway under different tunneling 
speeds. Their results, showing that the excavation speed 
can inf luence the distribution of methane pressure, 
provided a theoretical basis for the prevention of 
methane accidents during roadway excavation (Ji and 
Ye 2018). Zhou et al. constructed three CFD models of 
face ventilation blowing curtain setback distances and 
validated them based on experimental data collected in 
a full-scale ventilation test facility, obtaining detailed 
airf low and methane distribution information (Zhou 
et  al. 2015). To calculate the pressure and molecule 
velocity of methane during methane drainage operations, 
Adel et  al. studied the methane flow in a coal block, 
successfully simulating the movements of f luid and 
methane molecules in a porous medium (Adel et al. 2016). 
Hasheminasab et al. established a numerical simulation 
model by using the software ANSYS, investigating the 
detailed laws regulating the airflow field and methane 
concentration distribution in a working coal face section 
of an underground mine in the presence of an auxiliary 
ventilation system. Then, according to the geometric 
shapes of different brattice curtains and of the exhaust 
ducted fan, they determined the ventilation parameters, 
the airf low field distribution under each ventilation 
scheme, the primary ventilation parameters, and the 
methane release rate, verifying the effectiveness of the 
ventilation system in diluting pollutants in dead corners 
and highly polluted areas (Hasheminasab et al. 2019). 
Mishra et al. used the CFD simulation software to study 
the impact of five important geomining parameters 
(i.e., air velocity, methane emission rate, width, surface 
roughness, and mine gallery inclination) on methane 
layering and dispersion in hard coal underground mines. 
Their aim was to determine the key parameters linked 
to safe levels of methane diffusion, so to improve the 
design of underground coal mines and prevent methane 
explosions (Mishra et al. 2018). Kurnia et al. established 
a mathematical model of relevant methane diffusion in an 
excavation tunnel with discrete methane emission sources 
by using CFD. On this basis, they were able to determine 
the methane emission rates and the constant methane 
emission rates for several emission sources in different 
locations and for different emission amounts. Based on 
the laws of airflow and methane diffusion in the mining 
face obtained by the CFD method, relevant mitigation 
and recovery strategies were proposed: the installation 
of a suction duct equipped with a brattice curtain. The 
methane concentrations in the mining face and at the 
outlet of the suction duct were also evaluated, so as to 
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determine the best suction duct height, setback distance, 
and suction velocity for controlling them (Kurnia et al. 
2014, 2016). Du et al. used the FLUENT software to a 
conduct a numerical simulation of the airflow field and 
of methane distribution in a single heading roadway: 
they obtained the laws regulating the airflow field, the 
methane concentration distribution, and the formation 
of high-concentration methane areas, and compared the 
methane concentrations in the roadway with those on the 
return air side. Through an orthogonal test, moreover, 
they determined the influence of the air duct diameter, 
of the air duct outlet velocity, of the distance between 
the air duct outlet and the working face, and of the air 
duct hanging position on methane concentration, so as to 
envision the best possible ventilation layout (Du 2017).

Specific studies on the dust diffusion law and dust control 
have also been conducted. Fan et al. investigated the dis-
persion characteristics of dust pollutants in a typical coal 
roadway during the functioning of an auxiliary ventilation 
system. Each dust particle was traced, and particle colli-
sions were reconstructed via z hard-sphere model and a 
direct simulation based on the Monte Carlo method. The 
bulk movements of dust particles were simulated; then, the 
simulation results were validated by comparing them with 
field measurement results (Fan et al. 2020). Torno et al. 
studied the airflow and dust diffusion around two different 
types of conveyor belts by applying the CFD method; also, 
they analyzed the impact of dust diffusion pollution on the 
loss of treated product and on the maintenance of equipment 
and facilities (Torno et al. 2020). Candra et al. used the CFD 
method to evaluate the airflow flow and the dust diffusion 
behavior in an excavation working face both in the presence 
and in the absence of an auxiliary ventilation system; fur-
thermore, they studied the dust concentration distribution in 
the excavation working face under six different ventilation 
schemes and determined an effective method to direct dust 
particles away from the mining face (Candra et al. 2014). Lu 
et al. used the CFD method to simulate and study the impact 
of the cutting position of a roadheader on dust diffusion dur-
ing its operation, evaluated the distribution characteristics 
of dust in a tunnel at nine representative cutting positions, 
and identified highly dust-polluted areas in the proximity of 
different cutting positions. Their aim was to provide a basis 
for implementing dynamic dust prevention measures and 
achieving a sustainable, clean production (Lu et al. 2022). 
Gui et al. used the CFD method to simulate the dust distri-
bution characteristics at a typical roadheader mining face in 
the presence of an auxiliary ventilation system with an air 
curtain. They optimized the relevant parameters of the air 
curtain generator, finding that the improvement of the air 
curtain had a significant impact on the air flow field, dust 
distribution, and the amount of particulate matter (PM2.5) 

in the front part of the roadway (within ⁓15 m of the head-
ing face) (Gui et al. 2020). Hu et al. used the CFD method 
to simulate the airflow field and dust distribution around a 
road-header driver in an actual excavation tunnel, finding 
that the driver was located at the intersection of three air-
flow vortices. Furthermore, they defined the change rule of 
dust concentration around the road-header driver (Hu et al. 
2019). Li et al. performed a numerical simulation to analyze 
the laws of airflow motion and dust distribution under three 
ventilation modes (i.e., forced ventilation, exhaust ventila-
tion, and combined forced fan (with a long duct)–short duct 
exhaust ventilation), optimized the local ventilation layout 
of the excavation face, and determined the best position for 
the air duct opening of the combined forced fan (with a long 
duct)–short duct exhaust ventilation system (Li et al. 2014).

Despite the interesting findings of previous research, 
there are still some important themes to explore. First of 
all, studies on excavation anchor synchronous tunnels have 
mainly focused on the design and application of bolter min-
ers. The diffusion of dust and methane pollutants in such 
tunnels should be investigated further: the presents scarcity 
of detailed information does not allow an efficient improve-
ment of the tunnel environment. Secondly, the movement 
and accumulation of dust and methane, as well as specific 
prevention methods, have been investigated; however, 
research on the coupled diffusion of dust and methane in 
tunnels has not been carried out. Finally, single-forced ven-
tilation is usually applied in tunnels characterized by high 
methane concentrations to remove pollution. However, 
after considering the interaction between various pollut-
ants, we can infer the further investigation on the optimal 
position of the pressure air duct inlet is necessary.

In this study, we considered the 81,309 tunnel of Baode 
Coal Mining Co., Ltd. and used a numerical simulation 
method (i.e., CFD) to explore the airflow field structure 
and the diffusion characteristics of pollutants released by a 
bolter-miner. The pollutant conditions at different distances 
from the pressure air outlet to the working face were 
compared, and the optimal position of the pressure air duct 
required for the elimination of pollution was determined. 
Finally, the result accuracy was verified by comparing the 
simulation and field measurement data.

Numerical simulation model 
of an excavation and anchor synchronous 
tunnel

According to the relevant mathematical model of the 
dust–methane two-phase flow field and the physical model of 
the tunnel, we used the FLUENT 16.0 software to simulate 
the airflow field structure and the dust–methane distribution 
of an excavation and anchor synchronous tunnel (i.e., a 
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tunnel excavated with a bolter miner). Different distances 
between the pressure air outlet and the working face (Lp) 
were considered to this scope.

Selection of the mathematical model

Selection of the mathematical model for the gas phase

In correspondence of the excavation face, air and methane 
were both characterized by a turbulent flow: a complex eddy 
and three-dimensional unsteady flow, generally irregular 
(Diego et al. 2011; Launder and Spalding 1974). Therefore, 
the � − � equations were used to reflect the fluid transient 
fluctuating value in the Reynolds time-averaged equations 
(Lafuente et al. 2020; Wang 2010; Xu et al. 2016).

The variables in the momentum and continuity equations 
had to be decomposed into the sum of the fluctuation and 
mean values, which can be expressed as ui = Ui + ui′, p = P + p′. 
The Reynolds averaged N-S equation was obtained by 
substituting the mean values Ui , P , and the fluctuation values 
ui′, p′ into the momentum and continuity equations (Shu et al. 
2023; Wang et al. 2022; Huang et al. 2022).

Continuity equation for the gas phase:

Momentum equation for the gas phase:

Turbulent kinetic energy equation (κ equation):

Turbulent energy dissipation rate equation (ε equation):

In the above equation, C1= max
[
0.43,

�

�+5

]
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 , C2 is 

a constant, E =
√
2EijEij,G� is the turbulent kinetic energy 

production term derived by the velocity gradient of mean 
motion (i.e., G� = �iE

2 ), and �� and �� are the turbulent 
Prandtl numbers of the � and � equations, respectively (Wang 
et  al. 2022; Liu et  al. 2022). For the calculations, we 
considered the following empirical values: C2= 1.9 , ��= 1.0 , 
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where C� is no longer a constant, but rather a functional expres-
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In these last equations, Ωij is the time-averaged rate-of-turn ten-
sor obtained from a reference frame with an angular velocity 
�k . Another feature of the proposed model is that, in the case 
of a flow field without rotation, the second term of the equation 
radical for U∗ is 0, which introduces the influence of rota-
tion (Lu et al. 2017; Liu and Chen 2019).

Component transport equation:

where cs is the volume concentration of component s, Ss is 
the component productivity, �cs is the mass concentration 
of the component, and Ds is the diffusion coefficient of the 
component.

Selection of the mathematical model for the particulate 
phase

When using the FLUENT software for the simulation, the gas 
was regarded as a continuous phase, while the dust particles were 
regarded as a discrete phase. For the calculation of the discrete phase, 
the particle trajectory was solved by integrating the differential 
equation of the strength state of the dust particle in Lagrange 
coordinates (Abbasi and Abbasi 2007; Chang et al. 2019; Wei 2018).

The equilibrium equation of the force of dust particles in 
the airflow field is as follows:

where m is the mass of the dust particles (in kg), u is the 
movement rate of the dust particles (in m/s), and 

∑
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Ff , Fs , Fm , and Fx are the resultant force, resistance, gravity, 
buoyancy, Saffman lift force, Magnus lift force, and other 
related forces, respectively (in N). Notably, Fx includes the 
thermophoretic and additional mass forces and other forces, 
and its order of magnitude is small, which can be ignored 
in this study. Other forces are represented by the following 
formulas.
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where Cd is the resistance coefficient, Cp is the dynamic 
shape factor (for which we considered a value of 1), Ap is 
the base of the windward side of the dust particles (in  m2), ug 
is the airflow velocity (in m/s), and up is the velocity of dust 
particles (in m/s). Importantly, the resistance coefficient Cd is 
related to the Reynolds number: Cd = f

(
Rep

)
;Rep =

�dp|ug−up|
@

 
(where Rep is the Reynolds number or the relative Reynolds 
number of the dust particles (dimensionless) and dp is the 
diameter of dust particles (in m)).

The two basic forces related to the dust particles (i.e., 
gravity and buoyancy) are expressed in the equation below:

where g is the acceleration of gravity (in m  s−2), Vp is the 
volume of the dust particles (in  m3), and ρ is the density of 
the gas phase fluid (in kg/m3).

The Saffman lift force is derived from the difference 
between the velocity gradient of the gas-phase fluid flow 
and the air velocity of dust particle migration and diffusion. 
It can be expressed as follows:

Meanwhile, the Magnus lift force has the same order of mag-
nitude as the gravity produced by the rotation of the dust par-
ticles in the gas-phase fluid. It can be expressed as follows:
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Establishment of the physical model and mesh 
division

According to the actual situation of the excavation and 
anchor synchronous tunnel, we established a physical 
model with a 1:1 scale through the SolidWorks software 
(Fig. 2a). To determine the optimal distance between the 
pressure air duct and the working face, based on the orig-
inal physical model, we derived five models by chang-
ing the position of the pressure air duct (Fig. 2b). Each 
physical model consisted of five parts: a fully mechanized 
excavation face, a pressure air duct, an MB670/217 type 
bolter-miner, a reversed loader, and a DSP1080 belt con-
veyor. Positive values along the x direction indicated that 
the left wall of the tunnel pointed toward the side of the 
pressure air duct, while positive values along the y direc-
tion indicated that the tunnel floor pointed toward the tun-
nel roof; moreover, positive values along the z direction 
indicated that the working face pointed toward the tunnel 
exit. The relevant parameters of the physical model are 
shown in Fig. 2a.

Through the ICEM-CFD software, the above physical model 
was meshed by finite element mesh division. To achieve the 
best effect possible, the most complicated areas were divided 
by local regional meshing (Fig. 3a): the total number of meshes 
for five groups of physical models was ~ 3.9 million. After the 
mesh optimization, the maximum mesh quality was ≥ 0.999, the 
average mesh quality was ~ 0.735, and there were no negative 

(11)Fm =
�d3

p
��

(
u − up

)

2

Fig. 2  Construction of physical model
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meshes. Through the analysis of the mesh quality and quan-
tity distribution (Fig. 3b), the following conclusions could 
be drawn: most of the mesh quality was concentrated in the 
range of 0.4–1.0; moreover, ~ 99.9% of the total meshes had 
values > 0.4, and the mesh quality was good, meeting the simu-
lation conditions of the 81,309 excavation face.

Setting of boundary conditions

For our simulation, performed with the FLUENT software, 
accurate information about the dust and methane sources, the 
particle size distribution, the methane emissions, the initial 
airflow velocity, and other relevant parameters was required. 
According to the geological report of Baode Coal Mining 
Co., Ltd. and the production data of the 81,309 excavation 
face, the methane content of the main minable coal seams 
was relatively high: the relative methane emissions during 
excavation were 13.16  m3/t, while the absolute methane 
emissions were 106.62  m3/min.

The absolute methane emissions correspond to the amount 
of methane emitted from the mine in a unit of time  (m3/day or 
 m3/min). The relative methane emissions correspond instead 
to the monthly average daily output of coal under normal pro-
duction conditions (in  m3/t). The variation law of the methane 
content in coal seams in relation to the coal seam elevation is 
W = 0.0068 × H + 2.8347, and the methane content gradient is 
0.68  m3/(t·100 m). It is expected that after pre-extraction, the 
residual methane content in the area to be excavated would 
be 4.3  m3/t. Considering national industry standards, as well 
as the simplicity of sampling and measurement, the speed, 
and accuracy of operation, we identified the filter membrane 
sampling method as an ideal solution to be applied during 
dust production in excavation working faces. According to 
the characteristics of dust production in the comprehensive 
excavation face, dust sampling should be carried out 30 min 
after the start of the operations. To this aim, an AKFC-92A 
mine dust sampler and an organic filter membrane with a 
diameter of 40 mm should be used. Notably, the sampling 

Fig. 3  Diagram of mesh divi-
sion and quality distribution
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flow rate should be maintained stable at 20 L/min during the 
process. The dust in the head-on area of the 81,309 tunnel of 
Baode Coal Mining Co., Ltd. was sampled. After sealing and 
storage, the particle size and dispersion of the dust particle 
samples were tested in the laboratory using a Mastersizer 
3000 laser particulate size description analyzer (Fig. 4). The 
particle size in the head-on area presented a normal distribu-
tion, and the particle size ranged between 0.169 and 48.3 µm; 
furthermore, the mean particle diameter was 7.35 µm. During 
excavation production, the head-on area was the main source 
of dust and methane: a large amount of pollution, account-
ing for > 80% of the total pollution production, was produced 
there over a long period of time. Therefore, the head-on area 

was identified as the main source of methane and dust dur-
ing the simulation period. The boundary conditions required 
for simulation (e.g., tunnel head-on and exit, air duct outlet, 
and tunnel wall) were mainly set according to the actual pro-
duction conditions of the excavation face. The air duct inlet 
was set as a velocity-inlet, while the tunnel exit was set as a 
pressure-outlet (because it was far from the head-on and the 
airflow velocity is stable). The tunnel wall and the equipment 
surface had a blocking effect on the airflow and did not inter-
act with dust and methane; therefore, they were considered 
as solid walls without slip for the simulation. All the relevant 
boundary condition settings are shown in Fig. 3a, and the 
main boundary condition parameters are shown in Table 1.

Fig. 4  Histogram of dust parti-
cle size distribution

Table 1  Main boundary 
condition parameters

Project Name Parameter

General Gravity (m/s2) 9.81
Model Viscous model k-epsilon

Discrete phase model
Species model Species transport

Materials Air
CH4

Coal-hv
Boundary conditions Air duct inlet boundary type Velocity-inlet

Dust and gas source boundary type Mass-flow-inlet
Tunnel exit boundary type Pressure-outlet
Tunnel boundary DPM: reflect
Equipment surface DPM: reflect

Point properties Total flow rate (kg/s) 0.02
Min. diameter (m) 1.69 ×  10−7

Max. diameter (m) 4.83 ×  10−5

Mean. diameter (m) 7.35 ×  10−6

Temperature (K) 300
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Numerical simulation results: airflow–
dust–methane multi‑phase coupling 
in the excavation and anchor synchronous 
tunnel

To pertinently explore the local characteristics and 
migration of the airf low–dust–methane multi-phase 
coupling in the excavation and anchor synchronous tunnel 
(by combining the requirements of present working face 
regulations), we considered an air outlet of the pressure air 
duct positioned 14 m away from the working face.

Local characteristics and velocity distribution 
of the airflow field

The post processing software CFD-Post was used to 
elaborate the simulation results. A streamline represented 
the airflow trace, while an arrow represented the airflow 
direction. According to the simulation results (Fig. 5), we 
were able to describe the local characteristics of the airflow.

(1) Since the pressure air duct was close to the wall of 
the tunnel, after the airflow was ejected from the 

Fig. 5  Cloud chart of local characteristics of airflow and distribution of airflow rate
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pressure air outlet at a velocity of 22.72 m/s, a wall-
attachment jet formed along the tunnel. When an air 
jet was sprayed to the working face, the low-velocity 
airflow near the pressure air duct was continuously 
sucked into the jet area and moved forward together 
with the high-velocity jet. As the airflow moved 
forward, its kinetic energy gradually weakened; 
however, due to the continuous airflow inhalation in 
the jet area, the air velocity fluctuated up and down 
while the air jet moved forward and its attenuation 
was slow. At the same time, due to the limited space 
in the tunnel, the airflow bypassed the cutting head 
of the bolter-miner and flowed along the left wall of 
the tunnel toward the exit.

(2) There were three vortices in the tunnel. The first 
(a small-scale vortex) occurred within the area 
at ≤ 3 m away from the working face, more precisely 
between the cutting head and the spade plate, and was 
generated by the huge energy change caused by the 
cutting head during the working process. The second 
vortex occurred within the area 0–13 m away from the 
working face: due to the entrainment effect of pressure 
air outlet, some airflow was entrained into the jet area, 

leading to the formation of a vortex field above the 
bolter-miner. The third vortex occurred within the 
area 13–38 m away from the working face: the air 
velocity at the top of the airflow field was higher than 
that at the bottom; this, combined with the energy 
interference caused by the reversed loader, caused the 
formation of a relatively large vortex field in the rear 
area of the bolter-miner.

(3) Within the area 38–100 m away from the working face, 
since the airflow was not affected by the air jet nor 
by the vortex field near the working face, the kinetic 
energy of the airflow decayed gradually, resulting in 
a decrease of the air velocity. When the air velocity 
finally dropped to 0.7 m/s, the air continued to flow 
steadily toward the tunnel exit in the form of a relatively 
stable airflow field.

Temporal–spatial evolution laws of the  
dust–methane two‑phase diffusion

Dust–methane migration was greatly affected by the airflow 
field, and the diffusion of methane led to the formation 
of a vortex area in the airflow field. According to the 

Fig. 6  Diagram of temporal-spatial evolution law of dust-gas diffusion
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cloud chart derived from the dust–methane simulation 
results, the curve chart of relevant data (Fig. 6), and the 
local characteristics of the airflow field, we determined 
the characteristics of dust–methane migration and the 
associated temporal–spatial evolution laws. In addition, 
we obtained the fitting equations of the dust–methane 
temporal–spatial evolution, in which L and T represent 
the diffusion distance of pollutants in the tunnel and the 
diffusion time of pollutants, respectively.

(1) The high-velocity jet from the pressure air duct 
quickly dispersed the dust at the working face and 
blew it to the opposite side of the pressure air duct 
(i.e., the left side of the tunnel). This resulted in 
a significantly higher dust concentration on the 
left side of the tunnel, rather than on the air duct 
side. After the blown dust hit the left corner of 
the working face, most of it deposited due to the 
impact. However, part of the small dust particles 
moved toward the tunnel exit, transported by 
the airf low. At T = 138  s, a dust concentration 
of > 200  mg/m3 was distributed throughout the 
whole tunnel. The fitting equation of the temporal–
spatial evolution of dust was expressed by LDust 
( LDust = 0.0012T

5
- 0.0583T

4
+ 1.1013T

3
- 9.6995T

2
+ 44.931T - 34.877 ). 

According to the fitting equation, when T < 30 s, 
the dust diffusion rate increases over time; once 
T = 30 s, however, the dust gradually enters a stable 
airflow field, and the overall diffusion rate gradually 
decreases.

(2) The dust that continued moving toward the tunnel 
exit passed through the vortex field above the bolter-
miner and a small part of it was involved in such 
vortex field: the dust concentration at the top of the 
tunnel was higher than that at the bottom. A remain-
ing, large amount of dust was not affected by the 
vortex field in front of the bolter-miner and contin-
ued to move backward transported by the airflow. 
After passing through the large vortex field behind 
the bolter-miner, a large amount of dust was depos-
ited there. As the air velocity decayed and tended 
to balance, the ability of airflow to carry dust was 
weakened. At this moment, the dust which was not 
affected by the vortex field accumulated at the bot-
tom, on the left side of the tunnel. At T = 218 s, the 
dust concentration stabilized.

(3) Due to the inflow of a high-velocity air jet at the 
pressure air outlet, the lowest methane concentration 
occurred in the jet area (between the pressure air 
outlet and the working face), where it was ≤ 0.25%. 
However, under the influence of three vortices, the 

lateral velocity of the air jet near the roof was much 
higher than the longitudinal velocity. Therefore, the 
methane occurring along the roof was blown away 
and could not accumulate at the top of the bolter 
miner, creating a high-risk area (in which methane 
concentration > 0.75%) near the walking part of the 
bolter miner area. Then, as the airflow started to 
stabilize in the whole tunnel, the methane flow became 
increasingly affected by buoyancy: the methane 
occurring along the tunnel f loor rose gradually, 
eventually reaching the tunnel roof. At T = 149 s, 
methane with concentration > 0.35% began to diffuse 
throughout the tunnel: the corresponding temporal–
spatial evolution fitting equation can be expressed 
as  LMethane = -0.0028T

4
+ 0.1215T

3
- 1.8628T

2
+ 17.346T - 14.449  . 

According to the mathematical relationship between 
the methane diffusion distance and time, before 
T = 40  s, methane with concentration > 0.35% 
diffused quickly in the tunnel. Over time, methane 
gradually entered a stable airflow field: the mixing 
of methane with the airflow field led to a gradual 
reduction of the methane diffusion speed. Finally, at 
T = 296 s, the methane concentration in the tunnel 
stabilized at ~ 0.59%.

Influence of different air duct outlet 
positions on air pollution

To effectively solve the problem of air pollution in tunnels, 
the distribution law of the airflow–dust–methane multi-phase 
coupling between the pressure air outlet and the working 
face at different distances (Lp) was simulated and the optimal 
Lp for eliminating pollution was determined.

Influence of the air duct outlet position 
on the airflow field characteristics

The overall distribution of airflow at different air duct outlet 
positions during the tunnel excavation process is shown in 
Fig. 7: with the increase of Lp, the range of the three vor-
tices first decreased, then increased, and finally decreased. 
The Lp ranges of each vortices range change were Lp < 12 m, 
12 m < Lp < 16 m, and Lp > 16 m.

Figure 8 shows that the jet velocity of pressure air inflow 
had a basically stable range around that outlet itself; after-
ward, however, the air velocity decayed. Notably, with the 
attenuation for a certain distance, the air velocity fluctu-
ated within a certain range after passing through the vortex 
area that continuously sucked in the reentry airflow; then, 
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the attenuation of the air velocity became relatively slow. 
When 14 m ≤ Lp ≤ 16 m, the attenuation velocity of the 
airflow was relatively slow, indicating that the vortex had 
a greater impact within this range.

The above dust–methane diffusion analysis demon-
strated that the dust–methane concentration on the air duct 
side was significantly higher than that on the opposite side. 
Therefore, we mainly focused on the air velocity variation 

Fig. 7  Overall distribution of airflow in tunnel under different Lp

Fig. 8  Comparison diagram of airflow rate in jet zone
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curve of the breathing zone on the left side of the tunnel 
and on the axial height of the air duct on this side by con-
sidering different Lp values (Fig. 9). Figure 8 shows, after 
the airflow turned back from the working face and was 
affected by the three vortices and the equipment energy, 
there was a period of velocity fluctuation near the bolter-
miner; after this, the velocity stabilized at ~ 0.65 m/s. In 
the velocity fluctuation stage, the peak value of air velocity 
was the highest when 14 m ≤ Lp ≤ 16 m; in this case, the 
air velocity during the fluctuation process was higher than 
under other conditions (a condition which is useful for the 
control of dust–methane air pollution).

Influence of the air duct outlet position on dust 
distribution

When considering different Lp, the time required by dust 
for reaching the tunnel exit for the first time was ~ 110 s, 
while that required for its stabilization in the tunnel 
was ~ 220 s. The dust distributions under these two con-
ditions are shown in Fig. 10. The diffusion of dust in the 
tunnel was closely related to the airflow velocity and its 
local characteristics. As already mentioned in the previ-
ous Sect. 4.1, the range of the three vortices was larger 
when 12 m < Lp < 16 m. Meanwhile, the airflow attenuation 

Fig. 9  Diagram of airflow rate 
variation
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velocity was relatively low when 14 m ≤ Lp ≤ 16 m: under 
these conditions, air velocity and, hence, the ability of air 
to carry dust, reached their maximum. Therefore, as shown 
in Fig. 10, dust concentration was significantly higher in 
the middle of the tunnel than in other areas; moreover, dust 
concentration decreased with the increase of Lp, but rose 
again when Lp exceeded 16 m.

The above dust diffusion study demonstrated the fre-
quent occurrence of serious dust accumulation at the bot-
tom of tunnels and the harmfulness of dust in the breath-
ing zone for workers. With the ultimate aim of improving 
the working environment, we mainly focused on the dust 
distributions in the breathing zone (Y = 1.55 m) and at 
the bottom of the tunnel. As shown in Figs. 11 and 12, 

dust accumulated at the working face, behind the bolter-
miner, and on the left wall of the tunnel. The cloud diagram 
(Fig. 11) clearly shows how the variations of dust concen-
tration for different Lp could be divided into three stages, 
which were consistent with the variation ranges of the three 
airflow vortices previously mentioned. When Lp < 12 m, 
the dust concentration in the three accumulation areas 
increased with the increase of Lp; when 12 m < Lp < 16 m, 
it decreased with the increase of Lp; when Lp > 16 m, it 
increased with the increase of Lp. Therefore, the best dust 
removal effect was obtained when 14 m ≤ Lp < 16 m.

Figure 12 quantitatively compares the dust concentra-
tions at the bottom and in breathing zone at the side of the 
tunnel with and without air duct for different Lp. Due to 

Fig. 10  Diagram of dust diffusion in tunnel under different Lp



84505Environmental Science and Pollution Research (2023) 30:84491–84515 

1 3

the limited air velocity at the corner between the working 
face and the left wall of the tunnel, the dust concentra-
tion reached there its peak value. When 14 m ≤ Lp < 16 m, 
the dust concentration at the breathing zone was con-
trolled at 432.6–481.3 mg/m3, while that at the bottom 
was 551.5–623.5 mg/m3. Under other Lp conditions, the 
dust concentration reached values > 500 mg/m3 in the 
breathing zone, > 700 mg/m3 at the bottom of the tunnel, 
even more than 900 mg/m3 at the bottom of the tunnel. 
After this peak, the dust concentration decreased signifi-
cantly: the curve fluctuations indicated that, in the case of 
14 m ≤ Lp < 16 m, the dust concentrations were lower than 

in the other cases considered. In conclusion, the optimal 
dust removal effect was obtained for 14 m ≤ Lp ≤ 16 m.

Influence of the air duct outlet position on methane 
distribution

The buoyancy of methane resulted into its accumulation along 
the tunnel roof; moreover, methane concentration changed 
greatly in the jet area due to the influence of the air duct inflow. 
Therefore, we focused on the methane distribution along the 
roof, in the jet area, and in the breathing zone (Y = 1.55 m) for 
different Lp (Figs. 13 and 14). Methane concentration was influ-
enced by its own buoyancy and mixing with the airflow after 

Fig. 11  Diagram of dust pollution at the bottom and breathing zone under different Lp
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convection, and its stable concentration was closely related to 
the airflow velocity at the top of the tunnel and the initial air-
flow velocity at the pressure outlet. We noticed that the larger 
the Lp value, the larger were the jet area and the range of high 
airflow velocity, which had a significant impact on the initial 
diffusion of methane along the roof. Overall, as shown in the 
figure below, the stability of methane concentration in the tun-
nel decreased with the increase of Lp. When Lp > 14 m, meth-
ane concentration was < 0.6%; meanwhile, when Lp = 18 m, 

methane concentration was ~ 0.49%. The distribution range of 
high-risk methane concentrations near the bolter miner was 
influenced by the local airflow field and changes in airflow 
velocity. With the increase of Lp, the high-risk area near the 
bolter miner (with methane concentration > 0.75%) gradually 
shrank; however, when Lp = 18 m, the range of the high-risk 
area increased. In conclusion, the optimal methane dilution 
effect was observed for 14 m ≤ Lp ≤ 16 m.

Fig. 12  Variation map of dust concentration at the bottom and breathing zone under different Lp
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Fig. 13  Cloud map of gas distribution under different Lp

Fig. 14  Variation map of gas 
concentration at breathing zone, 
roof under different Lp
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Field measurement results and analysis

To verify the authenticity of the above simulation results, 
we first measured the real dust and methane concentrations 
in the mine of Baode Coal Mining Co., Ltd for different 

Lp, and then compared the measured and simulated values.
After verifying the consistency of the equipment lay-

out of the excavation face with the simulation model, we 
set several measuring points within the breathing zone. 
The coordinates of the measuring points were expressed 

Fig. 15  Diagram of field meas-
urement section of dust-gas and 
related equipment

Table 2  Gas concentration at 
each measuring point of cross-
section

Coordinates of 
measuring points

Gas concentration Distances between the pressure air outlet and the 
working face/m

10 12 14 16 18

(0.8, 1.55, 1) Simulation results/% 0.96 0.96 0.96 0.95 0.94
Measured results/% 0.90 0.91 0.88 0.87 0.85

(0.8, 1.55, 5) Simulation results/% 0.74 0.73 0.68 0.63 0.61
Measured results/% 0.83 0.79 0.74 0.69 0.65

(0.8, 1.55, 10) Simulation results/% 0.71 0.69 0.61 0.58 0.54
Measured results/% 0.75 0.67 0.54 0.53 0.48

(0.8, 1.55, 15) Simulation results/% 0.73 0.68 0.60 0.59 0.55
Measured results/% 0.70 0.66 0.63 0.56 0.53

(0.8, 1.55, 20) Simulation results/% 0.67 0.64 0.64 0.64 0.57
Measured results/% 0.72 0.65 0.61 0.55 0.52

(4.6, 1.55, 1) Simulation results/% 0.83 0.80 0.79 0.78 0.72
Measured results/% 0.85 0.78 0.74 0.69 0.68

(4.6, 1.55, 5) Simulation results/% 0.60 0.53 0.42 0.32 0.27
Measured results/% 0.65 0.58 0.40 0.35 0.30

(4.6, 1.55, 10) Simulation results/% 0.66 0.63 0.55 0.50 0.34
Measured results/% 0.69 0.67 0.50 0.47 0.37

(4.6, 1.55, 15) Simulation results/% 0.67 0.66 0.56 0.54 0.49
Measured results/% 0.65 0.60 0.52 0.51 0.47

(4.6, 1.55, 20) Simulation results/% 0.68 0.67 0.56 0.54 0.48
Measured results/% 0.64 0.61 0.51 0.49 0.46
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in the format (X, Y, Z): X represented the distance of the 
point from the right wall of the tunnel, Y that from the 
tunnel floor (always 1.55 m), and Z that from the working 
face (Fig. 15). Since the methane concentration changed 
greatly near the bolter miner and then stabilized, the 
methane measuring points were concentrated in the prox-
imity of the bolter miner (Z = 1, 5, 10, 15, and 20 m). For 
the monitoring of dust, it was very important to measure 
the concentration distribution along the whole tunnel: we 
selected Z = 5, 20, 50, 70, and 90 m. To effectively com-
pare the difference between the air duct side and the non-
air duct side, we set two measuring points in each meas-
uring section: #A (0.8, 1.55, Z) and #B (4.6, 1.55, Z). To 
reduce errors during the on-site sampling measurements, 
three methane and dust measurements were performed at 
each measuring point. The average of these three values 
was then calculated and used for further analysis.

An AKFC-92A mine dust sampler, based on the dust 
concentration weighing method, was used to sample and 
measure dust particles. Before sampling, we loaded a 
weighed clean filter membrane into the pre-catcher of the 
sampler. During sampling, a fixed volume of dusty air was 
extracted: dust was retained on the filter membrane and 
gradually accumulated. At the end of the sampling pro-
cess, we calculated the total mass of dust as the difference 

between the original and the final weight of the filter mem-
brane. A CJG10 optical interference gas detector was used 
to measure methane concentration in the mine. Before per-
forming any measurement, the instrument was inspected 
for air tightness, zero alignment, and other parameters. 
After that, a suction balloon capable of inhaling methane-
containing air was activated 5–10 times at the measuring 
point. Then, we read the methane concentration (expressed 
in integer and decimal values) through the eyepiece and 
the micro-reading disk after turning the micro-adjusting 
screw.

Tables 2, 3 show the measured and simulated values for 
each measuring point. Figures 16, 17 compare the measured 
and simulated values and the concentration distribution at 
each measuring point, while Fig. 18 shows the errors between 
the measured and simulated values at each measuring point. 
These errors were mostly < 10%. Notably, the errors of dust 
concentration varied between 2.62 and 12.10%, those of meth-
ane concentration between 2.41 and 14.06%, and the average 
error between them was < 10%. This suggests that the simu-
lated dust and methane concentrations were similar to those 
measured on site and, hence, that our simulation data are reli-
able. The data in Tables 2, 3 and Figs. 16, 17 demonstrate how 
the dust and methane concentration distribution characteristics 
and the pollutant distribution characteristics under different Lp 

Table 3  Dust concentration at 
each measuring point of cross-
section

Coordinates of 
measuring points

Dust concentration Distances between the pressure air outlet and the 
working face/m

10 12 14 16 18

(0.8, 1.55, 5) Simulation results/mg/m3 236.1 214.1 185.9 184.9 190.7
Measured results/mg/m3 257.5 233.2 163.4 171.6 201.3

(0.8, 1.55, 20) Simulation results/mg/m3 196.1 201.3 168.4 160.5 196.2
Measured results/mg/m3 184.3 213.5 151.8 156.3 173.6

(0.8, 1.55, 50) Simulation results/mg/m3 191.0 209.2 158.6 160.4 197.0
Measured results/mg/m3 183.4 221.6 166.3 153.8 211.9

(0.8, 1.55, 70) Simulation results/mg/m3 157.8 176.3 138.8 157.3 189.8
Measured results/mg/m3 176.6 193.8 123.5 142.5 176.2

(0.8, 1.55, 90) Simulation results/mg/m3 167.4 165.3 133.4 135.2 165.6
Measured results/mg/m3 178.6 174.4 119.5 128.4 177.3

(4.6, 1.55, 5) Simulation results/mg/m3 120.9 128.4 94.9 96.8 130.7
Measured results/mg/m3 133.6 116.5 87.4 85.3 118.5

(4.6, 1.55, 20) Simulation results/mg/m3 155.6 145.9 99.3 100.4 123.5
Measured results/mg/m3 163.2 156.7 105.3 109.1 136.0

(4.6, 1.55,50) Simulation results/mg/m3 124.6 149.9 103.0 107.7 156.3
Measured results/mg/m3 138.5 135.4 112.9 101.5 167.8

(4.6, 1.55, 70) Simulation results/mg/m3 126.0 133.5 110.8 105.8 140.7
Measured results/mg/m3 133.2 126.4 107.5 112.1 157.2

(4.6, 1.55, 90) Simulation results/mg/m3 114.2 134.7 77.6 101.3 132.8
Measured results/mg/m3 105.7 128.4 83.8 95.6 145.7
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conditions (obtained through simulation analysis) agree with 
the field measurement results. To sum up, dust concentration 
was particularly high along the side of the tunnel without air 
duct, methane concentration was particularly high near the 
bolter miner, the stabilized methane concentration decreased 
with the increase of Lp, and the lowest dust concentration 
in the accumulation area occurred where 14 m ≤ Lp < 16 m. 
Overall, the simulated distribution of pollutants is similar to 
that obtained from the field measurements, indicating that the 
optimization parameters of the ventilation system obtained in 
this study are reliable. In conclusion, our simulation results 
are solid and provide a good theoretical basis for describing 
the actual situation.

Conclusion

(1) Using the CFD software, we studied the diffusion 
law and the pollution distribution of dust and meth-
ane in an airflow–dust–methane coupling field under 
the action of a single-forced ventilation system in 
an excavation and anchor synchronous tunnel. Our 
analyses showed the occurrence of three vortex 
fields in the airflow field near the bolter miner (at 
the cutting head, above the bolter miner, and behind 
the bolter miner, respectively). After passing through 
the transition flow field, a stable airflow field was 
formed (airflow velocity = 0.65 m/s). Dust accumu-
lation areas were mainly located at the working face, 

Fig. 16  Comparison chart of measured and simulated methane concentration results
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behind the bolter miner, and above the floor (on the 
left side of the tunnel). High-risk areas (with meth-
ane concentration > 0.75%) were mainly located near 
the walking part of the bolter miner. The temporal–
spatial evolution law and the fitting mathematical 
relationship between dust and methane under the 
dust–methane coupling effect were revealed, and the 
mathematical relationship between time and space 
was clarified.

(2) In order to improve the tunnel working environment, 
the control effects of dust and methane pollution for 
different Lp values were compared and analyzed, deter-
mining the optimal air duct blowdown distance. We 

found that when 14 m ≤ Lp ≤ 16 m, the peak dust con-
centration was the smallest; after this peak, the dust 
concentration was significantly lower than under other 
conditions (i.e., the airflow had a good dust removal 
effect). At the same time, the methane concentration 
was < 0.6% and the high-risk area near the walking 
part of the bolter miner (with methane concentra-
tion > 0.75%) was the smallest (i.e., the airflow had 
a good methane dilution effect). In summary, the best 
simultaneous control of dust and methane (i.e., the best 
improvement of the tunnel operating environment) was 
achieved when the pressure air outlet distance (Lp) was 
between 14–16 m.

Fig. 17  Comparison chart of measured and simulated dust concentration results
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Despite the interesting results of this study, we focused 
on the control of dust and methane pollution in a meth-
ane-containing tunnel based on a single-forced ventilation 
system. To achieve an even better simultaneous control of 
dust and methane, future studies should aim at improving 
the effectiveness of ventilation control systems. Therefore, 
the next step is to improve the ventilation system of the 
excavation tunnel (where high methane emissions occur), 
while effectively controlling the coupling pollution of dust 
and methane.
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