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This study proposes a novel “B” coefficient to quantitatively assess the uniformity of airflow fields 
in coal mine heading faces equipped with the long-pressure and short-suction dust control system. 
The research systematically investigates the relationship between the radial-to-axial airflow ratio, 
the proposed uniformity coefficient, and dust suppression efficiency. The results demonstrate that 
increasing the radial-to-axial airflow ratio from 0.5 to 1.5 leads to a gradual reduction in airflow field 
uniformity while significantly enhancing dust removal performance. Specifically, the dust removal 
efficiency improves by 37.7% at the driver’s operating position and by 27.7% at a location 5 m behind 
the driver. The study reveals a distinct nonlinear relationship between the “B” coefficient and dust 
control effectiveness, highlighting the critical role of airflow field optimization in dust suppression. 
These findings validate the practical applicability of the “B” coefficient as an evaluation metric 
for airflow regulation in long-pressure and short-suction systems. The proposed method offers a 
scientifically grounded approach for assessing and improving dust control strategies in coal mining 
operations, addressing a longstanding gap in quantitative airflow field analysis for heading face 
ventilation systems. The research outcomes provide valuable theoretical guidance and technical 
references for optimizing dust control parameters in similar mining environments.
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Coal mining remains a vital global industry, providing significant support to the world’s energy supply. However, 
the high concentration of dust in coal mines poses a serious threat to miners’ health. The fully mechanized 
heading face is one of the most dust-polluted areas in underground coal mines, and prolonged exposure to 
this environment can lead to severe respiratory diseases, with coal workers’ pneumoconiosis (CWP) being one 
of the most prevalent and devastating conditions1. With the “Healthy China” strategy elevated to a national 
priority, the health impacts of coal mine dust exposure have garnered increasing attention2. As of 2023, the 
cumulative number of occupational pneumoconiosis cases in China has exceeded 930,000, with coal workers’ 
pneumoconiosis and silicosis being the most common, primarily concentrated in industries such as coal mining, 
metal mining, and building materials production3. Pneumoconiosis not only severely affects patients’ quality of 
life but also places a heavy economic burden on healthcare systems and mining companies4,5.

To mitigate the risks associated with high dust concentrations, various dust suppression technologies have 
been applied in fully mechanized heading faces, including spray dust suppression, foam dust suppression, and 
long-pressure and short-suction ventilation dust removal. Among these, the long-pressure and short-suction 
ventilation dust removal technology has been widely adopted due to its high efficiency6,7. By controlling airflow, 
capturing, and removing dust particles from the working environment, this technology reduces overall dust 
concentrations and minimizes miners’ exposure to dust. Despite the positive outcomes of these measures, 
challenges remain in achieving optimal dust control. Factors such as dust particle size, the dynamic nature of 
tunneling operations, and variations in environmental conditions can all influence the overall effectiveness of 
dust removal systems8–10. In light of these challenges, this study aims to explore and evaluate the effectiveness 
of current dust prevention technologies, particularly the application of the long-pressure and short-suction 
technique. By analyzing the operational parameters, environmental conditions, and health impacts of these 
technologies, the study seeks to provide a scientific basis for developing more efficient and reliable dust control 
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strategies. Ultimately, the research aligns with the overarching goals of the “Healthy China” initiative, aiming to 
safeguard miners’ health and safety and reduce the incidence of occupational respiratory diseases.

Engineering experience has shown that the efficiency of the long-pressure and short-suction dust removal 
system is primarily influenced by factors such as dust source characteristics, the matching of airflow rates 
for pressurization, extraction, and airflow control, and the distance between the dust extraction port and the 
dust source. Zheng et al.11 used numerical simulations and field measurements to obtain the dust distribution 
characteristics under long-pressure and short-suction ventilation in fully mechanized heading faces, finding 
that dust concentrations decrease continuously along the tunnel and stabilize after 20 m from the working face. 
Jiang et al.12 conducted similar simulation experiments on a long-pressure and short-suction ventilation dust 
removal platform, testing the impact of different dust source movement paths on dust distribution. The results 
showed that under lateral dust movement paths, the hazards to driver and pedestrians were reduced. Xu et al.13 
designed a dual air curtain device based on the traditional long-pressure and short-suction ventilation system, 
which transforms the pressurized airflow into two air curtains using a wind box and deflector plates, improving 
the dust removal rate in the breathing zone. Nie et al.14 used FLUENT software to simulate the effects of different 
dust extraction positions and extraction airflow rates on dust diffusion. The results indicated that the minimum 
dust pollution occurred when the dust extraction port was located on the opposite side of the pressurized air duct 
and the minimum extraction airflow rate was 330 m³/min. Zhang et al.15 found through numerical simulations 
and similar experiments that the dust removal efficiency was highest when the dust extraction port was 1 m from 
the working face. Wang et al.16 used numerical simulations to study the effect of the pressurization-to-extraction 
airflow ratio on the dust suppression efficiency of air curtains, finding that when the ratio was 0.8, the dust 
concentration at the tunneling driver’s position was reduced by approximately 50%. Gong et al.17,18 established 
an airflow control model using a BP neural network algorithm, with gas concentration, dust concentration, and 
wind speed as input layers, optimizing airflow distribution by adjusting the angle of the pressurized air duct 
outlet to reduce gas and dust concentrations. Kurnia et al.19 studied dust diffusion behavior under six ventilation 
methods, including blowing fan, exhaust fan, brattice, and combinations thereof, finding that using a brattice 
provided better dust control. Wang et al.20 investigated the impact of ventilation parameters on dust particles 
in the respiratory risk zone of tunnels through experiments and numerical simulations, establishing a random 
forest prediction model where the importance of influencing factors was ranked as follows: distance from the 
pressurized air outlet to the dust source, airflow velocity, pressurization-to-extraction airflow ratio, and dust 
emission time. J. Toraño et al.21 used one-way coupling simulations and field measurements to study the effects 
of different heights of the dust extraction duct on tunnel airflow behavior while keeping the pressurized air duct 
position constant. Cai et al.22 set the pressurization airflow rate in a hybrid ventilation system to 500 m³/min 
and achieved optimal working conditions by varying the dust extraction airflow rate, studying the impact of the 
pressurized air duct height on dust suppression performance. The results showed that a dust extraction airflow 
rate of 550 m³/min and a duct height of 2 m provided the best dust suppression combination. Li et al.23 studied 
the effect of different axial-to-radial airflow ratios in wall-mounted air ducts on dust control efficiency, finding 
that a ratio of 2:8 resulted in a dust concentration of 57 mg/m³ at the driver’s position.

Currently, the effectiveness of the long-pressure and short-suction dust removal system is typically evaluated 
based on dust migration and distribution24–26. Dust concentrations at different locations, such as the driver’s 
position, 5 m behind the operator, and behind the dust removal fan, are measured to reflect the extent of dust 
pollution in the fully mechanized heading face, thereby determining the optimal airflow control parameters. 
In the long-pressure and short-suction system, airflow control devices such as wall-mounted air ducts27–29 
play a crucial role in altering the airflow distribution in the working face space, preventing dust diffusion and 
improving the dust collection efficiency of the dust removal system. The axial-to-radial airflow ratio and outlet 
distance30, as well as structural parameters31 of the wall-mounted air duct, significantly affect the airflow field. 
However, the distribution state of the airflow field has not received much attention, and the relationship between 
the airflow field and airflow control effectiveness has not been reported. The traditional dust concentration 
evaluation method only reflects the dust concentration at a limited number of points or local spaces, which is 
easily affected by location selection deviation and cannot intervene in dust diffusion in advance.

Therefore, this study aims to establish an evaluation index for the airflow control effectiveness of the long-
pressure and short-suction system, quantitatively assessing the airflow distribution characteristics in the fully 
mechanized heading face space. This index will be used to evaluate the effectiveness of different airflow control 
parameters, filling the gap in airflow field evaluation methods for dust control in fully mechanized heading faces 
and guiding the application of long-pressure and short-suction airflow control and dust removal systems.

Construction of airflow control effectiveness evaluation method
Mechanism of airflow control and dust suppression in the long-pressure and short-suction 
dust removal system
The “long-pressure” component of the long-pressure and short-suction dust removal system typically consists 
of an auxiliary fan, a positive pressure air supply duct, and an airflow control device installed at the end of the 
positive pressure air supply duct. The “short-suction” component usually includes a dust collector, a negative 
pressure dust extraction duct, and a dust collection hood. A typical layout of the long-pressure and short-suction 
dust removal system is shown in Fig. 1.

The mechanism of airflow control and dust reduction in the long-pressure and short-suction dust removal 
system is as follows: the airflow control device converts part of the axial airflow into a uniform air curtain 
that advances along the entire tunnel cross-section toward the working face, creating an air screen in front 
of the driver to prevent dust generated during tunneling from diffusing backward. The dust-laden airflow is 
then captured by the dust collection hood and purified by the dust collector. The rationality of the airflow field 
regulation in the air supply system is a key factor influencing the dust reduction efficiency of the long-pressure 
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and short-suction system. Without airflow control measures, the air supply duct blows directly toward the 
working face, and the dust generated during coal cutting to rapidly diffuse under the disturbance of the high-
speed airflow, making it difficult for the dust collection hood to capture the dust. By adding an airflow control 
device such as a wall-mounted air duct at the end of the “long-pressure” air supply duct, part of the axial airflow 
blowing directly toward the working face is diverted radially, confining the dust-laden airflow to a certain area 
near the working face and preventing uncontrolled dust diffusion. This provides the necessary time and space for 
the dust collector to capture and purify the dust. The working principle is illustrated in Fig. 2.

Hypothesis of optimal dust control airflow field and airflow field uniformity coefficient
Based on the analysis of the airflow control and dust reduction mechanism in the long-pressure and short-
suction dust removal system, the primary function of airflow control is to convert part of the axial airflow 
blowing directly toward the working face into a uniform air curtain advancing along the entire tunnel cross-
section. Therefore, it is hypothesized that the more uniform the airflow field in the tunnel, the less likely it is to 
form turbulent flow, which is more conducive to forming a forward-pushing air curtain. Conversely, an uneven 
airflow field, especially one that forms a distinct pressurized airflow jet impacting the dust-producing area of 
the working face, is more likely to cause dust escape and diffusion, making it less favorable for dust capture 
and purification. To evaluate the uniformity of the airflow field in the tunnel, this study introduces the airflow 
field uniformity coefficient as a quantitative measure. Compared to traditional dust concentration evaluation 
methods, the advantage of using flow field uniformity evaluation is that firstly, while traditional methods 
measure dust concentration at specific points, flow field uniformity evaluates the spatial uniformity of the entire 
airflow field, which proactively prevents dust diffusion rather than just measuring its result. Secondly, flow field 
uniformity directly links airflow distribution characteristics to dust control performance, whereas concentration 

Fig. 2.  Schematic diagram of long pressure and short extraction control air principle.

 

Fig. 1.  Schematic diagram of long pressure and short extraction dust removal system layout.
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metrics only reflect the outcome. Thirdly, the uniformity of the flow field can be changed by adjusting the air 
control parameters before dust escape.

Based on the above analysis, the airflow field uniformity coefficient ε for the tunnel cross-section is proposed. 
The calculation method for ε is as follows: the tunnel cross-section is evenly divided into j small sections, with 
a measurement point placed at the center of each section, as shown in Fig. 3. The standard deviation of the air 
velocity at the j measurement points is taken as the airflow field uniformity coefficient ε for that cross-section. 
To more accurately reflect the variation pattern of the airflow field in the tunnel, j is set to 16. The selection of 16 
measurement points per cross-section balances accuracy and practicality. A higher number of points captures 
spatial variations in airflow more reliably. Preliminary tests indicate that fewer points can lead to inaccurate test 
results. While more points (e.g., 25) might marginally improve precision, the marginal gain diminishes beyond 
16 points, and field measurements become impractical due to time constraints. Selecting 16 measurement points 
can basically reflect the flow field characteristics of the cross-section.

The air velocity at each measurement point should consider both the magnitude and the direction of the 
airflow. A coordinate system is established with the tunnel cross-section as the xy plane, the tunneling direction 
as the z-axis (positive in the tunneling direction and negative in the opposite direction), and the air velocity at 
each measurement point is converted based on the airflow direction, as shown in Fig. 4. The angle between vj 
and the z-axis is α.

The calculation method for the airflow field uniformity coefficient ε is as follows:

	
ε = 2

√∑j

1
(vjcosα − v)2� (1)

 

where ε is the airflow field uniformity coefficient; j is the jth measurement point; vj is the air velocity at the jth 
measurement point; α is the angle between vj and the z-axis; and v is the average air velocity.

The calculation method for v is as follows: the air velocities at the j measurement points are projected onto 
the z-axis direction, yielding the velocity of each point in the z-axis direction, vjcosα. The sum of all vjcosα values 
is divided by the number of measurement points j to obtain the average velocity v: 

	
v =

∑j

1 vjcosα
j

� (2)
 

Numerical simulation experiment design for airflow field uniformity coefficient in 
long-pressure and short-suction system
The calculation method for the airflow field uniformity coefficient in the tunnel has been proposed and 
constructed, but the rationality of the selected cross-section position and the evaluation method for the airflow 
field uniformity coefficient have not yet been verified. Therefore, numerical simulations were used to analyze the 
airflow field uniformity coefficient.

Fig. 3.  Layout of measuring points for tunnel section.
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Geometric model setup
Based on the actual working conditions of the 2302 return airway heading face in Xiaoyun Coal Mine, Shandong 
Province, a numerical simulation experiment model was designed. The tunnel width is 4.2 m, the height is 3.6 m, 
the air supply flow rate at the working face is 400 m³/min, and the actual suction flow rate of the dust collector is 
approximately 350 m³/min. The distance between the dust extraction port and the working face is 4 m. A wall-
mounted air duct is used for dust control, with a distance of 20 m from the air duct to the working face. Based 
on these parameters and the dimensions of the fully mechanized heading face equipment, a 1:1 geometric model 
of the long-pressure and short-suction dust removal system was established, as shown in Fig. 5. The geometric 
model was meshed using hexahedral and tetrahedral elements. For the small surface area of the radial outlet 
of the wall-mounted air duct, the mesh was divided into 5 cm units to ensure precision. For other entities and 
airflow field spaces, the mesh was divided into 40 cm, 20 cm, and 10 cm units, resulting in the mesh model 
shown in Fig. 6. A mesh independence test was conducted, and the calculated air velocities were consistent with 
relative errors 4.1% under 20 cm and 10 cm mesh conditions, so the 20 cm mesh unit was selected.

Boundary conditions and dust characteristics setup
The simulations were performed using ANSYS Fluent 17.0. The standard k-ε model was chosen. A pressure 
based solver using SIMPLE algorithm and second-order discretization of momentum and turbulence equations. 
For the boundary condition setup, the inlet of the air supply duct was set as a velocity inlet, and the inlet air 
velocity was calculated based on the air supply flow rate. Calculated by pressing the air volume of 400m3/min, 
the inlet velocity is 13.3 m/s, and the turbulence intensity is 2.3%. The radial outlet of the wall-mounted air duct 
was set as a fan, and the ratio of radial to axial airflow was adjusted by the negative pressure. The inlet of the dust 
collector was set as a fan, and the dust extraction flow rate was adjusted by the negative pressure. The ends of 
the air ducts and the outlet of the dust collector were set as internal boundaries, serving as the contact surfaces 
between two airflow field regions. The working face, roof, floor, and sidewalls of the tunnel were set as walls, and 
the tunnel outlet was set as a free outlet. The surfaces of entities within the airflow field were also set as walls.

The working face cross-section was set as the dust emission source. Based on the measured dust concentration 
at the working face and the particle size analysis of dust samples, the dust emission intensity was set to 5 g/s, 

Fig. 5.  Geometric model of long pressure and short extraction system.

 

Fig. 4.  Air velocity conversion calculation.
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with a minimum particle size of 1 μm, a maximum particle size of 100 μm, a median particle size of 20 μm, and 
a dispersion coefficient of 1.5. After setting the parameters, the simulation was solved using a pressure-based 
solver and the standard k-ε turbulence model.

Radial-to-axial airflow ratio setup
The airflow rate blowing directly toward the working face from the air supply duct is denoted as Q1, and the 
airflow rate from the radial outlet of the wall-mounted air duct is denoted as Q2. The ratio of the radial airflow 

Fig. 6.  Mesh division.
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rate to the axial airflow rate (Q2/Q1) is denoted as η, referred to as the “radial-to-axial airflow ratio.” Laboratory 
tests and on-site engineering applications have shown that when the ratio is less than 0.5, the strength of the 
dust control air curtain is insufficient and the dust control effect is not good. When the ratio is greater than 1.5, 
the effect of dust control improvement is not significant. Numerical simulations of the airflow field and dust 
migration patterns in the tunnel were conducted for η values of 0.5, 0.75, 1.0, 1.25, and 1.5.

Analysis of airflow field experiment results
Distribution characteristics of airflow field in different regions
The airflow field distribution in the tunnel was obtained through numerical simulations for five different η 
values. Although the airflow field at the working face varied with different η values, the overall characteristics 
were consistent. The airflow field along the tunnel can be divided into three regions: the horizontal vortex region 
near the working face, the radial vortex region in the dust control section, and the backflow region behind the 
dust collector. The distribution of these three regions is shown in Fig. 7.

(1) Horizontal Vortex Region Near the Working Face.
The horizontal vortex region near the working face is generally located within 5–10 m of the working face, as 

shown in Fig. 8. In this region, the airflow from the air supply duct blowing directly toward the working face (Q1) 
and the airflow from the wall-mounted air duct (Q2) form a horizontal vortex. The distribution characteristics 
of the horizontal vortex are significantly influenced by Q1. The higher the Q1, the higher the outlet wind speed, 
resulting in a higher vortex velocity and a more chaotic vortex flow field. Based on the vortex distribution range, 
when η is 0.5, the vortex is mainly concentrated within 5 m of the working face. As η increases, the vortex range 
gradually expands, reaching 10 m when η is 1.5.

(2) Radial Vortex Region in the Dust Control Section.
The radial vortex region in the dust control section is located at the position of the wall-mounted air duct, as 

shown in Fig. 9. After the radial airflow exits the wall-mounted air duct, part of it forms a vortex air curtain along 
the radial direction, while the other part is deflected horizontally by the tunnel walls, flowing toward the working 
face and the tunnel exit. The intensity of the radial vortex region increases with η. When η is 0.5, the average 
wind speed at the radial outlet is approximately 7 m/s, while when η is 1.5, the average wind speed increases to 
approximately 15 m/s. The increase in wind speed also leads to more significant deflection and splitting of the 
airflow after being blocked by the tunnel walls, resulting in a stronger airflow circulation. This intensified airflow 
circulation helps further dilute and remove dust from the tunnel, thereby enhancing dust control effectiveness.

(3) Backflow Region Behind the Dust Collector.
The backflow region behind the dust collector is located behind the dust collector installation position and 

extends to the tunnel exit, as shown in Fig. 10. The airflow characteristics in this region are primarily influenced 
by the negative pressure effect generated by the dust collector’s suction inlet, creating a relatively stable backflow 
zone behind the dust collector. The intensity of the backflow region is closely related to the dust collector’s 
suction flow rate and the tunnel cross-section. With a suction flow rate of 350 m³/min and a tunnel cross-
sectional area of 15.1 m², the high air velocity at the dust collector outlet mainly affects the area within 10 m 

Fig. 7.  Flow field characteristics of different η.
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behind the outlet, resulting in an uneven airflow distribution with high air velocity in the center and low air 
velocity at the periphery.

Selection of tunnel cross-section for airflow field evaluation and calculation method for 
airflow field uniformity coefficient
Based on the analysis of the airflow field distribution characteristics in different regions along the tunnel, it is 
evident that the airflow field varies significantly with distance from the working face. Therefore, evaluating the 
airflow control effectiveness based on the airflow field uniformity coefficient at a single cross-section may lead 
to uncertainty. To more accurately evaluate the uniformity of the airflow field at the working face, the airflow 

Fig. 9.  Flow field of dust control section.

 

Fig. 8.  Head-on flow field.
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field uniformity coefficients at multiple cross-sections are weighted and averaged to offset the random errors 
of individual cross-sections. The mean square error was selected for the uniformity coefficient B because it 
effectively quantifies the dispersion of airflow velocity deviations across the tunnel cross-section, penalizing 
larger deviations more heavily than smaller ones such as mean absolute error.

Since the goal of airflow control is to confine dust to the area in front of the driver, the driver’s position is 
selected as the starting point. The dust collector is typically installed 25–40 m behind the operator, so the farthest 
cross-section is selected at 45 m behind the driver. Based on the stability of the airflow field, seven cross-sections 
are selected to calculate the overall airflow field uniformity coefficient B: at the driver’s position, 5 m behind the 
driver, 10 m behind the driver, 15 m behind the driver, 25 m behind the driver, 35 m behind the driver, and 45 
m behind the driver. Since higher air velocities have a greater impact on the uniformity of the airflow field, the 
weight for each cross-section is determined by the ratio of the average air velocity at that cross-section to the 
total average air velocity across all cross-sections. The calculation method for the overall airflow field uniformity 
coefficient B is shown in Eq. (3).

	
B = v1∑i

1 vi

ε1 + v2∑i

1 vi

ε2 + ... + vi∑i

1 vi

εi =
∑i

1 viεi∑i

1 vi

� (3)
 

where B is the overall airflow field uniformity coefficient; i is the cross-section number, i = 1–7; εi is the airflow 
field uniformity coefficient at the ith cross-section; and vi is the average air velocity at the ith cross-section.

Verification of airflow field evaluation results
To verify the feasibility of using the airflow field uniformity coefficient B to evaluate airflow control effectiveness, 
a comparison was made with the dust concentration at the working face. Since dust measurement points at the 
tunneling face are typically located at the driver’s position and 5 m behind the driver, the dust concentrations at 
these positions were used for comparison. By adjusting the axial and radial outlet sizes of the air control device to 
change the air volume, the air volume is monitored by air volume sensors at both ends. The relationship between 
the total dust removal efficiency E and the airflow field uniformity coefficient B under different η values is shown 
in Fig. 11.

As shown in Fig. 11, as the radial-to-axial airflow ratio η increases, the dust removal efficiency E at the driver’s 
position and 5 m behind the driver improves to varying degrees. The dust removal efficiency at 5 m behind the 
driver is consistently slightly better than that at the driver’s position. When η increases from 0.5 to 1.5, the dust 
removal efficiency at the driver’s position improves by 37.7%, and the efficiency at 5 m behind the driver improves 
by 27.7%. The airflow field uniformity coefficient B gradually decreases as η increases, showing an opposite trend 
to the dust removal efficiency curve. The decrease in B is more pronounced when η increases from 0.5 to 1.0, 
and the rate of decrease slows when η increases from 1.0 to 1.5. A logistic function was established between 
the average dust removal efficiency E and the airflow field uniformity coefficient B with correlation coefficient 
98.2%, as shown in Fig. 12, confirming the feasibility of using the airflow field uniformity coefficient to evaluate 
airflow control and dust removal effectiveness.

Conclusions
(1) Based on the analysis of the airflow control and dust reduction mechanism in the long-pressure and short-
suction dust removal system, the hypothesis of an optimal dust control airflow field was proposed, and the 

Fig. 10.  Flow field after dust collector.
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airflow field uniformity coefficient B was introduced to evaluate the uniformity of the airflow field in the tunnel. 
Numerical simulation results show that the overall airflow field uniformity coefficient B can effectively reflect the 
uniformity of the airflow field in the tunnel and exhibits a strong negative correlation with dust concentration 
at the working face. As the radial-to-axial airflow ratio η increases, the airflow field uniformity coefficient B 
gradually decreases, while the dust concentration at the working face significantly decreases, demonstrating the 

Fig. 12.  The relationship between average dust reduction efficiency and flow field uniformity.

 

Fig. 11.  E and B at different η values.
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feasibility and effectiveness of this coefficient in evaluating the airflow control effectiveness of the long-pressure 
and short-suction dust removal system.

(2) By comparing the airflow field and dust concentration at the working face under different radial-to-axial 
airflow ratios, the rationality of the airflow field uniformity coefficient B was verified. The results show that the 
radial-to-axial airflow ratio η has a significant impact on airflow field uniformity and dust control effectiveness, 
and the airflow field uniformity coefficient B can effectively reflect the airflow control effectiveness. This method 
provides a scientific basis for evaluating the effectiveness of the long-pressure and short-suction ventilation and 
dust removal system in tunneling faces.

(3) This study focused on the impact of the radial-to-axial airflow ratio on airflow field uniformity and dust 
control effectiveness. However, in practical engineering, dust removal effectiveness is also influenced by the 
coupling effects of other factors, such as the structural parameters of the wall-mounted air duct, the physical and 
chemical properties of dust, and the shape and size of the tunnel. Future research could consider multiple factors 
to establish a more comprehensive airflow control evaluation method, enabling more accurate prediction and 
optimization of dust removal effectiveness.

Data availability
Data is provided within the supplementary information files.
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