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Abstract Wall-mounted swirling ventilation is a new type of system in mechanized excavation faces with a dust sup-

pression performance that is closely related to the blowing-to-suction flow ratio. Physical and simulation models were

developed according to the No. C103 mechanized excavation face in the Nahe Coal Mine of the Baise Mining Bureau,

Guangxi Province to optimize the blowing-to-suction flow ratio for wall-mounted swirling ventilation. Both the k-e
turbulence model and the discrete phase model were utilized to simulate airflow field structures and dust concentration

distribution patterns at various blowing-to-suction flow ratios. The results suggest that higher blowing-to-suction flow

ratios increase the airflow field disturbance around the working face and weaken the intensity of the axial air curtain. On

the other hand, both the intensity of the radial air curtain and the dust suppression effect are enhanced. At a blowing-to-

suction flow ratio of 0.8, the wall-mounted swirling ventilation system achieved the most favorable dust suppression

performance. Both the total dust and respirable dust had their lowest concentrations with maximum efficiencies of reducing

both types at 90.33% and 87.16%, respectively.

Keywords Mechanized excavation face � Wall-mounted swirling ventilation � Blowing-to-suction flow ratio � Airflow
field � Dust

1 Introduction

As the national demand for underground mineral resources

has continued to grow in recent years, both the mining

intensity and mechanized degree have also increased.

Consequently, dust production in a mechanized excavation

face has dramatically increased, which causes the gradual

deterioration of operational environments (Zhou et al.

2019a; Tao et al. 2018; Liu et al. 2019a; Yao et al. 2020;

Wang et al. 2019a). High-concentrations of dust around the

mechanized excavation face inevitably increase the prob-

ability of pneumoconiosis and reduce the visibility of

workers. More seriously, this may lead to multiple safety

accidents, such as mine explosions, which seriously

threaten safe production and miner health (Zhou et al.

2019b; Ma et al. 2018; Wang et al. 2019b, c). According to

field measurement results, without adopting dust suppres-

sion measures, the dust concentration in a mechanized

excavation face can reach as high as 1200–1500 mg/m3.

Even with effective measures, the operating environment in

many mechanized excavation faces is still unsatisfactory

and the maximum dust concentration in the area of the

roadheader driver reaches up to 900 mg/m3 (Peng et al.

2019; Liu et al. 2019b; Zhang et al. 2018; Wang et al.

2019d). The National Safety and Health Commission of
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China reported 23,497 new occupational cases in its Sta-

tistical Report on Occupational Diseases in 2018. Among

the reported cases, 19,468 were pneumoconiosis at 82.85%

of the total number of cases. From the perspective of

industry field distributions, the reported pneumoconiosis

cases appeared primarily in the coal and non-ferrous metal

mining industries. Among these pneumoconiosis cases, the

reported number in the mining industry was approximately

40% of the total number of reports (Wang et al.

2018a, b, 2019e, f).

Long-forced-short-extracted ventilation is a common

dust suppression method in mechanized excavation faces

(Liu et al. 2019c; Wang et al. 2018a, b; Tan et al. 2020;

Wang et al. 2019g). However, this technique cannot

effectively control dust production at the mechanized

excavation face. Specifically, such systems cannot form

complete dust-suppression air curtains; thus, the produced

dust cannot be blocked within the restricted area of the

tunneling end. Therefore, a large amount of dust diffuses

towards the operational region of the driver while little is

taken in by the dust-removal fan (Jiang et al. 2015; Wang

et al. 2007; Nie et al. 2018; Hua et al. 2018). In early

studies, western scholars added a wall-mounted air cylinder

to the traditional long-forced-short-extraction ventilation

system to create an airflow barrier ahead of the roadheader

driver. This barrier prevents dust from dispersing outwards

from the working face, which blocks the produced dust

from the boring process and finally discharges it via the

dust removal fan (Wang et al. 2002). German scientists first

developed wall-mounted air cylinders and applied them in

tunneling projects. The wall-mounted swirling ventilation

was confirmed to effectively block dust diffusion as pro-

duced in tunneling processes (Zhou et al. 2017). At the end

of the 20th century, the KOMAG Mining Mechanization

Center in Poland provided enhanced performances of wall-

mounted air cylinders by integrating a local fan for dust

control and suppression (Qin et al. 2011; Wang et al. 2015).

Furthermore, the research teams led by Aminossadati and

Parra numerically simulated the airflow organization of a

wall-mounted air cylinder under different conditions

(Aminossadati et al. 2008). The same groups also validated

and estimated the simulation model through experiments to

provide reliable theoretical guidance (Li et al. 2016; Tor-

año et al. 2011).

The wall-mounted swirling ventilation technique was

initially applied in China at the end of the 1990s. Chinese

scholars made substantial theoretical investigations and

technical improvements based on foreign application

experiences. Fu et al. (2008) numerically analyzed the

airflow field in a mechanized excavation face with a wall-

mounted swirling ventilation system using computational

fluid dynamics (CFD). The results were compared with the

airflow field under conventional long-forced-short-exhaust

ventilation conditions. The comparative analysis indicates

that swirling ventilation not only restricts dust within

limited areas around the boring end and enhances the dust-

collecting efficiency of the dust removal system but also

causes the gas to disperse away from the roof and stops it

from accumulating at the boring end. Cheng et al. (2016)

numerically simulated the dust suppression performance of

the wall-mounted ventilation technique in a mechanized

excavation face, where the numerical analysis results were

verified based on on-site measurements. It was revealed

that the formed radial swirling airflow can effectively block

the roadway. Additionally, a dust-suppression air curtain

was formed ahead of the roadheader driver that pointed

towards the heading end. Their measurement results

revealed that the utility of the wall-mounted swirling

ventilation can significantly reduce the dust concentration

in the operating region of the mechanized excavation face

and achieve a dust suppression efficiency as high as

81.72%. Furthermore, Nie et al. (2016) reported a novel,

light, wall-attached air cylinder made from polymer

materials and analyzed the effects of the air suction

capacity on the dust suppression performance by varying

the air capacity of the dust removal fan. They concluded

that a greater blowing-to-suction flow ratio gives a higher

dust suppression performance. This caused the dust to

diffuse to a smaller range and decreased its concentration

around the roadheader driver. Based on simulation results

and onsite tests, Liu et al. (2018, 2019a, b, c, d) and Yin

et al. (2019) reported that the dust suppression performance

is also impacted by the installation location of the air

curtain generator. As the air curtain generator moves far-

ther from the heading end, the radial air curtain has a worse

dust-barrier performance while the axial air curtain has an

enhanced dust-blocking performance. The best installation

position of the air curtain generator was recommended

where the diffusion range of dust is the smallest and the

dust reduction efficiency is the highest.

The blowing-to-suction flow ratio is a key factor in the

dust suppression performance of wall-mounted swirling

ventilation systems at the mechanized excavation face. In

studies that examined the effects of the blowing-to-suction

flow ratio on the dust suppression performance, the air

blowing capacity is generally fixed while the air suction

capacity is varied. A well-accepted opinion is that a smaller

blowing-to-suction flow ratio is beneficial to dust sup-

pression. However, related research on dust suppression

effects at varying air blowing capacities is still unclear.

Currently, field applications rely heavily on subjective

experiences to set the air blowing capacity. As a result, the

dust suppression performance in practice is significantly

limited. This study first numerically analyzes the perfor-

mance of the ventilation system and then validates the

effectiveness of the established mathematical model
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through numerical simulations using similarity tests. Thus,

adjusting the air capacity of the forced cylinder allows

examining the effects of the blowing-to-suction flow ratio

of the wall-mounted swirling ventilation system on the

airflow field and dust suppression performance in a

mechanized excavation face. Finally, the optimal blowing-

to-suction flow ratio is determined. This study provides

theoretical direction for practical applications of the pro-

posed ventilation mode.

2 Development of physical and mathematical
models

The physical model was developed according to the No.

C103 mechanized excavation face at the Nahe Coal Mine

in the Baise Mining Bureau, Guangxi Province. The

working face had a rectangular cross-section with dimen-

sions of 4.5 m 9 3.2 m and an area of 14.4 m2. The

EBZ230 roadheader was used for heading. The maximum

dust concentration in the working face was 991 mg/m3.

The relative gushing of CH4 and CO2 were 1.17 and 1.69

m3/t, respectively, and the concentrations of poisonous and

pernicious gases were extremely low.

2.1 Construction of physical model

The physical model was constructed using a rectangular

tunnel in the front of the heading face with a length of

30 m. The full-scale physical model consisted primarily of

the tunnel and some main equipment, including air cylin-

ders, a roadheader, and a belt conveyor scaled at 1:1. For

convenient simulations, the standard simplified model was

developed for the tunnel. Figure 1 shows the developed

model for the studied wall-mounted swirling ventilation

system.

From Fig. 1, the tunnel was 4.5 m wide, 3.2 m high, and

30 m long. The front end of the roadheader was 3 m ahead

of the heading face, and the driver of the roadheader was

5 m ahead of the heading face. The exhaust cylinder was

installed on the roadheader at a horizontal height of 1.6 m

at the tunnel center. The air inlet of the exhaust cylinder

was 3 m ahead of the heading face. The forced air cylinder

was tightly pressed to the left side of the tunnel at a hori-

zontal height of 2.7 m. The air outlet of the forced cylinder

was 5 m away from the heading face. Furthermore, three

strip-shaped air-out slits with dimensions of 1.6 m

9 0.06 m were arranged outside the forced air cylinder

with a spacing of 3.4 m. The origin of the coordinate

system and the direction of the axes are shown in Fig. 1.

The meshes were generated using the ICEM CFD soft-

ware, as shown in Fig. 2. In the model, the computational

domain was set to the fluid domain, which was set to air in

Fluent. Tetrahedral meshes were used to grid the calcula-

tion regions. The size of the global meshes was optimized

to 0.3 m, the size of the local meshes for the three strip-

shaped air-out slits was set to 0.02 m, and the size of the

local meshes for the two round air-out slits was set to

0.05 m. There were 1,071,159 meshes generated for the

tunnel model.

Fig. 1 Physical model of the tunnel with a wall-mounted swirling ventilation system
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When using the ICEM CFD software, the ‘Element

Metrics’ was used to assess the mesh quality. When the

‘Element Metrics’ is closer to 1, the meshes have a better

quality (Widiatmojo et al. 2015; Van den Berg et al. 2011;

Wang et al. 2019h). Figure 3 shows the distribution of the

generated meshes with different ‘Element Metrics’ values.

For the model, the ‘Element Metrics’ of the meshes ranged

from 0.45 to 0.95 and were greater than 0.45 for 99.41% of

meshes (1,064,824 meshes). Moreover, the roadway was

completely modeled using tetrahedral meshes that can fill

the fluid domain, which indicates the generated meshes can

meet the requirements of airflow-dust numerical simula-

tions (Goldasteh et al. 2013; Zhang et al. 2016; Parra et al.

2006).

2.2 Grid independence verification

It is necessary to ensure the independence of the simulation

results and the number of grids. The main focus of the

simulations is the diffusion of pollutants at different

installation distances. Thus, the dust concentration at the

driver position (3, 5, and 1.6 m) of the roadheader was

selected for independent verification. The results are shown

in Fig. 4.

It can be found from Fig. 4 that when the number of

grids increases from 500,000 to 3 million, the dust con-

centration at the driver gradually stabilizes. When the

number of grids increases to 1 million, the grid number has

little effect on the results. To ensure the accuracy of the

simulation results and a higher calculation efficiency, it is

considered that the simulation results are independent of

the number of grids when above 1 million, so 1.07 million

was taken as the number of calculation grids.

2.3 Construction of mathematical model

The Fluent software was used for the simulation analyses

in this study. The airflow was treated as a continuous phase

while dust particles were treated as a discrete phase. The k-

e model in Euler coordinates was utilized to express the

airflow motion, while the discrete phase model (DPM)

under Lagrangian coordinates was utilized to express dust

particle motion (Liu et al. 2019e; Wang et al. 2019i). In

addition, the Semi-Implicit Method for Pressure-Linked

Equations (SIMPLE) module was applied in the

simulations.

Analyzing the wall-attached swirling ventilation airflow

field in the fully mechanized excavation face shows that a

cylindrical jet was ejected from the front end of the air

supply cylinder. Meanwhile, airflow was ejected from the

strip-shaped air-out slits, which was then rotated because of

the wall attachment effect and finally showed helical

motion under the action of the suction airflow at the front

end. According to related literature, the Realizable k-e
model can accurately predict the divergence ratio of the

cylindrical jet and has been used to effectively describe

uniform shear flow with a rotating free flow of mixed-flow

and boundary layer flow. Therefore, this study selected the

Realizable k-e model to describe the airflow motion (Kim

et al. 1997). The motion equations of airflow and dust

particles have been described in related references (Li et al.

2019, 2020).

Fig. 2 Physical model of the roadway in the wall-mounted swirling ventilation and the generated meshes
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3 Validate effectiveness of established model

3.1 Design model for similarity experiments

The experimental model was developed with a geometrical

similarity ratio of 1:8. Thus, the rectangular tunnel in the

established model was 400 mm high, 562.5 mm wide, and

4000 mm long. The tunnel was manufactured using trans-

parent organic glass with the following equipment inside:

forced air cylinder, exhaust air cylinder, roadheader, belt

conveyer, electrostatic dedusting fan, and forced ventila-

tion fan. The diameters of both the forced and exhaust air

cylinders were 100 mm. The installation position of the

forced air cylinder was on the inner edge of the tunnel

model with a height of 337.5 mm, while the exhaust air

cylinder was 200 mm high. Figure 5 shows a 3D view and

image of the model.

3.2 Experimental scheme

The particle image velocimetry (PIV) system from Lavi-

sion Gmbh, Göttingen, Germany was utilized to measure

the flow field inside the roadway. The PIV system con-

sisted of two Imager Pro X 4 M CCD cameras

(2560 9 2560 pixels) synchronized with a double cavity

Nd:YAG laser (frequency-doubled laser at a wavelength of

532 nm). The commercial DaVis software developed by

the LaVision Company was used to analyze the test data,

Fig. 3 Trend of mesh quality versus mesh number

Fig. 4 Results of grid independence verification
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which provided an algorithm that utilized the stereo cross-

correlation. The interrogation windows for the iterations

were 32 9 32 pixels wide with an overlap of 50% to

provide a spatial resolution of 16 9 16 pixels. Each PIV

experiment took 30 groups of double-frame photos using

CCD cameras to produce velocity profiles by averaging the

associated flow fields.

The measured results from the model were verified

through comparisons with the simulation results. In the

experiments, a representative plane (EFGH) was used to

verify the flow field. The PIV experimental system and the

cross-section in the flow field tests are shown in Fig. 6. The

airflow speed of the experimental model was set the same

as the on-site airflow speed of the full-mechanized exca-

vation face (Camelli et al. 2014; Hamid et al. 2013). The

airflow rate of the pressure cylinder was maintained at 200

m3/min by adjusting the frequency converter of the fan,

while the airflow rate of the suction cylinder was main-

tained at 250 m3/min. In addition, adjusting the flow valve

controlled the axial-radial airflow ratios of the pressure

cylinder to 2:8.

At this stage, there are few studies on the similarity

criteria of pollutant diffusion, which makes it challenging

to obtain an accurate relationship between the laboratory

model and the on-site pollutant diffusion behavior.

Therefore, the similarity can be verified by analyzing the

dust distribution in the roadway (Tan et al. 2015; Amyotte

et al. 2009; Ciocanea et al. 2013). The experimental veri-

fication platform and associated equipment are shown in

Fig. 7. The dust was produced using the German AG420

aerosol generator and transported to the working face

through a circular hole at the tunneling end under forced

compressed air. This process mimics dust generation from

the boring machine. An FCC-25 explosion-proof dust

Fig. 5 a 3D view and b photograph of the developed model in the similarity experiment
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sampler was used to collect dust samples to determine the

mass concentration of dust in the tunnel.

3.3 Verification results and analyses

3.3.1 Airflow field

Both the numerical analysis results and experimental

measurements for the vector diagram of the flow field

velocity in the test face were obtained, as shown in Fig. 8.

In the figure, the pressure air cylinder is abbreviated as

FAC, the exhaust air cylinder is abbreviated as EAC, and

the conveyor belt is indicated as white bars. The same

abbreviations and symbols are used in the subsequent

sections of this paper.

From Fig. 8, the structure and velocity of the flow field

for the selected test surface as obtained from numerical

calculations are consistent with the measured PIV results.

Four measurement points (A, B, C, and D), on the test

surface were selected for specific velocity comparisons.

Validity was determined if the average error from the

comparison was less than 10%. Figure 9 shows that the

numerical calculations and test results of the airflow

velocity at the measured points match well with an average

error of 6.75%. Given a relative error of less than 10%, the

developed mathematical model is considered as able to

numerically analyze the airflow field in the fully mecha-

nized excavation face.

3.3.2 Pollutant distribution

Figure 10 shows the concentration distribution of dust from

the numerical analyses and experimental results. The fig-

ure indicates that while the simulation and verification

results diverge in absolute values, the overall trends were

nearly the same. Under wall-mounted swirling ventilation,

the majority of dust was concentrated close to the working

face. As the measuring point was farther from the tunneling

end, the dust concentration first reduced before eventually

stabilizing. The analysis results suggest the numerical

calculation model established in this study has a high

feasibility to study the distribution patterns of pollutants

and the airflow field in roadways. Thus, numerical calcu-

lations provide a guide for site pollution control in the

excavation face to some extent.

4 Numerical calculations

The flow features and dust diffusion rules in the tunnel with

a wall-mounted swirling ventilation system were investi-

gated using Fluent at varying blowing-to-suction flow

ratios. The airflow field and the effects of the blowing-to-

suction flow ratio on its structural characteristics were

analyzed in two regions: (1) around the heading end and (2)

between the strip-shaped air-out slit and the roadheader

driver. Both the radial and axial airflows were considered

in the analysis. The analysis of the dust diffusion rules,

variations in the migration distance of dust, and the dust

concentration at the roadheader driver operating position at

varying blowing-to-suction flow ratios were the primary

investigations.

4.1 Boundary conditions and parameters

Based on the established model, the air capacity of the

exhaust cylinder was converted into the airflow velocity

from the air capacity requirements in the mine and the

exhaust air capacity measured on-site. The airflow velocity

was set in the Fluent software. At each blowing-to-suction

flow ratio, the air capacity of the front surface of the forced

cylinder should occupy 20% of the total forced air capac-

ity, and the total air capacity from the three strip-shaped

air-out slits should occupy the remaining 80%. This paper

assumes that the blowing-to-suction flow ratio is expressed

as b, and the forced air capacity can be calculated from the

Fig. 6 PIV system and arrangement of the test cross-section: a photograph of the PIV system and b the representative plane
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fixed exhaust air capacity at each b. Table 1 lists the

specific parameters.

The parameters and boundary conditions of the model

were set based on practical conditions for the working face.

The produced dust from the source and the distribution

pattern of dust particles were set based on field measure-

ments and the laboratory analysis results. The detailed

parameter settings are given in Table 2.

4.2 Effects of blowing-to-suction flow ratio

on airflow field

4.2.1 Effects of blowing-to-suction flow ratio on airflow

field around the heading end

Figure 11 shows the airflow field structure in the horizontal

section at a height of 2.7 m (z-axis) at different blowing-to-
suction flow ratios. The airflow was split into two portions

before being blown out from the forced air cylinder. One

Fig. 7 Similarity verification for the experimental platform on the dust distribution in the roadway

Fig. 8 Velocity vectors of the test face: a numerical simulation results and b PIV results

Fig. 9 Comparison results of the airflow velocity at the measured

points
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portion of the airflow exited from the front face of the

cylinder, which blew directly towards the working face,

while the other portion exited from the strip-shaped slits

inside the air cylinder. At blowing-to-suction ratios of 0.6

and 0.7, the airflow velocity in front of the outlet of the

forced cylinder was small and had a strong attenuation. The

jet velocity was small at the heading face and imposed a

certain disturbance on the region around the heading end.

Moreover, a vortex was formed due to the exhaust airflow

around the exhaust air inlet, which played a controlling

role. As the blowing-to-suction flow ratio was increased to

0.9, 1.0, and 1.2, the airflow velocity at the outlet in the

front section of the forced cylinder became excessively

large. As a result, the heading end experienced a more

intense disturbance. Accordingly, the exhaust airflow can-

not fully control the roadway, and dust was driven by some

of the airflow to move outwards.

4.2.2 Effects of blowing-to-suction flow ratio on radial

airflow

Figure 12 shows the radial airflow field structures on the

section located at Y = 10 m. At blowing-to-suction ratios

of 0.6 and 0.7, the radial airflow velocity was small and

low-velocity holes were found around the exhaust air

cylinder. As a result, a complete radial air curtain cannot be

formed, and dust can easily escape from the low-velocity

holes. As the blowing-to-suction ratio increased to 0.8 and

0.9, the radial air curtain became stronger, a complete

radial air curtain was formed, and the holes around the

exhaust air cylinder shrank. Further increases to 1.0 and 1.2

caused the radial air curtain to strengthen, and the dust and

accumulated gas near the roof were adequately diluted.

However, at larger flow ratios, the airflow velocity near the

tunnel floor also increased, resulting in secondary dust

rising from the floor. The above analysis of the structures

of the radial flow fields indicates that the dust-blocking

performance of the radial air curtain increases at larger

blowing-to-suction flow ratios. However, at excessively

large airflow velocities, the accumulated dust readily

increased, which caused secondary dust pollution in the

roadway. Therefore, the blowing-to-suction flow ratio

should not be more than 0.9.

Fig. 10 Dust concentration distribution curves

Table 1 Ventilation parameter settings

Project Air suction Air inlet

b = 0.6 b = 0.7 b = 0.8 b = 0.9 b = 1.0 b = 1.2

Air volume Q (m3/min) 250 150 175 200 225 250 300

Air velocity t (m/s) 8.29 4.97 5.80 6.63 7.46 8.29 9.95

Table 2 Main parameter settings for the boundary conditions and

particle source

Project Definition Parameter

Computational

models

Solver Uncoupled

solver

Viscous model k-e

Energy equation OFF

DPM model ON

Inlet Velocity inlet

Boundary

conditions

Velocity of extract cylinder

(m/s)

8.29

Hydraulic diameter (m) 0.8

Turbulent intensity (%) 3.22

Outlet Outflow

Shear condition of Walls No-slip

Type of injection Surface

Inert particles Anthracite

Diameter distribution Rosin–rammler

Minimum diameter (m) 1 9 10–6

Average diameter (m) 1.25 9 10–5

Injection

properties

Maximum diameter (m) 6 9 10–5

Spread parameter 1.77

Total flow rate (kg/s) 0.0015

Turbulent dispersion Stochastic

tracking

Number of tries 10

Time scale constant 0.15
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The measurement results at three select measuring

points in the above section were analyzed to study the

impacts of the blowing-to-suction flow ratio on the flow

field of the radial air curtain. The velocities of the mea-

surement points were decomposed into their horizontal and

vertical components. The trends of each velocity compo-

nent were then obtained from the blowing-to-suction flow

ratio, as shown in Fig. 13.

Figure 13 indicates that as the blowing-to-suction flow

ratio increased, the velocity components in both the hori-

zontal and vertical directions at the three measurement

points had an overall increasing trend. At a relatively small

blowing-to-suction flow ratio, the airflow speed at the

measurement point, especially in the central region of the

roadway, was small, which resulted in a weak radial air-

flow curtain. At higher blowing-to-suction flow ratios, the

air curtain had an increased strength. At the same time, the

variation law of the airflow speed at Point B in Fig. 13

shows that excessively large blowing-to-suction flow ratios

produce fast airflows at the bottom of the roadway (hori-

zontal speed close to 1.5 m/s). In this case, secondary dust

was generated and resulted in a degraded dust control

effect.

Figure 14 shows the pressure distribution patterns on the

section located at Y = 10 m at various blowing-to-suction

flow ratios. At higher ratios, both the absolute pressure and

the area of the negative-pressure region in the tunnel center

increased. This is likely because the wall-mounted swirling

intensity gradually increased for larger blowing-to-suction

flow ratios, which resulted in an expansion of the negative-

pressure range and an increase in the negative pressure at

the tunnel center. The existence of a negative pressure in

the tunnel center promotes dust migration towards the

Fig. 11 Airflow field structures on the horizontal section located at Z = 2.7 m around the heading end at blowing-to-suction flow ratios of

a b = 0.6, b b = 0.7, c b = 0.8, d b = 0.9, e b = 1.0, and f b = 1.2
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tunnel center and prevents spreading, which enhances the

dust-collecting effect around the exhaust inlet.

4.2.3 Effects of blowing-to-suction flow ratio on axial

airflow

The axial airflow can effectively restrict dust within a

limited range from the heading end. Three test surfaces

from the roadheader driver to the first air-out slit parallel

with the heading face were selected. The data statistics

from Fluent for the mass flow rate and mean airflow

velocity on these surfaces are shown in Fig. 15.

With the wall-mounted swirling ventilation, only a small

portion of the forced airflow traveled directly towards the

working face from the outlet of the forced air cylinder,

while the capacity of fresh airflow was much smaller than

the exhaust airflow capacity around the heading end. As a

result, the fresh airflow from the back of the tunnel grad-

ually moved towards the heading face for supply. At higher

blowing-to-suction flow ratios, additional fresh airflow was

transported towards the heading end, and less airflow

supply was needed at the back of the tunnel; thus, both the

mass flow rate and mean axial airflow velocity in the cross-

section were lower. In addition, Fig. 15 shows that at

higher blowing-to-suction flow ratios, both the mass flow

rate and the average axial airflow velocity were reduced.

Meanwhile, the intensity of the axial air curtain was

weakened and the dust-blocking capability was reduced.

The dust suppression performance of wall-mounted

swirling ventilation depends on the combined effects of the

formed axial and radial air curtains. The above analysis

suggests that at higher blowing-to-suction flow ratios, the

Fig. 12 Airflow field structures on the section located at Y = 10 m at blowing-to-suction flow ratios of a b = 0.6, b b = 0.7, c b = 0.8, d b = 0.9,

e b = 1.0, and f b = 1.2

Fig. 13 Effects of the blowing-to-suction flow ratio on the velocities

of the measurement points for the a horizontal and b vertical

velocities
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flow field around the heading end experiences a stronger

disturbance while the axial air curtain is weaker. On the

other hand, the radial air curtain has a greater intensity and

the related dust-barrier effect is improved. Therefore, an

optimal blowing-to-suction flow ratio should exist to pro-

vide the strongest combined dust barrier capability for the

axial and radial air curtains to yield the most favorable dust

blocking performance. The dust suppression performances

under various blowing-to-suction flow ratios were further

analyzed to determine the optimal value.

4.3 Effects of blowing-to-suction flow ratio on dust

suppression performance

4.3.1 Dust concentration distribution on the cross-section

at respiratory height

The dust concentration distribution patterns in the central

horizontal cross-section of the forced air cylinder at the

respiratory height are shown in Fig. 16. The long tube in

the middle represents the exhaust air cylinder. Different

dust concentrations are marked with different colors, and

the PMC on the colored axis represents particle mass

concentration.

In the excavation face, the concentration distribution of

dust is highly correlated with the airflow field. As shown in

Fig. 16a, at a blowing-to-suction flow rate of 0.6, the mean

concentration of dust in the region 1-m ahead of the

heading face was 300 mg/m3 with a maximum concentra-

tion of 1000 mg/m3. Moreover, dust particles were con-

centrated primarily within 5 m of the excavating head.

Under the operating condition, the airflow velocity around

the heading end was low, and vortex regions with low

energies were formed. Therefore, dust particles are easily

accumulated in this region. The formed radial air curtain

had the lowest strength, indicating it cannot effectively

block dust particles. As a result, dust easily escaped from

the vortex regions and spread as far as 15 m to the back of

the tunnel, which resulted in a high concentration of dust

around the drivers.

At a blowing-to-suction flow ratio of 0.7, the dust sup-

pression performance was improved to a certain degree and

the dust diffusion distance was shortened (Fig. 16b). The

calculation results for the airflow field characteristics

indicate that increasing the blowing-to-suction flow ratio

enhances the intensity of the radial air curtain and forms a

complete curtain. Under the combined action of the radial

and axial air curtains, dust can be controlled mostly within

the region in front of the driver. However, due to the small

output airflow velocity in front of the air supply cylinder,

the airflow has a weak disturbance on the heading face. In

addition, the air exhaust inlet of the exhaust cylinder has a

poor dust collection performance, which causes a high

concentration of dust particles around the tunneling end. A

high concentration of dust particles affects both the pro-

duction safety and operational visibility.

Fig. 14 Pressure field distribution patterns on the section located at Y = 10 m at blowing-to-suction flow ratios of a b = 0.6, b b = 0.7,

c b = 0.8, d b = 0.9, e b = 1.0, and f b = 1.2
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At a blowing-to-suction flow ratio of 0.8, the air supply

capacity of the front face of the supply cylinder increased,

which caused a stronger disturbance on the dust around the

heading end. The energy of the circulating air in the vortex

region further increased. Moreover, the increased air sup-

ply capacity around the front face of the supply cylinder

moved the produced vortex region away from the heading

end and closer to the air exhaust inlet, which enhanced the

dust collection effect at the exhaust inlet and resulted in a

lower dust concentration around the heading end, as shown

in Fig. 16c. Meanwhile, the radial air curtain had an even

greater intensity. Although the intensity of the axial air

curtain dropped to a certain degree, the integrated impact

from both the axial and radial air curtains was optimal. In

these conditions, dust was retained in the region around the

heading end and was discharged due to the suction airflow.

Therefore, the dust diffusion distance was the shortest and

the dust concentration around the operational area of the

driver was the lowest.

As the blowing-to-suction flow ratio increased to 0.9,

1.0, and 1.2, the jet velocity from the front area of the air

supply cylinder increased, which excessively disturbed the

dust around the working face. As a result, dust particles

were driven by the airflow and spread outwards. Mean-

while, as shown in Figs. 16d–f, decreases in the axial air

curtain intensity weaken the dust barrier effect, and the

dust concentration in the driver operating region increases.

At a high blowing-to-suction flow ratio such as b = 1.2,

dust particles can diffuse as far as 16 m away and towards

the rear of the roadway.

4.3.2 Three-dimensional (3D) spatial distribution pattern

of dust concentration in tunnel

A 3D graph can provide an intuitive understanding of the

dust concentration distribution patterns, which is helpful to

investigate the 3D spatial distributions of the parameters. In

field production, the dust concentration in the roadheader

driver operating area significantly affects operational

safety. In this study, the position of the roadheader driver

was 5 m away from the heading end, and the respiratory

height of the driver was 1.6 m (Z = 1.6 m).

As shown in Fig. 17, at a blowing-to-suction flow ratio

of 0.6, the maximum dust diffusion distance was 15 m, and

the dust concentration in the driver area (Y = 5 m) was as

high as 800 mg/m3. More importantly, the high dust con-

centration at Y = 1.5 m significantly affects the driver’s

operational vision. As the blowing-to-suction flow ratio

increased to 0.7 and 0.8, the dust diffusion distance sig-

nificantly shortened and the dust concentration at the driver

position was reduced to approximately 200 mg/m3. More-

over, at a blowing-to-suction flow ratio of 0.8, the dust

concentration at the operating position was smaller than at

0.7. As the blowing-to-suction flow ratio further increased,

the dust diffusion distance began increasing and the dust

concentration around the driver started to increase. This is

unfavorable for the safe production and operation of the

roadheader driver. Based on the analysis, the diffusion

rules for dust in a 3D tunnel were nearly the same as the

dust diffusion rules at the breathing height of the road-

header driver.

4.3.3 Dust-blocking efficiency of generated air curtain

Respiratory dust can cause the occurrence of pneumoco-

niosis. The proportion of respiratory dust is an important

index to evaluate the performance of dust suppression

techniques. The statistical analysis of particle sizes at the

roadheader driver operating position was performed using

Fluent. The proportions of respiratory dust and non-

Fig. 15 Impact of the blowing-to-suction flow ratio on the a mass

flow rate and b mean airflow velocity at three different test surfaces
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respiratory dust at the driver operating position at varying

blowing-to-suction flow ratios were obtained, as shown in

Fig. 18.

As shown in Fig. 18a, at a blowing-to-suction flow ratio

of 0.8, the respiratory dust had the lowest proportion

(8.86%) of total dust around the roadheader driver. As a

result, the wall-mounted swirling ventilation system

Fig. 16 Concentration distribution patterns of dust on the section located at Z = 1.6 m at blowing-to-suction flow ratios of a b = 0.6, b b = 0.7,

c b = 0.8, d b = 0.9, e b = 1.0, and f b = 1.2

Fig. 17 3D graphs for the dust concentration distribution in the tunnel for blowing-to-suction flow ratios of a b = 0.6, b b = 0.7, c b = 0.8,

d b = 0.9, e b = 1.0, and f b = 1.2
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achieved the most favorable dust suppression performance.

Thus, the lowest concentrations of both the total dust and

respiratory dust around the driver were achieved. Due to

the comprehensive effects from the radial and axial air

curtains, the strongest dust suppression capability was

achieved and the dust concentration distribution in the

mining face was ideal. The dust concentrations at the two

cross-sections of Y = 1 m and Y = 5 m (around the heading

end and at the driver operating position) were analyzed to

calculate the dust-suppression efficiency of the generated

air curtain at each blowing-to-suction flow ratio, as shown

in Fig. 18b. The most ideal dust-suppression performance

was achieved at a blowing-to-suction flow ratio of 0.8,

which is consistent with the above conclusion. The highest

blocking efficiencies for the total dust and respiratory dust

were obtained at 90.33% and 87.16%, respectively.

5 Conclusions

A numerical model was developed based on the No. C103

mechanized excavation face at the Nahe Coal Mine in the

Baise Mining Bureau, Guangxi. The feasibility of the

established model was verified through experiments, which

showed the simulation model can precisely reflect the

actual operating conditions in the tunnel. Finally, the

effects of the blowing-to-suction flow ratio of the wall-

mounted swirling ventilation system on the airflow field

structure and the dust suppression performance were sys-

tematically investigated numerically, and the optimal

blowing-to-suction flow ratio was obtained. The analysis

results indicate that as the blowing-to-suction flow ratio

increases, disturbances on the airflow field around the

heading end increase and the intensity of the axial air

curtain weakens. On the other hand, the intensity of the

radial air curtain increases, and the dust-blocking capabil-

ity is enhanced. At a blowing-to-suction flow ratio of 0.8,

the lowest concentrations of both the total dust and respi-

ratory dust are achieved and the highest blocking effi-

ciencies for both types are obtained at 90.33% and 87.16%,

respectively. Therefore, the optimal dust suppression per-

formance for the wall-mounted swirling ventilation system

is achieved at the blowing-to-suction flow ratio of 0.8. The

physical model and boundary conditions are simplified for

the numerical simulations, and there may be some devia-

tions between the calculation results and actual conditions.

Therefore, the best blowing-to-suction flow ratio needs to

be verified in the field. However, for the set working

conditions are set, only six blowing-to-suction flow ratios

were selected, and the best value is only an approximation;

the exact value is yet to be determined.

Acknowledgements Financial support for this work was provided by

the National Natural Science Foundation of China (No. 51574123),

and the Scientific Research Project of Hunan Province Office of

Education (No. 18A185), which are gratefully acknowledged.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.
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and b a histogram of the dust-blocking efficiencies for both total dust

and respiratory dust in the driver operating area at varying blowing-
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