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Large amounts of dust are generated during digging operations in underground
mines, and the transportation of dust is affected by the shape of the roadway section.
In order to know the dust transportation law of different cross-section shapes when
digging. Fluent software was used to simulate the distribution of wind flow field, dust
transportation trajectory, and dust quality concentration in roadways with
semicircular arch, three-centered arch, rectangle and trapezium, and then
analyze and compare the influence of four cross-section shapes on dust
transportation, and use gray correlation analysis to investigate the correlation
between the time needed to reduce the dust quality concentration of the
roadway to the safe value and the ventilation air volume and air supply distance.
The results of the study show that the wind speed in the roadway is in the following
order from high to low: rectangle > trapezium > three-centered arch > semicircular
arch. Dust particles of each size rubbed each other after blasting, and there were
fewer dust particleswith larger sizes in the three-centered arch roadway. Both the air
supply distance and ventilation air volume impact the dust removal effect; when the
air supply distances are 5 m and 10 m, the three-centered arch has a better dust
removal effect;when the air supply distances are 15mand20m, the effect is better in
the rectangular roadway and trapezoidal roadway; and when the ventilation air
volume is increased, it is the three-centered arch. Through the gray correlation
analysis, it can be seen that in order to improve the construction environment in the
roadway after blasting, the rectangular section can be chosen when considering the
air supply distance, and the three-centered arch can be chosen when considering
the ventilation air volume.
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1 Introduction

During underground mine roadway operations, a large amount of dust is generated during
drilling, blasting, shoveling, and other processes. When more dust is gathered per unit volume,
the dust density increases and the dust concentration increases, resulting in the formation of a
high concentration of dust [1], and the dust production after blasting in the boring face is
particularly serious in all construction processes. The dust generated after blasting will be

OPEN ACCESS

EDITED BY

Minping Wan,
Southern University of Science and Technology,
China

REVIEWED BY

Feifei Qin,
Northwestern Polytechnical University, China
Kwaku Boakye,
Colorado State University, United States

*CORRESPONDENCE

Wanqing Wang,
zz2127@ynufe.edu.cn

RECEIVED 23 May 2024
ACCEPTED 27 August 2024
PUBLISHED 18 September 2024

CITATION

Liu J, Luo X, Wang W, Teng L, Hao C, Cai F and
Chen Y (2024) Comparative analysis of the
influence of different shapes of shaft sections
on dust transportation.
Front. Phys. 12:1437171.
doi: 10.3389/fphy.2024.1437171

COPYRIGHT

© 2024 Liu, Luo, Wang, Teng, Hao, Cai and
Chen. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 18 September 2024
DOI 10.3389/fphy.2024.1437171

https://www.frontiersin.org/articles/10.3389/fphy.2024.1437171/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1437171/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1437171/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1437171/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2024.1437171&domain=pdf&date_stamp=2024-09-18
mailto:zz2127@ynufe.edu.cn
mailto:zz2127@ynufe.edu.cn
https://doi.org/10.3389/fphy.2024.1437171
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2024.1437171


transported to the exit of the roadway under the action of the wind flow,
but because the transport of dust in the roadway is affected by many
factors, scholars in order to explore the dust transport law in the
roadway began to use theory, experiments, and numerical simulation to
carry out research on the different influencing factors[2], [3], and [4]
derived the characteristics of dust distribution under different wind
speeds by the numerical simulation of dust concentration distribution.
[5], [6], and [7] investigated the effects of the position of the pressure-
extraction cylinder opening and the pressure-extraction ratio on the
dust distribution pattern and optimized the combined pressure-
extraction ventilation parameters through the dust distribution
pattern. [8], [9], [10], and [11] used the theory of gas–solid
two-phase flow to obtain the dust transport law under different
ventilation methods, which provides a certain basis for the selection
of ventilation methods, and [12] also used the fluid dynamics model to
consider the effect of time to study the dust behavior under two kinds of
auxiliary ventilation systems. [13] and [14] used a combination of
similar experiments and numerical simulations to conduct an in-depth
study of the flow field and dust transport characteristics under different
wind turbine heights. Based on the numerical simulation method, [15]
and [16] investigated the influence of the distance from the air outlet of
the wind turbine to the working surface on the distribution of the dust
concentration and the effect of dust exhaustion. In addition, other
scholars have investigated the dust transport and diffusion law for the
ventilation air volume [17, 18], the location of the dust source [19], the
relative humidity in the roadway [20], the number of extractor cylinders
[21], and the dust removal device [22].

To summarize, at present, scholars have focused on the study of the
influencing factors of dust transportation in the roadway, mostly on the
study of the influence of wind speed, the location of the mouth of the
pressurized and pumped air tube, the pressure and pumping ratio, the
ventilation method, the height of the air tube, etc., on the dust
transportation in a single cross-section and have not explored the
differences in the distribution of dust under the shape of the other cross-
section. However, the different shapes of the roadway sections will lead
to different boundary conditions, and then the flow-field distribution in
the roadway space will be different, and the distribution of wind speed,
temperature and humidity, and the dilution and exclusion of pollutants
in the roadway will all be affected. Therefore, in order to explore the
distribution characteristics of dust under different section shapes, this
paper uses Fluent fluid simulation software to simulate the distribution
of wind flow field, dust transport trajectory, and concentration
distribution after blasting in the roadway by establishing different
section shapes of the roadway model. In addition, this paper further
uses the gray correlation analysis method to analyze the correlation
between the dust concentration and the air supply distance and
ventilation air volume in the roadway of different section shapes, by
comparing the correlation value and selecting the preferred section
shape, which can provide certain design ideas and theoretical guidance
for the mines to carry out the section design.

2 Numerical model

Computational fluid dynamics (CFD) methods have been widely
used in the study of dust transport mechanisms [23]. In the present
study, the dust generated after blasting will be transported in the
direction of the roadway exit and will gradually settle under the

action of the wind flow from the wind roadway outlet, which
belongs to the research scope of the gas–solid two-phase flow [24].
Therefore, in this paper, the wind flow in the roadway is treated as a
continuous phase, and the turbulence model is applied to solve its flow;
the dust is treated as a discrete phase, and the motion trajectories of the
dust particles are calculated by the discrete-phase model.

2.1 Mathematical model

The fluid flow in the roadway will be constrained by the physical
conservation law, and according to the field conditions and the
Reynolds number calculation formula, it can be known that the fluid
type in the roadway is completely turbulent. From the study by [25],
it is known that for high Reynolds number turbulence, the standard
k-εmodel is more accurate than other models and has good stability
and relatively high computational accuracy. Therefore, in this study,
the standard k-ε turbulence equation is considered in addition to the
mass conservation equation and momentum conservation equation
under the press-in ventilation mode.

Mass conservation equation:

∂ρ
∂t

+ ∂
∂xi

ρui( ) � Sm. (1)

Momentum conservation equations:

∂
∂t

ρui( ) + ∂
∂xj

ρuiuj( ) � −∂p
∂xi

+ ∂τij
∂xj

+ ρgi + Fi, (2)

τij � μ
∂ui

∂xj
+ ∂uj

∂xi
( )[ ] − 2

3
μ
∂ul

∂xl
δij. (3)

In Equations 1–3, ρ is the density of the fluid, kg/m3; t is the time,
s; u is the velocity of the fluid, m/s; x is the coordinate in theX, Y, and
Z directions, m; i is the tensor sign, which is taken as 1, 2, and 3; j is
the tensor sign, which is taken as 1, 2, and 3; Sm is the source term; P
is the hydrostatic pressure, pa; τij is the stress tensor; and gi and Fi are
the gravitational volumetric force and external volumetric force in
the i-direction, respectively.

The equations for the turbulent kinetic energy k and dissipation
rate ε for the standard k-ε model are as follows, respectively, [26]:

∂ ρk( )
∂t

+ ∂ ρkui( )
∂xi

� ∂
∂xj

μ + μt
σk

( ) ∂k
∂xj

[ ] + Gk + Gb − ρε, (4)

∂ ρε( )
∂t

+ ∂ ρεui( )
∂xi

� ∂
∂xj

μ + μt
σε

( ) ∂ε
∂xj

[ ] + C1ε
ε

k
Gk + G3εGb( )

− C2ερε2

k
, (5)

In Equations 4, 5 ρ is the density of the fluid, kg/m3; t is the time,
s; ui is the velocity of the fluid in the i-direction, m/s; xi and xj are the
coordinates in the i-direction and j-direction, respectively, m; μt is
the turbulent viscosity coefficient, which can be solved for μt =
(ρCμk

2)/ε (where Cμ is a constant taken as 0.09), Pa·s; Gk is the
turbulent kinetic energy induced by the mean velocity gradient;Gb is
the turbulent kinetic energy induced by the buoyancy force; C1ε, C2ε,
and C3ε are all constant terms; σk is the turbulence Plumptre number
corresponding to k; σε is the turbulence Plumptre number
corresponding to ε. Usually C1ε, C2ε, σk, and σε are taken as 1.44,
1.92, 1.00, and 1.30, respectively.
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2.2 Dust equations of motion

The force of dust particles in the roadway is complex, and in order
to analyze its force state, assuming that the dust in the roadway is made
of spherical particles, and without considering the collision between the
particles, the force acting on the dust particles is mainly gravity,
buoyancy, drag, pressure gradient force, Magnus lift force, Saffman
lift force, Basset force, falsemass force, etc. [27]. Since the density of dust
particles is much greater than the density of air, the effect of buoyancy
on dust particles can be neglected. In addition, pressure gradient force,
Magnus lift force, Saffman lift force, Basset force, and the false mass
force are also negligible due to their small magnitude. Then, the force
balance equation for dust particles can be written as

dup

dt
� FD u − up( ) + gx ρp − ρ( )

ρp
, (6)

In Equation 6 u is the fluid velocity, m/s; up is the velocity of dust
particles, m/s; ρp is the density of dust particles, kg/m3; FD is the unit
mass tugging force of dust particles, N.

In addition, FD can be calculated by the following formula:

FD � 18μ
ρpdp2

CDRe
24

, (7)

In Equation 7CD is the drag coefficient; dp is the diameter of dust
particles, m; μ is the coefficient of dynamic viscosity; Re is the
Reynolds number.

Re can be calculated by the following Equation 8:

Re � ρdp up − u
∣∣∣∣ ∣∣∣∣
μ

. (8)

Then, FD can be expressed as Equation 9

FD � 0.75
CDρ up − u

∣∣∣∣ ∣∣∣∣
ρpdp

. (9)

Then, the force balance equation for the dust particles can be
finally expressed as Equation 10

dup

dt
� 0.75

CDρ up − u
∣∣∣∣ ∣∣∣∣
ρpdp

u − up( ) + gx ρp − ρ( )
ρp

. (10)

3 Physical modeling and solution

3.1 Physical modeling

Taking a metal mine in Yunnan Province underground roadway
as a reference, the roadway section shape is found to be a three-
centered arch, using the pressure-entry ventilation, in which the
diameter of the wind pipe is 0.8 m, the central axis is 2 m high from
the bottom plate of the roadway, the wind speed of the wind pipe

FIGURE 2
Geometric model.

FIGURE 1
Dimensions of the roadway section: (A) semicircular arch; (B) three-centered arch; (C) rectangle; and (D) trapezium.
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outlet is 4 m/s, and the distance from the face of the excavation is
10 m. In order to study the different section shapes, under the
premise of meeting the transportation needs of this mine, this paper
designs three other different section shapes, i.e., semicircular arch,
rectangle, and trapezoidal, based on the original three-centered arch
roadway section. As the size of the section area of the roadway

determines the excavation cost, and in order to ensure that the
volume of the ventilation space in the roadway is the same, so in the
design of the other three section sizes, it is necessary to ensure that
their section areas are the same as the original three-centered arch
section area, the specific section shape, and size, as shown
in Figure 1.

TABLE 1 Computational model parameterization.

Item Parameter Parameter setting

Continuous-phase parameters Solver Pressure-based

Viscous model Standard k-epsilon

Air density/kg·m−3 1.225

Viscosity/Pa·s 1.789e-05

Operating pressure/Pa 101,325

Gravitational acceleration/m·s−2 X-direction: 9.81

Boundary type of inlet Velocity-inlet

Velocity magnitude/(m·s−1) 4

Hydraulic diameter/m 0.8

Turbulence intensity/% 3.46

Boundary type of outlet Outflow

Wall shear condition No slip

Pressure–velocity coupling SIMPLEC

Discrete parameters Injection type Surface

Diameter distribution Rosin–Rammler

Total flow rate/(kg·s−1) 0.023

Min. diameter/m 1e-7

Max. diameter/m 3.4e-5

Mean diameter/m 7.2e-6

Spread parameter 3.5

Drag law Spherical

Turbulent dispersion Stochastic tracking

FIGURE 3
Meshing.
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In view of the fact that most of the dust particles are gathered in
the working face of the roadway within 30–50 m [28], the range of
50 m from the face of the roadway is taken as the research object.
Since the settlement and discharge of dust can be regarded as a
non-stationary fluid diffusion process, and there is a certain
difference between numerical simulation and the actual working

conditions, the model is simplified to consider only the influence of
the pressure-entry wind pipe on the distribution of the wind flow
field and does not take into account the leakage of the wind pipe.
Therefore, SpaceClaim software was used to carry out 1:1 isobaric
modeling, and the geometric model of each duct was obtained as
shown in Figure 2.

FIGURE 4
Grid independence test: (A) Comparison of wind speed distribution; (B) Comparison of dust concentration distribution.
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3.2 Grid division and parameter setting

The geometric model is imported into ICEM CFD, and non-
structural tetrahedral meshing is used, and the quality of the meshes
is checked to meet the requirements and reach the calculation
standard, and the meshing model is shown in Figure 3. The
mesh model that meets the quality requirements is imported into
Ansys Fluent, and according to the actual situation of the project, the
outlet of the pressure-entry wind turbine is set as the velocity inlet,
the outlet of the excavation roadway is set as the outflow, the wall
surfaces of the excavation roadway are all non-slip wall surfaces, and
the whole excavation surface is the source of the dust jet. The other
parameters of the computational model are shown in Table 1.

3.3 Grid-independence validation and
model validation

In numerical simulation analysis, the quality of meshing
greatly affects the efficiency of simulation runs and the
accuracy of results, while the wind flow in the mine is the
main influencing factor that restricts the diffusion of dust
[29]. Therefore, wind speed and dust concentration in the
roadway at 1.5 m above the height of the human breathing
zone were selected as the parameters for checking the
independence of the grid, and the ICEM CFD software was
used to mesh the four physical models, and three schemes
with different numbers of grids were obtained for each

FIGURE 6
Distribution of wind flow traces in each roadway.

FIGURE 5
Model validation: (A) wind speed validation and (B) dust concentration validation.

Frontiers in Physics frontiersin.org06

Liu et al. 10.3389/fphy.2024.1437171

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1437171


physical model, in which the number of MA grids for
semicircular arch roadways was 295,893, 413,010, and 727,921;
the number of MB grids for tri-centered arch roadways was
308,023, 414,634, and 708,712; the number of MC grids for
rectangular roadways was 284,917, 422,592, and 662,875; and
the number of MD grids for trapezoidal roadways was 292,778,
427,347 and 703,208, respectively. Simulations were performed
for each of the three scenarios to obtain the wind speed
distribution and dust concentration distribution for different
grid numbers, as shown in Figure 4. As can be seen from the
figure, although there are differences in the number of grid
divisions for the four cross-section shapes of the roadway, the
trends of wind speed and dust concentration are relatively close
to each other, and all of them increase first and then decrease,
which satisfies the independence verification. Therefore, taking
into account the performance of the computer and
computational efficiency, all of them use medium grid number
to divide the grid and simulate, in which the average quality of the
grid is greater than 0.7.

In order to ensure the accuracy of the numerical simulation
results, according to the original three-centered arch roadway wind
speed and dust field measurement data and numerical simulation of
the data for comparison, the results are shown in Figure 5. It can be
seen that the measured data and simulated data are relatively close,
the trend is basically the same, and the error is controlled within
10%, which verifies the accuracy of the numerical simulation.

4 Characterization of dust in roadways
with different cross-section shapes

4.1 Analysis of wind flow fields in roadways
with different section shapes

The distribution of the wind flow field in the roadway is an
important factor affecting the diffusion of dust, and the dust
generated by blasting will be carried by the wind flow and
diffused to other areas from the digging face, so solving the wind
flow field and analyzing its distribution pattern can help understand
the dust distribution pattern [30]. The wind flow traces in each
roadway under the pressure-entry ventilation condition are shown
in Figure 6. From the figure, it can be seen that the high-speed fresh
airflow from the outlet of the wind pipe is directed to the digging
surface, forming a high-speed wall jet, but due to the obstruction of
the digging surface, the wind pipe is placed on the left side of the
roadway, resulting in the wind flow to the wall, mainly to the lower
right side of the roadway, and a part of the wind flow is turned to
form a vortex at the digging surface, while the other part of the air
flow continues to flow to the central part of the roadway, forming a
vortex zone, a transition zone, and a stabilization zone. It can be seen
that although there are differences in the shape of each roadway
section, the trajectory of the formed wind flow is similar.

It can be seen from the wind flow traces of each roadway that the
wind flow changes near the boring face are more complicated. In
order to better understand the distribution of the wind flow field as
well as to improve the accuracy of the data, 11 cross-sections were set
up in the roadway, and the average wind speed of each section can be
calculated by arranging multiple measurement points on the section,
and the statistical value of the wind speed on each section is shown
in Table 2.

According to the average wind speed of each roadway section, a
wind speed change curve is created, as shown in Figure 7. From the
figure, it can be observed that the wind speed of each roadway shows
an increasing and then decreasing trend, and the wind speed
fluctuation is most obvious in the range of 10 m from the
digging surface, all of them reach the peak, from high to low in
the order of rectangle > trapezium > three-centered arch >
semicircular arch. The reason for this situation is mainly due to
the formation of backflow after the wind jet to the wall, the flow
direction is opposite to the direction of the jet, and the interaction
between the two leads to the formation of the vortex in one part and
the flow along the exit of the roadway in the other part. Therefore, in
the range of 10m from the digging face, the wind speed fluctuation is
obvious, and the different shapes of the section result in differences

FIGURE 7
Trend of average wind speed at each section.

TABLE 2 Wind speed magnitude statistics.

V/(m/s) Distance to digging face/m

0 5 10 15 20 25 30 35 40 45 50

Semicircular arch 0 0.418 0.382 0.236 0.205 0.199 0.193 0.185 0.194 0.200 0.196

Three-centered arch 0 0.514 0.318 0.238 0.173 0.156 0.169 0.189 0.196 0.198 0.198

Rectangle 0 0.729 0.449 0.295 0.239 0.190 0.196 0.189 0.181 0.194 0.202

Trapezium 0 0.665 0.471 0.261 0.215 0.206 0.226 0.213 0.195 0.208 0.203
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in the distribution of wind speed in the internal space of the
roadway, and then the size of the peak wind speed in each
roadway is different. The size of wind speed affects the
movement of dust, and different peak wind speeds in each

roadway will result in different dust transportation conditions. In
addition, at approximately 15 m from the exit of the roadway, the
wind flow of each roadway enters the “stable section,” and the wind
speed is maintained at approximately 0.2 m/s.

FIGURE 8
Dust transportation and cross-section concentration along each roadway: (A) semicircular arch roadway; (B) three-centered arch roadway; (C)
rectangular roadway; and (D) trapezoidal roadway.
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4.2 Analysis of dust transportation in
roadways with different cross-
section shapes

At the end of the convergence of the steady-state calculations,
the discrete-phase model was turned on, the jet source was set up in
the face of the excavation, and the plane of the respiratory belt at a
height of 1.5 m was selected for the study so that the cloud diagrams
of the dust transportation at different moments in the various
passages were obtained, as well as the changes of the dust mass
concentration of the different cross-sections with time, as shown
in Figure 8.

Under the action of press-in ventilation, the wind flow plays an
important role in the transportation of dust after blasting, as shown
in Figure 8:

(1) After blasting operations in the digging face, dust will be
transported from the digging face to the exit direction of the
roadway with the change in time, and due to the placement of
the wind turbine on the left side of the roadway, under the
effect of high-speed jet and backflow, the right side of the
roadway of the dust mass concentration is higher than that on
the left side. After 10 s of ventilation, dust is the first to move

to the rectangular and trapezoidal roadway duct outlet, and
dust in the semi-circular arch and three-arched roadway
gathered more in the vicinity of the digging surface; after
50 s of ventilation, dust is transported to the middle of the
three-centered arch roadway, but more than the semi-circular
arch, rectangular, and trapezoidal roadway in the middle;
after 120 s of ventilation, the dust is transported to the exit of
the four roadways.

(2) With the increase in ventilation time, the dust wrapped by the
wind flow gradually filled the whole roadway, the distribution
range of dust gradually increased, the range of the dust quality
concentration less than 500 mg/m3 also gradually increased,
and the dust quality concentration near the digging face
gradually decreased. After 10–50 s of ventilation, the dust
quality concentration is the highest in the trapezoidal
roadway within the range of 10 m from the wind pipe to
the digging face, and the dust distribution range is relatively
close; after 300 s of ventilation, the trapezoidal roadway has a
close distribution of dust compared with the other three
roadways, and the dust quality concentration is the highest.

(3) The dust mass concentration in each cross-section increased
rapidly and then decreased gradually, but due to the influence
of the shape of the roadway section, the dust mass

FIGURE 9
Diffusion of dust particles of different sizes with time: (A) Semicircular arch roadway; (B) Three-centered arch roadway; (C) Rectangular roadway;
and (D) Trapezoidal roadway.
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concentration in the semicircular arch roadway fluctuated
more when ventilated for 300–400 s; the dust mass
concentration in the three-centered arch roadway
fluctuated more when ventilated for 350–500 s, and the

fluctuation of the dust mass concentration in the rectangle
and trapezoidal roadway was smaller and the trend was more
gentle. After 10 min of ventilation, the dust quality
concentration in each roadway was lower than 10 mg/m3.

FIGURE 10
Dust distribution at the outlet of the wind pipe 5 m from the digging face: (A) Distribution of dust concentration; (B) Variation of dust mass
concentration in each cross-section; and (C) Dust diffusion distance versus time curve.
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4.3 Analysis of dust deposition in roadways
with different cross-section shapes

After ventilation for 5 min, the diffusion of dust particles
from different section shapes in the roadway was obtained by
selecting the same time interval, as shown in Figure 9. In general,
dust particles are generated from the digging face and then
diffused forward under the action of the press-in wind flow,
but due to the different shapes of the set sections, there are
differences in the settling of dust particles of different grain sizes
in the roadway:

(1) From the diffusion situation, the peak wind speed in the
rectangular and trapezoidal roadway is larger than that in
the semicircular arch and three-centered arch roadway in
the range of 10 m from the digging face. Therefore, the dust
particles in the rectangular and trapezoidal roadway
exceeded the outlet of the wind pipe first after diffusion
from the digging face during 10 s of ventilation. The dust
particles in the three-centered arch roadway diffused the
slowest for a ventilation of 30 s and did not arrive at the
middle of the roadway, but the dust particles in
the roadway were the first ones to arrive at the
vicinity of the outlet of the roadway when the
ventilation was 90 s.

(2) From the point of view of dust distribution, the dust
particles of various sizes in the roadway are pressed
with each other; with the increase in ventilation time,
the range of dust particle sizes near the digging surface
gradually decreases. The larger dust particles will settle in
the bottom plate of the roadway, and the smaller dust
particles float in the air and continue to move forward with
the wind flow. When ventilated for 180 s, there are
differences in the settlement location and particle size
distribution of dust particles in each roadway, in which
the dust particles in the trapezoidal roadway settle at the
outlet of the wind pipe; the dust particles in the
semicircular arch roadway settle at about 10 m from the
outlet of the wind pipe; and there are fewer dust particles
with larger particle sizes in the three-centered
arch roadway, and the distribution of the dust is
more sparse.

5 Influence of cross-section shapes on
dust transport and shape preference
under different ventilation parameters

5.1 Effect of cross-section shapes on dust
transportation at different air
supply distances

In order to investigate the distribution of dust in different cross-
section shapes of the roadway under different air supply distances,
the effective range is estimated according to the effective range
formula L � (4 ~ 5) �

s
√

of the press-in ventilation (where s is the
cross-section area of the roadway and L is the air supply distance),
which results in the air supply distance L ranging from 13.30 to
16.63 m. In order to analyze the influence of air supply distance on
dust distribution in a more comprehensive and reasonable way, the
air supply distances of 5, 10, 15, and 20mwere selected for the study,
and when the flow field in the roadway was stabilized, the coupling
process between the wind flow, the dust, and the mean value of the
concentration along the roadway were simulated for different air
supply distances after 2 min of ventilation. In addition, in order to
observe the dust diffusion situation in each roadway more clearly,
the dust diffusion distance and time were also fitted.

When the outlet of the wind pipe is 5 m away from the digging
face, the wind flow can quickly reach the digging face to eliminate
the dust, so within 10 m away from the digging face, the quality
concentration of dust in each roadway is low. As the distance from
the digging face increases, the wind speed of the wind flow decreases,
resulting in the existence of high concentration areas of dust in the
middle and lower parts of the roadway, and the dust concentration is
higher at the bottom plate of the roadway, of which the dust
concentration is the lowest in the semicircular arch roadway in
the Y = 10 m section, and the dust in the trapezoidal roadway is
farther away from the exit, as shown in Figure 10A. It can be seen
through the change in the dust mass concentration in each roadway
section, in the vortex zone, except for the three-centered arch
roadway, and the dust concentrations in other roadways are
gradually increasing; the dust concentrations in each roadway
have reached the peak in the transition zone and stable zone,
with a difference of 332.10 mg/m3 between the highest and
lowest concentrations. The peak dust concentration of the
four cross-section shapes is of the following order: semicircular

TABLE 3 Relationship between dust dispersion distance and ventilation time.

Section shape Equation expressing a relation Adjusted R2

Semicircular arch
y � 4261.98 + 0.06 − 4261.98

1 + ( x

1224603.6
)0.489

0.9991

Three-centered arch
y � 12138.48 + 0.11 − 12138.48

1 + ( x

742785.83
)0.63

0.9989

Rectangle
y � 97.74 + 0.05 − 97.74

1 + ( x

125.9
)0.874

0.9971

Trapezium
y � 17574.07 + 0.17 − 17574.07

1 + ( x

1969214.71
)0.615

0.9989
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arch > rectangle > trapezium > three-centered arch, as shown in
Figure 10B. From the fitting curve shown in Figure 10C, it is
observed that the diffusion of dust in each roadway has a certain
regularity. With the increase in ventilation time, the dust diffusion
distances are logistic function increases, which are important for

predicting the dust diffusion distance in different time periods in the
digging face of the roadway, for which the best-fitting relationship
formula is shown in Table 3. As can be seen from the fitted curves for
each roadway, before 40 s of ventilation, dust diffusion in the
semicircular arch roadway is faster, and dust diffusion in the

FIGURE 11
Dust distribution at the outlet of the wind pipe 10 m from the digging face: (A) Distribution of dust concentration; (B) Variation of dust mass
concentration in each cross-section; and (C) Dust diffusion distance versus time curve.
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trapezoidal roadway is slower; after 40 s of ventilation, dust diffusion
in the semicircular arch roadway is slowed down, and dust diffusion
in the triple-centered arch roadway and rectangular roadway is
accelerated, and dust diffusion to the exit of the roadway is in the
following order: three-centered arch > rectangle > semicircular
arch > trapezium in the four cross-sectional shapes. Therefore,
when the outlet of the wind pipe is 5 m away from the digging
face, the three-centered arch has a better ventilation and dust
removal effect.

When the outlet of the wind pipe is 10 m away from the digging
surface, the dust concentration is higher at the bottom plate of each
roadway, and the range of dust distribution is more uniform, and all of
them diffuse to the outlet of the roadway within the same time range,
but except for the trapezoidal roadway, the high concentration area for
dust particles in the other roadways ismostly situated in the lower part
of the roadway, as shown in Figure 11A. It can be seen through the
change in the dust mass concentration in each roadway section due to
the similar shape of the semicircular arch and three-centered arch and
the similar shape of the rectangular and trapezoidal roadway, resulting
in the similar trend of dust concentrations between the two roadway
types; in the vortex zone, the fluctuation of the dust concentration in
each roadway is small, and the fluctuation of the dust concentration in
each roadway is larger in the transition zone and the stabilization
zone, but all of the dust concentrations reach the peak value, and the
difference between the highest and the lowest concentrations is
294.48 mg/m3, and the peak dust concentrations of the four
section shapes were in the following order trapezium >
semicircular arch > three-centered arch > rectangle, as shown in
Figure 11B. From the fitting curve shown in Figure 11C, it can be seen
that the diffusion pattern of dust with time in each roadway also obeys
the logistic function distribution, and its best fitting relationship
equation is shown in Table 4. From the fitted curves for each
roadway, it can be observed that the dust diffusion distances in
rectangular and trapezoidal roadways are more similar, but before
40 s of ventilation, the dust diffusion in the semicircular arch roadway
is faster, and the dust diffusion in the three-centered arch roadway is
slower; after 40 s of ventilation, the dust in the three-centered arch
roadway is the first one to be diffused to the exit of the roadway, and
the four section shapes of dust diffusion to the exit of the roadway are
in the order of three-centered arch > rectangle > trapezium >
semicircular arch. Therefore, when the outlet of the wind pipe is
10 m away from the digging face, the section shape with better
ventilation and dust removal effect is the three-centered arch.

When the outlet of the wind pipe is 15 m away from the digging
face, due to the increase in the distance of air supply, it takes more
time for the wind flow to reach the digging face, so compared with
other roadways, the dust concentration area in the trapezoidal
roadway is mostly concentrated in the vicinity of the digging
face. With increasing distance from the face, the wind flow speed
decreases, except for the semicircular arch roadway, and the size of
the dust distribution range on the Y = 40 m cross-section is in the
order of three-centered arch > rectangle > trapezium, as shown in
Figure 12A. It can be seen through the change in dust mass
concentrations in each roadway section that the dust
concentration peaked in the trapezoidal roadway in the vortex
zone, and the dust concentration fluctuated less in other
roadways; in the transition zone and the stability zone, except for
the trapezoidal roadway, the other three roadways reached the peak
concentrations, and the difference between the highest and the
lowest concentrations was 2,142.65 mg/m3, and the peak
concentration of the dust particles of the four cross-sectional
shapes was of the order trapezium > semicircular arch > three-
centered arch > rectangle, as shown in Figure 12B. From the fitting
curve shown in Figure 12C, it is observed that with the increase in air
supply distance, the speed of dust diffusion in each roadway also
began to change, but the change in dust diffusion distance with time
still obeys the distribution of logistic function, and its best fitting
relationship formula is shown in Table 5. As can be seen from the
fitted curves, dust diffusion is fastest in the semicircular arch
roadway and slowest in the trapezoidal roadway; before 80 s of
ventilation, dust diffusion is faster in the three-centered arch
roadway than in the rectangular roadway; however, after 80 s of
ventilation, dust diffusion distances are similar between the three-
centered arch roadway and the rectangular roadway, and the order
of dust diffusion to the exit of the roadway in the four cross-sectional
shapes is semicircular arch > three-centered arch = rectangle >
trapezium. Therefore, when the outlet of the wind pipe is 15 m away
from the digging face, the rectangular section has better ventilation
and dust removal effect.

When the outlet of the wind pipe is 20 m away from the digging
face, due to the long distance of the air supply, it is affected by the air
resistance, which leads to the continuous attenuation of the wind
speed in the process of the wind flow from the outlet of the wind pipe
to the digging face, which slows down the diffusion speed of the dust
so that there is no dust in the cross-section of the roadway at Y =
40 m. In addition, the dust in the rectangular roadway is mostly

TABLE 4 Relationship between dust dispersion distance and ventilation time.

Section shape Equation expressing a relation Adjusted R2

Semicircular arch
y � 217.89 + −0.03 − 217.89

1 + ( x

916.17
)0.602

0.9977

Three-centered arch
y � 67.78 + 0.17 − 67.78

1 + ( x

55.23
)1.437

0.9966

Rectangle
y � 114.83 + −0.01 − 114.83

1 + ( x

167.58
)0.776

0.9996

Trapezium
y � 82.21 + −0.04 − 82.21

1 + ( x

76.63
)0.944

0.9988
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distributed near the digging face, and the dust mass concentration is
high, as shown in Figure 13A. It can be seen through the change in
the dust mass concentration in each roadway section that the dust
concentration peaked in the rectangular roadway, trapezoidal
roadway, and semicircular arch roadway in the vortex zone; the

dust concentration peaked in the three-centered arch roadway in the
transition zone and stability zone, and the difference between the
highest and lowest concentrations was 7,062.82 mg/m3, and the peak
dust concentration of the four section shapes is in the following
order: rectangle > semicircular arch > trapezium > three-centered

FIGURE 12
Dust distribution at the outlet of the wind pipe 15 m from the digging face: (A) Distribution of dust concentration; (B) Variation of dust mass
concentration in each cross-section; and (C) Dust diffusion distance versus time curve.

Frontiers in Physics frontiersin.org14

Liu et al. 10.3389/fphy.2024.1437171

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1437171


arch, as shown in Figure 13B. From the fitting curve shown in
Figure 13C, it is observed that although the distance of diffusion of
dust particles in each roadway varies greatly, there is still a certain
law to follow, and the four kinds of roadways obey the distribution of
logistic function, and its best fitting relationship formula is shown in
Table 6. From the fitted curves, it can be seen that the dust diffusion
is slow in all the roadways before 40 s of ventilation, which is mainly
due to the increase in the air supply distance and the increase in the
time for the wind flow to reach the digging face from the outlet of the
wind pipe. However, with the increase in the ventilation time, before
120 s of ventilation, dust diffusion is the fastest in the semicircular
arch roadway and the slowest in the rectangular roadway; after 120 s
of ventilation, dust diffusion is accelerated in the rectangular
roadway and the three-center-arched roadway, and the order of
dust diffusion to the exit of the roadway in the four cross-sectional
shapes is trapezium > three-centered arch > semicircular arched >
rectangle. Therefore, when the outlet of the wind pipe is 20 m away
from the digging face, the trapezoidal section has better ventilation
and dust removal effect.

5.2 Effect of cross-section shapes on dust
diffusion under different ventilation airflows

We investigate the distribution of dust in roadways with
different section shapes under different ventilation airflows.
According to the “metal non-metallic mine safety regulations,” it
is stipulated that the average wind speed in the section of the
roadway should not exceed 6 m/s, so the wind pipe outlet air
volumes of 120.64, 180.96, 241.27, and 301.59 m3/min are
selected for analysis, and when the flow field is stable in the
roadway, the simulation obtains the distribution of dust
concentration in the roadway and the mean value of the
concentration of the cross-section along the roadway after the
ventilation for 1 min, which is shown in Figure 14.

As can be seen from the figure, the dust generated by blasting
in the boring face spreads in the direction of the roadway exit,
and with the increase in ventilation air volume, the time required
for the wind flow to reach the boring face becomes shorter, and
dust diffusion is accelerated, and the time to reach the exit of the
roadway will be shortened. In addition, due to the wrapping effect
of the wind flow, the dust mass concentration in the area near the
digging face is gradually decreasing. When the ventilation airflow

is 120.64 m3/min, the dust in the four cross-section shapes of the
roadway spread to the middle of the roadway, and the areas with
high dust concentration are mostly gathered in the range of
10–30 m from the digging face; the dust concentration is higher
than 180 mg/m3 in the roadway, except for the semicircular arch
roadway at the digging face, and the peak value of the dust
concentration in each roadway is of the following order:
rectangle > trapezium > semicircular arch > three-centered
arch from high to low, as shown in Figure 14A. When the
ventilation airflow is 180.96 m3/min, the dust particles diffuse
to the middle and lower part of each roadway, but none of them
reach the roadway exit, in which the dust spreads the fastest in the
three-centered arch roadway; the dust concentration in the three-
centered arch, rectangle, and trapezoidal roadway reaches the
peak value in the range of 10–20 m from the digging surface, and
the dust concentration in the semicircular arch roadway reaches
the peak value in the range of 10–20 m from the roadway exit, and
the dust concentration is higher than 360 mg/m3, where the peak
dust concentration from high to low is semicircular arch >
rectangle > three-centered arch > trapezium, as shown in
Figure 14B. When the ventilation airflow is 241.27 m3/min,
the dust spreads to the lower part of each roadway, and the
dust concentration is lower than 180 mg/m3 in all the roadways,
except the rectangular roadway at the digging face; the dust
concentration fluctuates greatly in the range of 15–45 m from
the digging face, and the dust concentration in each roadway
reaches the peak value, with the following descending order:
semicircular arch > trapezium > rectangle > three-centered arch,
as shown in Figure 14C. When the ventilation airflow is
301.59 m3/min, the dust concentration fluctuates less in the
range of 10 m from the digging face, and the value of the dust
concentration in the roadway is decreasing compared with the
ventilation airflow of 120.64, 180.96, and 241.27 m3/min; the dust
concentration in the roadway reaches the peak in the range of
10–20 m from the exit of the roadway, and all of the dust particle
concentrations are less than 360 mg/m3, and the order from high
to bottom is trapezium > semicircular arch > rectangle > three-
centered arch, as shown in Figure 14D. In summary, with the
increase in the ventilation air volume, the dust concentration in
each roadway will change, and the peak value of the dust
concentration fluctuates greatly. By comparing the dust
concentration in each roadway, the three-centered arch is
found to have better ventilation and dust removal effect.

TABLE 5 Relationship between dust dispersion distance and ventilation time.

Section shape Equation expressing a relation Adjusted R2

Semicircular arch
y � 62.02 + −0.8 − 62.02

1 + ( x

64.2
)1.846

0.9929

Three-centered arch
y � 66.15 + −1.18 − 66.15

1 + ( x

82.52
)1.706

0.9886

Rectangle
y � 58.58 + −0.86 − 58.58

1 + ( x

74.88
)2.224

0.997

Trapezium
y � 63.48 + −0.18 − 63.48

1 + ( x

103.9
)2.263

0.9975
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5.3 Preferred cross-section shape

In order to further determine the effect of section shape on the
effectiveness of ventilation and dust removal, as well as to select the
optimal section shape, gray correlation analysis was used to explore

the correlation between dust quality concentration, ventilation
airflow, and air supply distance in each roadway. Gray
correlational analysis is used to determine the degree of
correlation and influence between factors by comparing the
trends between the main features of the system and the main

FIGURE 13
Dust distribution at the outlet of the wind pipe 20 m from the digging face: (A) Distribution of dust concentration; (B) Variation of dust mass
concentration in each cross-section; and (C) Dust diffusion distance versus time curve.

Frontiers in Physics frontiersin.org16

Liu et al. 10.3389/fphy.2024.1437171

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1437171


FIGURE 14
Variation of dust quality concentration in each roadway under different ventilation airflow rates: (A) Ventilation air volume is 120.64 m3/min; (B)
Ventilation air volume is 180.96 m3/min; (C) Ventilation air volume is 241.27 m3/min; and (D) Ventilation air volume is 301.59 m3/min.

TABLE 6 Relationship between dust dispersion distance and ventilation time.

Section shape Equation expressing a relation Adjusted R2

Semicircular arch
y � 53.71 + −0.86 − 53.71

1 + ( x

86.63
)2.57

0.9905

Three-centered arch
y � 57.75 + −0.53 − 57.75

1 + ( x

101.02
)2.661

0.9949

Rectangle
y � 51.15 + 1.06 − 51.15

1 + ( x

143.6
)6.319

0.9961

Trapezium
y � 52.44 + 0.46 − 52.44

1 + ( x

104.37
)4.719

0.9948
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influencing factors [31]. The results of numerical simulation
parameters are shown in Table 7. x0 is the time required to
reduce the dust quality concentration to a safe value within 50 m
of the digging face and is the reference sequence. x1 and x2 are the
distance of the air supply and the air volume of ventilation,
respectively, which are the comparison sequences.

MATLAB software was used to substitute the data, and the
correlation between the reduction in the dust quality concentration
to the safe value in each roadway within the range of 50 m and each
factor was obtained through gray correlation analysis, as shown
in Figure 15.

The larger the gray correlation, the greater the influence on dust
transport after blasting in the roadway boring face, and vice versa.
According to Figure 15, the main influences on the time required to

reduce the dust mass concentration to a safe value will be different
for each roadway due to the influence of the shape of the section.
Three-centered arch roadways are more susceptible to the influence
of ventilation airflow compared to semicircular arch roadways,
rectangular roadways, and trapezoidal roadways. Rectangular
roadways are more susceptible to the influence of the distance of
air supply compared to semicircular arch roadways, three-centered
arch roadways, and trapezoidal roadways. Therefore, in order to
improve the construction environment of the roadway after blasting,
combining the results of gray correlation degree analysis, the dust
characteristics under different air supply distance, and ventilation
airflow, rectangular shape can be selected when the ventilation
airflow is 120.64 m3/min and the air supply distance is 15 m,
and three-centered arch shape is selected when the ventilation
airflow is 301.59 m3/min and the air supply distance is 10 m.

6 Conclusion

(1) Under the conditions of press-in ventilation, although there
are differences in the shapes of the roadway sections, the
trajectories of the wind flow are similar, showing the vortex
zone, transition zone, and stabilization zone, and the wind
speeds are in the following order: rectangle > trapezium >
three-centered arch > semicircular arch. At 15 m from the exit
of the roadway, the wind flow of each roadway enters the
“stable section,” and the average wind speed of the roadway
section is reduced to approximately 0.2 m/s and gradually
stabilized.

(2) After blasting, the dust mass concentration in each
roadway section increased rapidly and then decreased
gradually, among which the dust concentration
fluctuated more in the semicircular arch and three-
centered arch roadways. In addition, the dust particles
of each particle size in each roadway are pressed with
each other, but affected by the shape of the roadway
section; the three-centered arch roadway is the first one
to arrive near the exit with the ventilation of 90 s, and with
the ventilation of 180 s, fewer larger dust particles are
found in the roadway, and the distribution of the dust is
more sparse.

(3) Setting different ventilation parameters with different cross-
section shapes can lead to different dust removal effects.
Appropriately shortening or lengthening the air supply
distance, there are differences in the distribution of dust in
the roadway of each cross-section shape, but the dust
diffusion distance obeys the logistic function distribution.
When the air supply distances are 5 m and 10 m, the
ventilation and dust removal effect is better in the three-
centered arch roadway; when the air supply distances are
15 m and 20 m, the effect is better in the rectangular roadway
and trapezoidal roadway. When the ventilation airflow is
increased, the dust diffusion is accelerated in each
roadway, and the dust concentration is gradually reduced,
but the peak concentration fluctuates greatly, and by
comparing the dust concentration in each roadway, it is
found that the three-centered arch has better ventilation
and dust removal effect.

TABLE 7 Data on the main factors influencing safe time.

Section shape x0/s x1/m x2/(m
3·min-1)

Semicircular arch 500 10 120.64

310 10 180.96

260 10 241.27

160 10 301.59

470 5 120.64

530 15 120.64

580 20 120.64

Three-centered arch 570 10 120.64

410 10 180.96

310 10 241.27

200 10 301.59

490 5 120.64

520 15 120.64

560 20 120.64

Rectangle 570 10 120.64

430 10 180.96

260 10 241.27

200 10 301.59

470 5 120.64

630 15 120.64

830 20 120.64

Trapezium 630 10 120.64

370 10 180.96

300 10 241.27

210 10 301.59

530 5 120.64

650 15 120.64

750 20 120.64
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(4) The time required to reduce the dust mass concentration to a
safe value in both semicircular arch and three-centered arch
roadways was mostly affected by the ventilation airflow,
followed by the distance of air supply, while the opposite
was true for rectangular and trapezoidal roadways, with gray
correlation coefficients of semicircular arch roadway (0.720,
0.725), three-centered arch roadway (0.718, 0.733),
rectangular roadway (0.752, 0.687), and trapezoidal
roadway (0.721, 0.712). Therefore, in order to improve the
construction environment after blasting in the roadway,
rectangular shape can be chosen when considering the
distance of air supply, and the three-centered arch shape
can be chosen when considering the ventilation air volume to
accelerate dust diffusion.

(5) The research in this paper is limited to the theoretical study
on the shape of the roadway section, without taking into
account the influence of temperature exchange, wall
roughness, internal facilities, and other factors, and because
currently, in the practical engineering application, the design
of the roadway section is only considered in the case of
transportation and pressure of the surrounding rock and
no mines in China have adopted various roadway section
shapes in the excavation, the follow-up work can be carried
out on the distribution of dust in the roadway of different
section shapes via laboratory testing. In addition, this study is
not only applicable to the design of mine roadway sections but
also provides theoretical references for tunnels and urban
underground projects.

FIGURE 15
Gray correlation value for each roadway.
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