Environmental Science and Pollution Research (2023) 30:114484-114500
https://doi.org/10.1007/511356-023-30286-1

RESEARCH ARTICLE q

Check for
updates

CFD-based simulation study of dust transport law and air age
in tunnel under different ventilation methods

Wen Nie'2 - Chenwang Jiang'? - Ning Sun'2 - Lidian Guo'? - Qiang Liu"? - Chengyi Liu'? - Wenjin Niu'?

Received: 19 April 2023 / Accepted: 2 October 2023 / Published online: 20 October 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

To solve the problem of high-concentration dust pollution in a bored tunnel, we conducted a simulation study on the dust
transport law and air age of the wind flow in a bored tunnel under different ventilation methods. Air age was innovatively
introduced as an index for evaluating tunnel air quality. The results show that dust pollution is serious under conditions of
press-in ventilation, which is unfavorable to personnel operations. Following the installation of an on-board dust-removal
fan, an effective dust-control air curtain forms in the tunnel, and the high-concentration dust is essentially controlled within
the range of Z=13 m from the working face. The dust concentration in the working area on the left side of the tunnel is
C}, <200 mg/m?, and the dust-control effect is obvious. At the same time, the air age on both sides of the tunnel is reduced by
35.5% following the use of the on-board dust-removal fan. Taking into account dust control by ventilation and dust removal
by fan, spraying dust reduction measures are added, and we developed automated wind-mist synergistic wet high-frequency
oscillation dust-capturing technology for tunnel boring. This could effectively improve the problem of high levels of coal
dust pollution in tunnels.

Keywords Production environment - Dust control effect - Numerical simulation - Air age in tunnel

Introduction

According to the Statistical Review of World Energy
Resources of 2019, the world coal output in 2018 was 8.01 bil-
lion tons, which corresponds to an increase of 4% over 2017.
China’s coal production accounts for 46% of the production
worldwide, which corresponds to an increase of 0.4% com-
pared to 2017. Evidently, coal will keep an important position
in the energy consumption structure for a considerable period.
Owing to the development of society, science, and technology,
the speed and efficiency of coal mining have been improved.
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However, even more coal dust is created during operations
in coal mine tunnels (Azam and Mishra 2019; Xiao et al.
2022; Lu et al. 2021). It pollutes the working environment
and is the main cause of pneumoconiosis in China. By the
end of 2018, a total of 23,497 cases of occupational diseases
had been reported, including 19,468 cases of occupational
pneumoconiosis; they account for 82.9% of the total num-
ber of occupational disease cases, of which more than 90%
were coal miners suffering from pneumoconiosis (Feng et al.
2022; Wang et al. 2019; Zhang et al. 2021). Therefore, the
working environment in coal mines during excavations must
be improved, and the health of workers must be protected.
To improve the working environment in coal mine tun-
nels, scholars from different countries have studied the air-
flow and dust transport during operations in tunnels. For
example, Lain and Sommerfeld compared the characteristics
of gas—solid multiphase fluids in pipes of different lengths,
degrees of roughness, and angles with the Euler-Lagrangian
method (Lain and Sommerfeld 2012). Rao et al. simulated
airflow and dust migration during operations in tunnels (Xie
et al. 2018). In addition, Fang et al. studied the effect of the
distance between the air duct outlet and the working face on
the airflow and dust during the construction of a highway
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tunnel (Zhuo et al. 2021; Zhang et al. 2019). Using CFD
software, Torafio et al. studied the change in the air speed
and dust concentration in each section of a tunnel with press-
in ventilation (the main ventilator pressed fresh air into the
area of the working face) and far-pressing-near-absorption
(FPNA) ventilation (Torafio et al. 2011). Nie et al. simulated
the effect of airflow inlet points and the exhaust air rate on
dust control under FPNA ventilation in long-distance and
large-section tunnels (Nie et al. 2022). Moreover, Li et al.
verified the effectiveness of a wall-attached swirl ventila-
tion device through Fluent simulations. When the width and
length of the strip-shaped airflow outlet increase, the dust
concentration at the position of the tunneling machine driver
first decreases and then increases; the researchers concluded
that a shaft diameter—exhaust air rate ratio of 2:8 is most
effective within the ventilation safety limit. The authors also
verified the reliability of the simulation data (Li et al. 2020).
Finally, Wang et al. used lightweight polymer materials to
build a multi-radial dust-controlling air curtain device and
performed simulations with the k- model. They discovered
that the larger the radial diffusion is, the better it promotes
the formation of a dust-controlling air curtain. The authors
also determined the most effective exhaust air rate and shaft
diameter—exhaust air rate ratio (Wang et al. 2018).

The air age refers to the age of an air proton, i.e., the
time that an air proton takes to travel from an inlet point to
the measurement point (Hongchao et al. 2019; Kwon et al.
2011). It reflects the air freshness and, therefore, compre-
hensively represents the ventilation effect in a space (Ding
et al. 2019; Hu et al. 2020). To the best of our knowledge,
researchers have always studied the air age in buildings and
indoor thermal environments. For example, Buratti et al.
used the CO, tracer gas concentration attenuation method
to evaluate the average air age in an office. They concluded
that the air quality is best when the doors and windows
are open and four different natural ventilation methods are
applied. In addition, the air quality is related to the season
and temperature (Buratti et al. 2011). Mao et al. studied the
effect of airflow outlet heights on the average air age dis-
tribution, CO, concentration distribution, and ventilation
efficiency in a sleep environment. Their results showed that
a lower airflow outlet saves energy and improves the breath-
ing environment (Ning et al. 2016). Furthermore, Park et al.
numerically simulated the average air age to study the effect
of mesh numbers on the effect of press-in ventilation. They
also investigated the effects of the air velocity, air duct angle,
and distance from the pressure inlet to the cutting face on the
air quality in a tunnel (Park et al. 2018).

Although researchers have achieved good results, the
following deficiencies must be addressed: (1) the physical
model used in the published research studies is relatively
simple, which results in large deviations between the simu-
lation results and actual conditions; (2) the airflow and dust

created by a roadheader with an on-board dust fan in a coal
mine tunnel have not been thoroughly investigated; and (3)
there is no reasonable index for evaluating the air quality in
tunnels for the prevention and control of coal dust pollution.
Therefore, the topic of this study is the coal dust pollution
law in tunnels with different ventilation modes. First, a 1:1
isometric model was built with SOLIDWORKS based on
field investigations, and Fluent was used to study the distri-
bution of the airflow field and dust transport in tunnels with
press-in ventilation and an additional on-board dust fan. The
air age was innovatively introduced as an evaluation index
for the air quality in a tunnel to study its changes under
different ventilation methods. In addition to dust control
through ventilation and dust removal through the fan, the
dust concentration was reduced via spraying. Therefore, an
automatic wind-mist synergistic wet high-frequency oscil-
lation dust-capturing technology for tunnel boring processes
was developed. The research method and results enrich the
theory of dust pollution prevention and control during tun-
nel boring; they can provide new ideas for evaluating the
degrees of coal dust pollution and the air quality during tun-
nel boring.

Physical and mathematical models
Selection of mathematical models

The migration of a fluid can be described with the
Euler—Lagrangian method, and the airflow in a tunnel fol-
lows the basic law of fluid mechanics (Bayatian et al. 2021;
Chang et al. 2020; Liu et al. 2022; Morozova et al. 2022).
For the simulation of the airflow, the realizable k-& model
was used to include the gas—solid coupling equation (de
Medeiros Lima et al. 2021; Korkmaz et al. 2021; Li et al.
2023; Wang et al. 2021).
The continuity equation for the gas phase is as follows:
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The momentum equation for the gas phase is expressed
as follows:
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In addition, the k equation (i.e., the turbulence kinetic
energy equation) is used:
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The € equation (i.e., the turbulence energy dissipation rate
equation) is as follows:
0 ; 0,
(peu) —i[< +&> ] + pCEe — pC,
0x;
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Where C| = max[o 43, ] n —E , C, is a constant,

E=/2E;E;,G; represents the turbulent flow energy caused
by the average velocity gradient with G, = y,E?, and 0, and
0, are the turbulent Prandtl numbers of the x and ¢ equations,

respectively. The equation is solved with the empirical val-
uesC, =19,0, =1.0,ando, = 1.2.
k2
=pC,— &)

where the function C,, is related to the average strain rate and

— 1 . — .
turbulent flow freld C, = AU Ay=4.0;
A, = \/—COS(p; Q= 5arccos<\/_P) P is the power, W;

— Eifiby

W E,; = 1(% + d—i) U* is the internal energy,
S, U* =
is the fluid spin rate; and ¢;; is the time-averaged rotation rate
tensor observed from the reference frame with the angle w,.
For a non-rotating flow field, ¢, e in U* is zero in the pre-
sented non-spinning flow field; 1t 1s introduced to consider
the spin effect.

To consider the characteristics of the gas—solid two-phase
turbulent fluid and two-phase momentum exchange, the
discrete phase model based on the Euler-Lagrange method
was used in Fluent to describe dust migration (Rahimi et al.
2021; Tretiakow et al. 2021; Xu et al. 2023; Wang et al.
2020). According to the balance of forces acting on the parti-
cle, the equation in the Lagrangian coordinates is as follows
(Mo et al. 2020; Sajjadi et al. 2016; Sun et al. 2021):

j T Eik@ss € = € — 26300

du 8:(p, = p)
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—=Fplu-u,) + ——+F 6
d[ D( p) pp X ( )
where Fj, = 24 Sofe. 1y is the velocity of the continuous

p,D2 24
phase; u, is the partrcle phase velocity; p is the molecular
viscosity coefficient of the fluid; and p and p,, represent the
density of the fluid and dust, respectively.

We assume that D, represents the particle size with R,:

R =M (7)

where the resistivity D, = a; + Fz + ﬁ is a constant defined

through experiments with smooth spherrcal particles; Cj, can

be represented as follows: Cp, = 12%(1 + blRebz) + %.
4 e

Moreover, the shape factor can be defined as follows
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@ = s/S, where s is the surface area of a sphere with the
same volume as a particle and S is the surface area of the
particle.

The potency dimension is below the micron level, and
the Stokes resistance is represented as follows:

18y
b=
D[%ppC

c

®)

where C, represents the Cunningham correction coefficient
C.=1 +
D,

of a molecule.

The air age is not the residence time of air molecules
in the channel at a point in that location, but the aver-
age residence time of a population of air molecules in
the vicinity of that location. This group of molecules is
infinitely small on the macroscopic level, with uniform
temperature, humidity, and other physical properties;
however, it is infinitely large on the microscopic level,
embodying the statistical properties of a continuous
fluid, i.e., an infinite number of microscopic particles,
rather than the random movement properties of indi-
vidual particles (Buratti et al. 2011; Calautit and Hughes
2014; Yuce et al. 2022).

As a result of the factors outlined above, there are air
molecules of different ages in the air molecule population
near the observation point of the bored tunnel, and the
number of air molecules of various ages has a frequency
distribution function f(z) and a cumulative distribution
function F(z). The so-called frequency distribution func-
tion f(z) refers to the ratio of the number of air molecules
of age r 4+ At to the proportion of the total number of mol-
ecules to the ratio of Az, and the cumulative distribution
function F(7) refers to the proportion of the number of air
molecules of age less than 7 to the proportion of the total
number of molecules (Hormigos-Jimenez et al. 2018; Ning
et al. 2016; Yang et al. 2014). The relationship between the
cumulative distribution function and the frequency distri-
bution function is as follows:

, and A is the mean free path

/ Of(r)dr = F(z) )

As the air age at a point is the average of the population
of air molecules at that point, the air age 7, at any point
can be calculated from the following equation when the
frequency distribution function is known.

T =/ 7f (v)dz (10)

Combining the N-S Eq. (11) and the mass diffusion
Eq. (12)
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The steady-state case can be expressed as

+1 (13)

Ly = 2 |r, &
x; X; x; |
In the ventilation of bored tunnels, the density of air is usu-

ally considered to be constant. Consider the equation of the
conservation of mass

duj 0
6_xj = (14)
There is
ot 0 ot
g ox; 0xj[ o 0xj] (15)

The form of the air-age distribution Eq. (13) is identical
to the mass-diffusion equation with a source term of 1. The
solution of the mass-diffusion equation is widely used in
many computational fluid dynamic software packages. This
makes it easy to solve the air-age distribution in a bored tun-
nel using existing numerical computation software.

Physical model

To ensure accurate simulation results, SOLIDWORKS was
used to build a 1:1 physical model based on the site layout of
the 5180 working faces of the Sanjiaohe coal mine, as shown
in Fig. 1. The model includes a roadheader, transfer machine,
dust fan, and belt conveyor; the roadway is a rectangle with
75.00 mx6.30 mx2.90 m area (length X width X height);
the roadheader is an EBZ200T cantilever roadheader with
11.50 m length, 3.60 m width, and 1.90 m height; the belt
conveyor (SSJ-1000) is 1.65 m from the right wall of the
roadway; the wet screw dust fan (LZJC-III-B18.5) is on
the roadheader, 1.65 m from the right side of the road-
way. Furthermore, the dust suction port is connected to a
600-mm-diameter flexible air cylinder, which is fixed to the
roadheader; the air inlet is located at the root of the cut-off

(a)Press-in ventilation

——

(4) Dust-removal fan I'

Fig. 1 Physical model

@ Springer



114488

Environmental Science and Pollution Research (2023) 30:114484-114500

Sect. (5 m from the headway); the 600-mm-diameter flexible
air cylinder is installed near the top of the roadway, 0.2 m
from the right wall of the roadway; and the pressurized air
outlet is 8 m from the face of the headway.

Mesh division and independence test

The Grid Convergence Index (GCI) proposed by P.J. Roache
is the most common parameter used to evaluate the conver-
gence of meshes (Lin et al. 2023; Nguyen and Chang 2021).
At least three meshes with different densities are required
to calculate the GCI. The sparsity of the mesh, dispersion
result, and GCI are closely related (Volk et al. 2017). In
general, the higher the mesh density is, the closer the dis-
crete solution is to the exact solution, and, thus, the smaller
the dispersion error and GCI are (Hefny and Ooka 2009;
Mohamed et al. 2022). In this study, mesh convergence was
quantitatively evaluated based on the GCI. The calculation
procedure is as follows:

(1) Define a representative cell or the mesh size [ for the

calculation.
N 1/3
1
= NI;AV,. (16)

(2) Determine the key variable of the simulation with dif-
ferent meshing schemes. In this study, the diffusion of
dust particles is mainly influenced by the airflow; thus,

the air velocity v is the key variable.

Fig.2 Mesh situation and simu-
lation results under different
meshing schemes

(3) Evaluate the relative errors between the coarse and fine
solutions of the key variables as follows:

Vicoarse ~ Vi fine
E =

a7

vi,ﬁne

“4)

Calculate the root mean square of the relative error for
sufficient points # in the critical region.

/2
" og2 !
Epy = (L (18)
n
The GCI can be applied to fine mesh solutions.
GCI = F—rms (19)
P —1

where r=2 and p =2; the safety factor F=1.0 is used to
provide a GCI equivalent to the root mean square value €,,,,,.
Thus, the GCI represents a reduced version of €, to account
for refinement factors less than 2.

Meshing the established physical model (that of a sce-
nario with press-in ventilation is taken as an example)
results in four different meshes. They are ordered according
to density: scheme I, scheme II, scheme III, and scheme
IV (600,000 to 6 million cells). The mesh division scheme
for the region of the tunneling machine is shown in Fig. 2.
Dust diffusion in the tunnel is mainly affected by the airflow.
Figure 2 compares the air velocities of different meshes.
Meshes I-IV successfully simulate the airflow in the tunnel.
Within 30 m from the working face, the air velocity varies
greatly under different mesh schemes; behind 30 m from
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the working face, the air velocity remains at 0.1-0.8 m/s.
Evidently, the simulation results become more accurate with
a better mesh quality. The air velocity near the roadheader
decreases to 1.5-2 m/s for meshes I and II, whereas it is
approximately 1.2 m/s for meshes III and IV. The lower qual-
ity of meshes I and II result in a large error in the calcula-
tion result of the airflow. Meshes III and IV result in very
small errors, thereby indicating that the simulation results
do not change with a reduction in the mesh parameters (i.e.,
the improvement of the mesh quality). The better quality of
meshes III and IV results in more accurate airflow simula-
tions. Hence, it can be assumed that the number of mesh
points in this range results in mesh independence.

The details of the four meshes are shown in Table 1(a).
By using the GCI calculation program, the GCI values were
calculated for different air velocities v in the tunnel, as shown
in Table 1(b). The results show that as the mesh becomes
finer (and the mesh density increases), the air velocity v of
€,..s With the respective GCI decreases gradually. In general,
the root mean square value ¢,,,, is less than 0.5%, and the
GCl is less than 0.57% for a high-quality mesh. For meshes
III and 1V, ¢,,, is lower than the standard specification,
which means that the solution is mesh-independent. Finally,
scheme III was selected because the simulation was more
efficient in this case.

Setting of boundary conditions

The boundary conditions of the numerical simulation were
adjusted to the actual conditions in the tunnel. The outlet of
the pressurized air cylinder, the dust suction port of the on-
board dust fan, and the exhaust port are the velocity inlets.
The air velocity is positive because the outlet of the pres-
surized air cylinder and the exhaust of the on-board dust fan
let air enter the tunnel. In addition, the air velocity is nega-
tive to represent the dust suction effect of the on-board dust
fan inside the tunnel. The end of the tunnel is the pressure
outlet; the front of the tunnel is the working face (i.e., the

Table 1 Details and mesh convergence parameters of different mesh
schemes

Mesh scheme Mesh Min mesh spacing
Cells Vertexes
a Scheme I 600,000 105,350  0.29
Scheme II 1,500,000 248,730  0.18
Scheme 11T 4,000,000 554.150 0.12
Scheme IV 6,000,000 1132.850 0.08
Mesh size(x 104) r €,ms (%) GCI (%)
b 75-150 1.33 1.51 1.98
150-300 1.33 0.34 0.44
300-600 1.33 0.20 0.26

source of dust); the tunnel wall and equipment block the air-
flow to a certain extent and do not physically and chemically
react with the dust; thus, they are considered non-slip solid
wall surfaces, which are described with the standard wall
function. The dust particles were characterized as follows:
first, coal pieces were collected in the tunnel and crushed
with a crusher; the particle size distribution of the coal dust
was measured with a Mastersizer 3000 laser particle size
analyzer (Fig. 3a) after sieving it through a 400 mesh sieve
in a laboratory. The following assumptions were made for
the numerical simulation: the flow field is an incompress-
ible ideal gas, the tunnel flow field is isothermal, the heat
transfer among objects is not considered, the dust particles
are spherical, and interparticle interaction and cohesion are
negligible. The boundary conditions and dust characteristics
for the simulation are shown in Fig. 3b.

Numerical simulation results and analysis

The physical model was meshed with meshing scheme III
and imported into ANSYS Fluent to simulate the airflow
and dust migration in the tunnel. The resulting data were
exported and post-processed with CFD-POST; the curves are
the airflow trajectory, the arrows indicate the airflow direc-
tion, and the spheres represent the dust particle distribution.
In addition, the rainbow column represents the airflow veloc-
ity and dust concentration.

Numerical simulation of scenario with press-in
ventilation

Distribution of airflow field in tunnel with press-in
ventilation

Figure 4 shows the overall and local distribution of the air-
flow in the tunnel with press-in ventilation.
According to Fig. 4

(1) The airflow field in the tunnel with press-in ventilation
only can be roughly classified into a wall-attached jet area,
a triangular jet area, a gyratory vortex area, a transitional
airflow area, and a stable airflow area. The fresh airflow
is ejected at the outlet of the pressurized air cylinder and
transported to the working face in the form of a jet. The jet
is affected by the coal wall and air, and its range gradually
expands within 0—8 m distance from the working face,
which results in a wall jet. During this period, the airflow
energy decay is large; when the jet reaches the working
face, the velocity has decreased to 2.22 m/s.

(2) After the jet has washed the working face, its direction
changes owing to the blocking effect of the working
face (such as at Z=0.5 m in Fig. 5); most of the airflow
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Fig.3 Mastersizer 3000 laser
particle size analyzer and
boundary conditions for simula-
tions

(a) Mastersizer 3000 laser particle size analyzer

Name

General

Time

Conditions of
dust source

Type Parameter
Solver type Pressure-based
Gravity -9.81 m/s?
Temperature 288.16 K
Windy Steady
Dust Transient
Dust source Working face
Particle size distribution of dust Rosin—Rammler
Median particle size of dust 2.32x10°
Maximum particle size of dust 1.68x10*
Minimum particle size of dust 6.04x107

(b) Boundary conditions for CFD simulation

traces point downward and away from the pressurized
air cylinder. Subsequently, it is blocked by the coal wall
on the side away from the pressurized air cylinder and
forms a triangular jet area at 0—10 m distance from the
working face.

(3) Owing to the large width of the tunnel, a return airflow
is not formed immediately; first, a lateral airflow that
moves from the left to the right of the tunnel appears
at the bottom of the tunnel. When the airflow reaches
the right side of the tunnel, a transverse airflow moving
from the right to the left side of the tunnel is formed
in the upper part of the tunnel, as shown in the Z=3 m
diagram; most of the airflow in the lower part moves
to the right wall of the tunnel, and most of the airflow
in the upper part moves to the left wall of the tunnel.
At this time, the formed wind curtain controls the dif-
fusion of dust to a certain extent.

(4) After the triangular jet area, the air velocity has
decreased to 0.97 m/s. As shown in the Z=11 m dia-
gram, the airflow moves to the side of the pressurized
air cylinder, and the airflow traces mostly point to the
back of the tunnel. Because the tunneling machine
blocks some of the airflow, a vortex area is formed at
13-20 m distance from the working face.

(5) At 20-35 m distance from the working face, a transi-
tional airflow field area is formed in which the con-

@ Springer

(6)

centrated airflow traces on the left side of the tunnel
gradually expand and fill the whole tunnel width. As
shown in the Z=26 m diagram, the airflow traces on
the left side of the tunnel point toward the back of the
tunnel, and the airflow traces on the right side of the
tunnel are vortex-like and move gradually toward the
back of the tunnel.

At 35-75 m distance from the working face, a smooth
airflow field has been formed (such as in the Z=50 m
diagram); the airflow traces point toward the tunnel exit
and are evenly distributed; in addition, the air velocity
is constant (approximately 0.45 m/s).

Dust transport in tunnel with press-in ventilation

Figure 5 presents the simulated airflow distribution with
discrete-phase dust particles at different times during tun-
nel boring under press-in ventilation. To visualize the dust
migration, higher dust concentrations (>200 mg/m?) are
highlighted.

According to Fig. 5

ey

Dust transport in the tunnel is mainly affected by the
airflow and its own gravity; the former has a greater
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Name of field face
1 Wall jet area 0-8m
2 Triangular jet area 0-10m
S Vortex area 13-20m

Distance from working No.

Distance from working

Name of field
face
4  Transitional airflow field area 20-35m
Smooth airflow field 35-75m

5

(a) Overall distribution of airflow under press-in ventilation

| Pointing away from the side
| of the pressure air cylinder

| The left side points to the back of the
(tunnel and the right side is vortex-like

(4) Z=26m
(b) Local distribution of airflow under pressure-in ventilation

Fig.4 Distribution of airflow in tunnel with press-in ventilation

@

influence on dust transport. After coal dust has been
generated at the working face, it is washed away by the
airflow. At this time, the air velocity is high and can
carry dust, which results in a dusty airflow that moves
to the back of the tunnel. At T=35 s, the dust has spread
to a 13 m distance from the working face.

At T=25 s, the dust passes through the vortex airflow
field at a 13—20 m distance from the working face.
Owing to the weak dust-carrying capacity of the vortex
airflow field and the tendency of large particles to settle
down, more dust accumulates in the area of the vortex;
thus, the dust concentration is higher in this area.

[ The bottom points to the right side of the tunnel points to the right side of the tunnel
and the top points to the left side of the tunnel Gl‘adual.ly i oticln il

\‘ﬁ\\\

3

“

- _

(5) Z=50m

Before T=5 s, the dust on the right side of the tun-
nel spreads faster than the dust on the left side; at
T=5-85 s, the dust on the left side of the tunnel spreads
faster than the dust on the right side; after T=85 s, the
dust covers the whole tunnel section. Until 7=200 s,
the high and low dust concentrations spread to the end
of the tunnel and filled the whole tunnel.

With press-in ventilation, the diffusion trends of high
and low dust concentrations are similar; they slowly
move to the back of the tunnel under the effect of the
airflow. The difference between their diffusion dis-
tances is not large. The transport equation for highly
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A

165s 145s 125s 105s 85s 65s 45s 25s

Fig.5 Dust transport in tunnel with press-in ventilation

=75m

= 60m

~45m

~30m

L,=0.0017%-0.03487°+0.4372T*-

2.37937°+4.49357°+10.431T
R2=0.9982 z

L=-0.000876-+0.0272T7-0.3895T++3.0008 T>-
13.26872+36.775T-14.978
7/ R2=0.9945

® The diffusion distance of the high-concentration dust
A The diffusion distance of the overall dust
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concentrated dust with respect to time was obtained by

fitting:

L, = 0.0017% — 0.03487° + 0.4372T*
—2.37937° + 4.4935T% + 10.431T

The transport equation for low-concentrated dust over

time is as follows:

L, = —0.0008T° + 0.02727° + 0.43895T*
+3.000873 + 4.4935T% — 13.268T — 14.987

where L is the distance from the working face, m; and T is

the time, s.

Numerical simulation analysis after the addition
of dust removal fan

Airflow field in tunnel after addition of fan

In addition to press-in ventilation, on-board dust fans were
used to study the resulting dust transport laws. Figure 6
shows the overall and local distribution of the airflow in

the tunnel after the addition of the on-board dust collector.

According to Fig. 6

(1) After the addition of an on-board dust fan, the airflow
field in the tunnel becomes more disordered. There are

three more evident vortex areas in the tunnel.

@ Springer
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As shown in the Z=5 m diagram, the airflow on both
sides of the tunnel is simultaneously sucked in by the
dust suction port of the dust fan, which creates multiple
small vortices near the cutting section of the tunnel bor-
ing machine; the airflow on the return side is influenced
by the airflow of the pressurized air cylinder, which
results in a return airflow area at 0—8 m distance from
the working face (see Vortex I in the diagram).

As the dust fan is not connected to the exhaust pipe, the
airflow from the exhaust of the dust fan sucks the air-
flow from the return side of the tunnel (see the Z=9 m
diagram); the airflow from the return side moves to
the left side of the tunnel at 1.38 m/s. The negative
pressure on the return side causes the airflow from the
fan exhaust port to change its direction and move to
the working face, thereby forming Vortex II within a
10-35 m distance from the working face. At Z=20 m
and 23 m (Fig. 6), the airflow moves to the working
face or back of the tunnel; that is, at 9-30 m distance
from the working face, a dust-controlling wind curtain
of approximately 21 m length is created.

Owing to the air-absorbing effect of the exhaust outlet
and airflow of the pressurized air cylinder, the airflow
near the pressurized air cylinder also forms a return
flow in the direction from the top plate to the bottom
plate of Vortex II. The remaining airflow is deflected to
the return side with 0.16 m/s velocity behind Z=30 m
under the effect of Vortex II. When it reaches the left
wall of the tunnel, an elliptical vortex is formed at
40-55 m distance from the working face under the
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Vortex I 0-8m
2 Vortex IT 10-35m

Vortex IIT 40-55m

(a) Overall distribution of airflow under press-in ventilation
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face or the back of the t

Negative pressure effect on
the return air si
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\-i

(©) Z¥23m l o) z=30;n
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(b) Local distribution of airflow under pressure-in ventilation

Fig.6 Distribution of airflow in tunnel after the addition of an on-board dust fan

negative pressure of Vortex II, which is represented by
Vortex III in the figure.

Dust transport in tunnel after the addition of fan

Figure 7 shows the transport of dust at different moments
in the tunnel after the addition of the on-board dust fan.
To visualize the dust migration, higher dust concentrations
(>200 mg/m?) are highlighted.

According to Fig. 7

(1) Affected by Vortices I and II, the highly concentrated
dust stays within Z=13 m distance from the working face in
the tunnel. The high-speed airflow at the outlet of the dust
removal fan accelerates dust diffusion, and the dust particles
spread to a point 75 m from the working face after 75 s of
operation. In addition, the airflow from the outlet of the dust

removal fan and the entrained airflow remove the dust that
had accumulated near the working face. Subsequently, the
dust accumulates on the right side of the tunnel (i.e., in the
Vortex II area). When the dust on the right side of the tunnel
reaches a certain concentration, it spreads to the Vortex III
area and then migrates to the back of the tunnel.

(2) As the dust accumulates in the tunnel, the airflow
changes. Vortex III moves toward the back of the tunnel,
and the airflow traces become more evident. The distance
between Vortex II and Vortex 11 increases, and that between
Vortex III and the working face increases from 30 to 42 m.
The dust accumulates between the two vortices and in
Vortex III; thus, its concentration increases. Two hundred
seconds after the start of the tunnel boring operation, the
dust concentration on the left side of the tunnel is still low,
with a significant difference from that on the right side. The
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Fig. 7 Dust transport in tunnel after the addition of an on-board dust fan

dust settles down owing to the airflow and its own gravity;
most of it settles down on the bottom plate. Compared to
the results of press-in ventilation only, the air quality in the
operation area was significantly improved after the addition
of the dust fan.

(3) After the addition of the on-board dust fan, there is a
clear difference between the diffusion trends of the high- and
low-concentrated dust. Compared with the results of the sce-
nario with press-in ventilation only, the dust concentration
is effectively controlled owing to the addition of a dust fan.
The equation for the transport of highly concentrated dust
with respect to time was obtained by fitting:

L, = —0.027° + 0.56127° — 6.3232T* + 36.615T°
+—115.67% — 197.21T + 29.437 — 98.025

The equation for the transport of low-concentrated dust
is as follows:

—0.00517% + 0.13217° — 1.286T*
+5.6922% — 11.0587% + 11.06T + 3.1625

L,

where L is the distance from the working face, m; and T is
the time, s.

Simulation of change in the air age
Fresh air enters the tunnel through the pressurized air outlet,

thereby constantly adding pollutants, which degrade the air
quality. The shorter the air age, the fewer pollutants reach the

@ Springer

location, which means that the ventilation system in the tun-
nel can discharge pollutants more effectively. To investigate
the ability of the ventilation methods to remove pollutants
and improve the air quality of the working environment, a
comparative analysis of the air age under different ventila-
tion methods was carried out, where the indicator “air age”
is limited to a gaseous tracer.

The UDF program was used to build the UDS air age
numerical calculation solver and import it into Fluent to ana-
lyze the air age distribution through numerical simulations.
To calculate the mean air age in a tunnel, the convective
diffusion equation must be added, which can be solved for
a specific MMA with a custom scalar ¢; (i.e., the air age)
(Buratti et al. 2011; Ning et al. 2016; Park et al. 2018; Yi
et al. 2020):

0p;
- V([ V) =S, (20)
_ ﬂeﬂ
I, =288x107p+
j P2 e

Where I'; is the diffusion coefficient of the air age, S, is
the source term of the air age, and Heg S the effective air
viscosity.

Air age distribution of press-in ventilation mode

Figure 8 shows the air age distribution in the tunnel with
press-in ventilation. According to the results.
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With press-in ventilation, the fresh airflow from the
pressurized air cylinder has a major effect on the air-
flow in the tunnel. According to Fig. 8a, close to the
working face, the fresh airflow has more influence
on the air in the upper part of the tunnel; the air ages
between the boring machine and belt conveyor and bot-
tom plate reached more than 80 and 600 s, respectively;
the air in this area is not easily renewed.

At 20 m distance from the working face, the airflow
on the return side moves to the pressure side owing
to the influence of the vortex; the air age on the return
side reaches 120 s, which is 70% longer than the time
required to reach the pressure side. Figure 8a presents
the air age distribution at 30 to 70 m distance from the
working face; the airflow on the right side of the tunnel
spreads to the left side of the tunnel; the closer it is to
the back of the tunnel, the weaker is the interference
with the airflow near the pressurized air cylinder.
According to Fig. 8b, in the Y=2.3 m section, the fresh
airflow can travel 38 m from the working face within
140 s; in the Y=1.55 m section, it can travel 37 m from
the working face within 140 s; that is, the fresh airflow

241 302 363 424 434 S45 606 667 728 789 849 M8 415 12 545 18 611 64 617 TLL U4 T2
—-—— e — -

Airage Air age

- -

has a greater influence on the air near the roof of the
tunnel. Behind 55 m from the working face, the airflow
does almost not interfere with the air near the windpipe,
and the air age exceeds 700 s. Once the dust has entered
the area, it accumulates and cannot be easily removed.

Air age distribution after addition of dust fan

Figure 9 illustrates the air age distribution in the tunnel with
an on-board dust extractor fan.

(1) According to Fig. 9a, the fresh airflow only affects the
airflow near the pressurized air outlet and the suction
air outlet of the dust fan because the dust fan rapidly
extracts the pressed-in fresh airflow. The airflow around
the roadheader at Z=5 m is only disturbed very slightly
by the airflow, and the air age reaches more than 90 s
at some points. After the airflow has been discharged
at high speed from the exhaust of the dust fan, it will
approach the roadheader again under the action of Vor-
tex II; the air age near the roadheader reaches a maxi-
mum of 114.4 s at Z=10 m.

BLU3 54 US 57 948 509 105111021153 1205 10441105 166 1227 1283 1349 WL 171 1532 1593 1654
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0.0 250.0 500.0 7500 1000.0 Air age is high and air - 2!
A is not easily renewed

ir age

'4

L71679 1881 2083 283 UST 2689 25,1 30933253 3497 15252243 26603078 45,6 2914 41324730 3168 3585 6004

Z=40m Z=50m

.- .- -
e ol k an

7925332547 UALSEDS 4349 4803 2585712 6166 6620 BSAZILOSAS US1 816 1824 45135209 5643 6010
-

Z=60m Z=70m

(a) Overall and X-Y cross-sectional air age distribution of the tunnel
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(b) X-Z cross-sectional air age distribution

Fig. 8 Air age distribution in tunnel with press-in ventilation
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Fig.9 Air age distribution in tunnel after the addition of an on-board dust fan

(2) At 30-70 m distance from the working face, the high-
speed airflow from the exhaust air outlet reduces the
overall air age in the tunnel. The maximum air age
exceeds 660 s in the cross-section of the press-in venti-
lation mode, and it can reach 379 s in the cross-section
after the addition of the dust fan. The air on the left side
of the tunnel (i.e., the area of the workers) is renewed,
and the air age is much shorter than that on the right
side of the tunnel; thus, the air quality is improved in
this area.

(3) According to Fig. 9b, only the air age near the outlet
of the pressurized air cylinder and the exhaust of the
dust fan is shorter than 40 s; the fresh airflow can
move up to 66 m from the working face within 160 s
at Y=1.55 m and 2.3 m. According to the air age con-
tour diagram, the airflow from the on-board dust fan
moves to the side of the pressurized air cylinder and
then to the left wall of the tunnel after reaching the
Vortex II area.
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Comparison of air age distributions of two
ventilation methods

Measurement point A (i.e., the worker’s position) and meas-
urement point B (i.e., the pressurized air side) on each X-Y
plane were selected for comparison; Fig. 10 compares the
air age at measurement points A and B under the two ven-
tilation methods.

(1) The maximum air age in the press-in ventilation mode
is 747.3 s, while it is only 431.5 s after the addition of a
dust fan. In the area up to 10 m from the working face,
the air age is below 78 s with press-in ventilation. After
the addition of the dust fan, there are areas in the tun-
nel where the air age exceeds 78 s; after changing the
ventilation method, the air age in the tunnel is evidently
shortened, and the air quality near the rear air duct of
the tunnel The situation where the air age exceeded
700 s was also improved. The discharge capacity
has been increased, which ensures that the operators
breathe fresher air while controlling the dust spread.
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Fig. 10 Comparison of air ages of two ventilation modes

(2) According to the scatter diagram of the air ages at points
A and B of each section, the change in the air age tends to
be smoother after the addition of a dust fan. In addition,
the difference in the air ages decreases with increasing
distance from the working face. The air age at point A
can be reduced by up to 31.4%, and that at point B can be
decreased by up to 35.5%. The air ages at the two points
near the working face are longer after the installation of
the dust fan, and the diffusion of the airflow is more lim-
ited, which helps to control the dust near the working face
and prevents the dust from spreading in the whole tunnel.

Automatic wind-mist synergistic wet
high-frequency oscillation dust-capturing
technology for coal mine tunnel

The results of this study show that the addition of an on-
board dust fan reduces coal dust pollution in a tunnel to
a certain extent compared to the use of press-in ventila-
tion only; however, the coal dust still spreads throughout
the tunnel. Therefore, spraying measures must be added
to dust control with wind curtains and dust removal with
on-board dust fans. Considering the atomization angle,
effective range, and other macroscopic atomization char-
acteristics of a fog field at different spray pressures, we
finally chose a wide-angle solid conical nozzle.
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Based on the dust diffusion results in the tunnel with
press-in ventilation and an on-board dust fan, a wet high-
frequency oscillation dust-capturing net device was devel-
oped; it mainly consists of an equipment frame, a high-
frequency oscillation net, spray device, removable base,
and infrared sensors. Figure 11 shows a schematic of the
wet high-frequency oscillation dust-capturing net device
for coal mine tunnels.

This device is located between the tunnel trans-
fer machine and the transport machine. In addition, a
high-density high-frequency oscillating net is installed
inside the frame of the device. When the dusty air flows
through the high-frequency oscillating net without being
purified by the on-board dust removal fan, the spraying
system creates a water film with a strong dust-suppress-
ing effect on the surface of the high-frequency oscillat-
ing net. Universal wheels are installed at the bottom of
the device to facilitate its movement. Moreover, there is
a door at the bottom right of the device so that pedestri-
ans can enter it. There are infrared sensors at the front
and rear of the device. When they detect a pedestrian,
they automatically turn off the spraying system. Accord-
ing to the field application, the wet high-frequency
oscillation dust-capturing device can effectively capture
dusty airflow with an on-board dust fan, improve the
air quality in a highly polluted tunnel, and ensure clean
production during tunnel boring.
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Fig. 11 Schematic of wet
high-frequency oscillation dust-
capturing device for coal mine
tunnels
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Discussion

In this study, the spatiotemporal evolution law of dust pol-
lution under different ventilation modes in a typical bored
tunnel was investigated, and air age was innovatively intro-
duced as an index for evaluating tunnel air quality. We found
that the dust removal effect was clear, and the air age was
considerably reduced after the addition of a dust removal
fan. We also developed an automated wind-mist synergistic
wet high-frequency oscillation dust-capturing technology for
tunnel boring, which notably improved the problem of high
levels of coal dust pollution in tunnels. It is worth noting
that, although the size of the closed area is different in dif-
ferent restricted spaces, the main transportation trajectory of
wind flow and dust in a closed area remains unchanged, so
the main conclusions obtained in our study are also appli-
cable to other cross-section tunnels. Although the tunneling
equipment and operating conditions are different in different
tunnels, the differences in tunneling equipment have little
effect on coal mine tunnels that are hundreds or thousands
of meters long. Moreover, all other mechanical equipment in
such tunnels is similar, and this mechanical equipment has
a similar effect on the wind flow field and dust transporta-
tion. So, the underlying physical principles outlined in our
study are generalizable. However, this study involved few
ventilation parameters, and therefore the analysis of the dust
control effect and its sensitivity under different ventilation
parameters must be investigated further. The dust distribu-
tion law of different particle sizes in a tunnel also needs to
be explored in depth. This will inform our future research
direction. At the same time, we will study the diffusion and
deposition of dust particles in human lungs, and we will
make suggestions for the development of appropriate occu-
pational health-protection equipment.
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Conclusions

(1) Inthe tunnel with press-in ventilation only, a triangu-
lar vortex area appears near the working face; driven
by the airflow, the dust slowly spreads to the tun-
nel exit (which is 75 m from the working face), and
the dust concentration in the tunnel exceeds 200 mg/
m? after 200 s. After the addition of a dust fan, the
two vortex areas are increased, and an effective dust-
controlling wind curtain is formed. The dust basically
stays within the area 13 m from the working face,
whereas the dust at the back of the tunnel generally
accumulates in the bottom plate. Thus, the dust dis-
persion is controlled to a certain extent.

(2) The coal dust concentration is severe under press-in
ventilation only. It can be decreased to a certain extent
by the addition of an on-board dust fan. The dust fan
increases the airflow velocity in the tunnel and signifi-
cantly decreases the air age in the tunnel. The air on
the left side of the tunnel is constantly renewed by the
high-pressure airflow from the dust fan exhaust; the
maximum air age at the left measurement point can be
reduced by 34.1%. The resulting air age is only 431.5 s;
thus, the workers can breathe fresh air.

(3) In addition to dust control with a wind curtain and dust
fan, an automated wind-mist synergistic wet high-fre-
quency oscillation dust-capturing technology for coal
mine tunnels was developed. It effectively reduces high
coal dust concentrations in the tunnel, thus reducing the
abrasive effect of coal dust on the mechanical equip-
ment and the health hazard to operators. The resulting
operation process is clean, safe, and efficient.

(4) The presented study still has some deficiencies. First,
the coal dust concentrations must be analyzed at differ-
ent ventilation parameters, and the effect of different



Environmental Science and Pollution Research (2023) 30:114484-114500

114499

ventilation parameters on the dust control result must
be studied more thoroughly. Second, the pollution
effect of respirable dust generated during tunnel bor-
ing still lacks in-depth investigation. In the future, we
will thoroughly study the diffusion laws of dust with
different particle sizes. Moreover, we will study the dif-
fusion and deposition of dust particles in human lungs
and develop health protection equipment.
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