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ABSTRACT: After tunnel blasting, a large amount of CO will be produced and
accumulated in the dead-end tunnel. If the ventilation discharge is not proper
and the entry time into the dead-end tunnel is not appropriate, then it can cause
workers to suffer from poisoning, hypoxia, and suffocation. Therefore, to
understand the airflow and diffusion characteristics of CO in the dead-end
tunnel after excavation and improve the working environment quality of the
heading excavation tunnel, this paper uses numerical simulation and on-site
verification to study the influence of different ventilation parameters on the
airflow and CO diffusion characteristics in the dead-end tunnel after excavation
and blasting. The research results show that the higher the air velocity of the
duct, the smaller the distance between the duct and the working face, and the
higher the hanging height of the duct, the easier it is for CO to be discharged
from the dead-end tunnel. The larger the distance between the duct and the
side wall, the more vortices there are in the dead-end tunnel and the more difficult it is to discharge CO from the tunnel. This study
provides theoretical guidance for the research of the migration law of CO after tunnel blasting and has important value for ensuring a
safe working environment and clean production in tunnel excavation.

1. INTRODUCTION
The ventilation and working environment problems of the
dead-end tunnel have been troubling ventilation engineers and
mining professionals during underground mining.1,2 The dead-
end tunnel is an important part of underground mining, but
with only one exit, it is difficult to form a continuous airflow in
the roadway.3,4 Toxic and harmful gases and dust are prone to
accumulate and difficult to discharge in the dead-end tunnel,
and the concentration of toxic and harmful gases and dust in
the roadway cannot reach the allowable concentration
stipulated by the country, which seriously threatens life, health,
and safety of underground workers.5−7

So far, many scholars have conducted extensive research on
the influence of ventilation parameters on airflow distribution,
toxic and harmful gases, and dust in the dead-end tunnel.8−11

For example, Wang investigated the changes of gas and dust
near the driving face when the distance between the duct and
the face was different, and selected the optimal distance for
duct installation.12 Lu analyzed the effects of different
ventilation parameters on the airflow field and gas distribution
and concluded that the duct had a better effect on eliminating
gas when the distance between the duct and the roadway floor
was 1.75 m.13 Zhang studied the distribution of blasting smoke
in the roadway when the duct was at different heights and
distances from the working face and obtained the optimal
layout of the duct.14 Wei discussed and analyzed the effects of
duct hanging height, duct diameter, and distance from the

working face on the distribution of dust in the roadway and
selected the ventilation parameters with the best dust
reduction effect.15 Wencai analyzed the changes in the airflow
field in the roadway when the distance and hanging height of
the duct were different from the working face and obtained the
optimal ventilation parameters in the roadway.3 Xie analyzed
the distribution of air velocity and dust in the roadway when
the duct was arranged in different positions and obtained the
best layout of the duct.16 Wei, respectively, explored the
distribution of airflow and dust in the roadway when the duct
hanging height and distance from the working face were
different and found that the duct hanging height had the
greatest influence on the distribution of eddy currents.17

Huang analyzed the influence of the distance between the duct
and the working face on the distribution of CO in the roadway
and found that the dispersibility coefficient of CO in the
roadway was proportional to the distance between the duct
and the working face.18
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The previous studies mainly focused on analyzing the effects
of different ventilation parameters on the airflow, gas, and dust
concentration evolution in the roadway.11,19−21 However, after
tunneling and blasting, a large amount of toxic and harmful gas,
mainly CO, is generated in the dead-end tunnel. If the fresh air
flow in the dead-end tunnel is insufficient or the ventilation
time is not timely, it can easily cause mine explosion, smoke
and dust poisoning, and personnel casualties.22−27 Among the
toxic and harmful gases, NOX and CO are the most hazardous.
NOX is unstable and soluble in water; its concentration
significantly decreases after spray dust removal. In contrast,
CO is more stable and remains a primary cause of poisoning
among tunnel personnel. Therefore, this paper assumes that
postblasting pollution in the dead-end tunnel consists only of
CO. The study focuses on the diffusion characteristics of
airflow and the spatiotemporal evolution of CO concentration
under different ventilation parameters in the dead-end tunnel.
Apart from the introduction, this article is organized as

follows: Section 2 establishes a dead-end roadway model,
divides it into a hexahedral grid, and performs an
independence test to select the grid size that meets the
accuracy requirements. Section 3 explores the influence of air
velocity in the air duct, distance from the working face,
distance from the roadway side, and suspension height on the
airflow and CO distribution in the dead-end roadway,
determining the optimal air velocity and layout position of
the air duct in the roadway. Section 4 summarizes and
generalizes the impact of four different ventilation parameters
on the airflow field and the CO concentration in the dead-end
roadway.

2. MATHEMATICAL AND PHYSICAL MODELS
In this study, the simulation of airflow and CO diffusion
characteristics in a dead-end tunnel is carried out using finite
element software (ANSYS FLUENT).28 First, a mathematical
model that reflects the actual situation needs to be selected.29

Then, a physical model is established using DesignModeler,
followed by the use of ICEM CFD to partition the hexahedral
mesh, conduct a grid independence check to determine the
various parameters and boundary conditions in the FLUENT
numerical simulation process, and finally validate the model.
2.1. Mathematical Model. After blasting in a dead-end

tunnel, the movement of CO in the tunnel space is a single-
phase multicomponent diffusion process that conforms to the
three laws of conservation of momentum, energy, and mass, as
well as turbulent motion equations.30

2.1.1. Continuity Equation. Any fluid motion problem must
satisfy the law of conservation of mass, and the corresponding
equation is also called the continuity equation.31 The
expression is as follows32
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where ρ is the gas density, kg/m3; t is the time, s; and u, v, and
w are velocity components in the x, y, and z directions,
respectively, m/s.

2.1.2. Momentum Equation. The momentum conservation
equation, also known as the Navier−Stokes equation, is
expressed as follows
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where P is the static pressure,33 Pa; τij is the Reynolds stress
tensor; gi and Fi, respectively, denote the volumetric gravita-
tional force and external force in the i-direction.

2.1.3. Energy Equation. The law of energy conservation is a
fundamental law that must be satisfied by any flow system that
involves heat exchange. The specific formula is as follows

T
t

uT
k

C
T S

( )
div( ) div grad

p
T+ = +

i
k
jjjjjj

y
{
zzzzzz (3)

where T is the temperature, K; k is the fluid heat transfer
coefficient; Cp is the specific heat capacity, J/(kg·K); ST are the
internal heat sources of the fluid and the portion of mechanical
energy converted into thermal energy due to viscous effects.34

2.1.4. Realizable k-Epsilon Turbulence Model. The K-
equation of the realizable k−ε model is expressed as follows
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where σk = 1.0; Gk is the turbulence kinetic energy generated
due to the mean velocity gradient; Gb is the turbulence kinetic
energy generated due to buoyancy effects; YM is the
contribution of turbulent expansion due to compressibility
effects to the total dissipation rate; μ is the dynamic viscosity
coefficient, Pa·s; ρε is the dissipation term; μt is the turbulent
viscosity ratio, μt = ρCμk2/ε
In the realizable k−ε model, to ensure constraints on the

positive stress, Cμ is no longer considered a constant but is
instead related to the strain rate. The calculation formula is as
follows
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; Ωij = Ωij −

2εijkωk; Rij ij ijk k= .
The ε equation for the realizable k−ε model is expressed as
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where ( )C max 0.43,1 5
= + ; Sk= ; k is the turbulent

kinetic energy, J; C1ε = 1.44; C2 = 1.9; σε = 1.2; ε is the
turbulent dissipation rate,%; ν is the dynamic viscosity, m2/s;
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in this study, the fluid flow is perpendicular to the direction of
gravity, hence C3ε = 0.

2.1.5. Component Transport Model. In systems with
multiple chemical components, each component must follow
the law of conservation of the component mass. The
component mass equation is as follows.

C
t

uC D C S
( )

div( ) div( grad )S
S S S S+ = +

(7)

where CS is the volume concentration of component S; ρCS is
the mass concentration of the component; DS is the diffusion
coefficient of the component; SS is the production rate of the
component.
2.2. Physical Model. The subject of this study is a

horizontal dead-end tunnel in an underground phosphate
mine, which has a length of 63.2 m. The section is an isosceles
trapezoid with a cross-sectional area of 15.18 m2. The
ventilation duct is installed in the upper-left corner of the
roadway, with a diameter of 600 mm and a distance of 10 m
from the working face. The exit air velocity is 14 m/s. Figure 1
depicts the full-scale physical model of this tunnel. The origin
of the coordinate axes is located at the bottom-left corner of
the working face. The X-axis range is (−0.4−4.6), with the
positive direction indicating the airflow direction from the duct
inlet side to the tunnel return side. The positive direction of
the Y-axis is from the tunnel bottom to the tunnel top, within a
range of (0−3.3). The positive direction of the Z-axis is from
the excavation face to the tunnel exit, covering a range of (0−
63.2).
2.3. Mesh Generation and Independence Test. In this

study, hexahedral meshes were generated using ICEM
software, and an independence test was conducted to select
mesh sizes that meet the accuracy requirements.35 During the
meshing process in ICEM, a local refinement was applied to
the near-wall regions of the tunnel. The tunnel walls were
replaced with stationary no-slip standard walls. The tunnel wall
roughness constant was set at 0.5. This study examined three
mesh qualities: coarse, medium, and fine, corresponding to
mesh sizes of 0.6, 0.4, and 0.2, respectively. The minimum
orthogonal quality values were 3.03223 × 10−1, 2.01234 ×
10−1, and 1.49577 × 10−1. The number of mesh cells was
158,380, 525,900, and 1,588,615 for the three different mesh
sizes, respectively. During the validation process of these three

mesh sizes, a time step of 1 s was used. The sum of the mass
flow rates at all inlet and outlet boundaries was less than 1%,
meeting the convergence criterion.
Figure 2 shows a comparison of air velocity at the same

location in the tunnel for the three different mesh sizes. From

Figure 2, it can be seen that the air velocity variation trend of
the fine mesh is more in line with the variation law of the
impinging jet velocity, while the air velocity variation trend of
the medium and coarse meshes is poor. Therefore, the fine
mesh was selected as the final mesh size, and the mesh quality
is shown in Figure 3.
2.4. Parameter Setting. The working face in this study

advances 3.4 m per cycle, with a total of 57 blast holes,
including 4 large empty holes. The total volume of CO in the
roadway is 3.36 m3, and the distance of smoke projection is
31.8 m. The calculation formula for the CO mass fraction in
the dispersion area is as follows36

C Gb
L AP

=
(8)

Figure 1. Physical model of the dead-end tunnel.

Figure 2. Comparison of air velocities for different mesh sizes.
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where LP is the smoke dispersion distance, m; L 15 G
p 5

= + ;37

G is the explosive mass, kg; b is the CO volume per kg of
explosive, m3/kg; and A is the tunnel cross-sectional area, m2.
The blast parameters and simulation parameters are shown

in Tables 1 and 2, respectively.

2.5. Model Validation. 2.5.1. Mathematical Model
Validation. Numerous pieces of literature related to mine
ventilation numerical simulation have conducted numerical
simulation and validation of airflow field. For instance,
Kurnia39 utilized the physical model of Parra40 to compare
and analyze four turbulence models including Spalart-Allmaras,
K-Epsilon, K-Omega, and Reynolds Stress Model with the
simulated airflow velocity values and corresponding exper-
imental values. Finally, K-Epsilon was found to have the best
agreement with the experimental values, with an average error
of 30%. Additionally, Whalley and Abdul-Ameer validated the
K-Epsilon turbulence model with experimental data from the
Parra40 study, resulting in a R2 value of 0.96, indicating the
applicability of this viscous model for underground mine
ventilation numerical simulations.41

In this study, the realizable k−ε model was used, which
compared to the K−ε model, constrains the positive stress Cμ
with the strain rate rather than considering it as a constant,
thus adding mathematical constraints and ensuring the
achievability of the calculation results.42 Wang used the
realizable k−ε turbulence model to simulate and verify the
applicability and accuracy of the airflow field inside the head
entry.12

2.5.2. Physical Model Validation. To validate the model
and related parameters and ensure the practical significance of
the simulation scheme in this paper, field tests were conducted.
A CO sensor was set up 15 m away from the exit of the head
heading, 0.3 m away from the roof, and 2.5 m away from the
side wall to monitor the changes in CO values inside the head
heading over time, as shown in Figure 4.
Figure 5 shows a comparison between the numerical

simulation values at the same monitoring point and the
monitoring data of two different periods from those of the CO
sensor. It can be seen that the simulation values agree well with
the two sets of field monitoring data, with relative errors of
1.69 and 1.78%, respectively. Within the first 7 s of ventilation,
the simulation data was close to the monitoring value. During
the 8−15 s of ventilation, there was a slight difference between
the simulation data and the monitoring data, but the difference
was not significant. However, after 23 s of ventilation, there
was a significant difference between the simulation data and
the monitoring data, which was due to the various factors
affecting the exit of the mine, such as wind force, which caused
the pressure near the exit to increase and made it difficult to
discharge the CO. Overall, the trend of the simulation data was
consistent with that of the monitoring data.

3. RESULTS AND DISCUSSION
3.1. Analysis of Airflow and CO Spatiotemporal

Evolution under Existing Ventilation Parameters. To
understand the airflow and CO distribution in the dead-end
tunnel under the existing ventilation parameters, numerical
simulations were carried out to study the spatiotemporal
evolution of airflow and CO distribution in the entry, which
was presented in a visualized way.

3.1.1. Dispersion Characteristics of Airflow in the Dead-
End Tunnel. Figures 6 and 7 show the streamlines and velocity
cloud map of the airflow in the entry, respectively. As shown in
Figure 7, the velocity attenuation rate is very large before the
high-speed jet reaches the working face, and the air velocity
decreases to 5 m/s when it reaches the working face. The jet
impact forms a reverse flow of 3 m/s, but due to the limited
space in the entry, part of the jet forms a high-speed vortex ①
in front of the working face. Some low-speed reverse flows are
entrained into the jet flow continuously at the outlet of the air
duct, forming a vortex ②. In addition, due to the pressure
difference caused by the jet suction and vortex ②, a range of
but weaker vortex ③ is formed near the right wall of the entry.
When the jet impacts the working face, an airflow blind zone ④
is formed in the upper-left corner of the entry, where low
airflows constantly hover and gradually decrease in velocity.
Then, as the distance from the working face increases, the
airflow in the entry maintains a direction parallel to the bottom
plate and moves slowly toward the exit, and the velocity
remains unchanged. The airflow in the entry is in a stable state.

3.1.2. Temporal and Spatial Evolution of CO in the Dead-
End Tunnel. Figure 8 presents the CO mass fraction
distribution at different times in the ZX section of the dead-

Figure 3. Mesh quality distribution of the fine mesh.

Table 1. Blasting Parameter Values

parameter value

specific charge (q) 1.809 kg/m3

total explosive charge (G) 84 kg
CO volume per kg of explosive (b) 0.0438m3/kg
the total volume of CO 3.36 m3

Table 2. FLUENT Boundary Conditions and Parameter
Settings

boundary
type

boundary
definition/value type parameter value

inlet1
(velocity
inlet)

14 m/s turbulence model realizable k−ε
model

outlet outflow turbulence intensity
(%)

5

wall and duct
surface

wall turbulent viscosity
ratio

10

solver type pressure-based spatial discretization
scheme

second-order
upwind

time scheme transition pressure-velocity
coupling algorithm

SIMPLE
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end tunnel when Y = 2.9 m. In Figure 8a, the CO mass fraction
near the face decreases from 6.96 × 10−3 to 6.443 × 10−3 after
5 s of ventilation, and the CO fume starts to move toward the
exit due to the entrainment effect of the high-speed jet from
the vent. The area closer to the jet has a lower CO mass

fraction. A small CO accumulation area is also observed within
the 0.5 m range from the face, and a CO concentration area
appears in the blind zone at the upper-left corner of the entry.
In Figure 8b, after 50 s of ventilation, the CO fume moves 16
m toward the exit, and the CO mass fraction near the face
decreases to 2.148 × 10−3. The position and mass fraction
value of the CO accumulation area in the dead-end tunnel also
change accordingly. With the increase in ventilation time, the
CO fume in the entry is gradually discharged by the fresh air
from the vent. As shown in Figure 8j, when the ventilation time
reaches 300 s, the CO in the entry is mostly discharged, and
the mass fractions of the CO accumulated near the exit and the
two corners also decrease to 1.432 × 10−3 and 2.148 × 10−3,
respectively, which meet the safety threshold according to the
Chinese regulation.43 Therefore, when the ventilation time is
300 s, the CO in the dead-end tunnel drops to a safe level, and
the workers can carry out their work safely inside the entry.
Figure 9 shows the CO mass fraction distribution at different

times in the Z 0, 10, 20, 30, 40, 50, and 60 m sections of the
dead-end tunnel. In Figure 9a, after 10 s of ventilation, the CO
near the face in the lower-right corner is first diluted due to the
low-speed reverse airflow generated by the jet impacting the
face. The airflow, carrying a large amount of CO, moves
toward the upper-left corner of the entry due to the
entrainment effect of the high-speed jet. In Figure 9d, after

Figure 4. Actual CO sensor placement in the mine.

Figure 5. Comparison of the numerical simulation and two sets of
monitoring data.

Figure 6. Streamlines of airflow in the dead-end tunnel.
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150 s of ventilation, the CO within the 20 m range from the
face has been completely discharged, and the fume has diffused
to the exit. After 50 s of ventilation, the CO mass fraction near
the vent is lower than that in other areas because the reverse
airflow, after impacting the left wall of the entry, obtains some
kinetic energy, which accelerates the mixing of CO near the
vent. When the ventilation time reaches 300 s, the CO mass
fraction in the entry drops to 0−2.148 × 10−3, which meets the
requirement of the Chinese regulation.
3.2. Influence of Different Air Velocities on CO

Migration in the Dead-End Tunnel. Increasing the jet
velocity can effectively dilute or remove CO in the dead-end
tunnel, but as the jet velocity continues to increase, it will have
an inhibitory effect on the dilution of CO in the roadway.
Therefore, choosing a suitable air velocity at the outlet of the
ventilation duct has an important influence on the dilution and
removal of CO in the roadway. The “Safety Regulations for
Metal and Nonmetal Mines in China” stipulate that the air
velocity at the inlet of the underground roadway should not be
less than 0.25 m/s. Therefore, when the duct is 10 m away
from the working face and 0.5 m away from the tunnel side and
the hanging height of the air duct is 2.9 m, air velocities of 14,
16, 18, and 20 m/s are chosen for the dead-end tunnel in this
section.

3.2.1. Characteristics of Airflow Dispersion under Differ-
ent Air Velocities. The airflow field at the ZX section Y = 2.9 m
of the air duct outlet under different air velocities is shown in
Figure 10. The analysis shows that as the air velocity increases,
the rate of decrease in kinetic energy and air velocity value
gradually increases during the movement of the jet toward the

working face. In addition, after the high-speed jet collides with
the working face, due to the spatial constraints in the dead-end
tunnel and the entrainment effect of the high-speed jet, the
positions of eddies ①, ②, and ④ remain almost unchanged and
the air velocity values at the edge and center of the eddies
increase. The position and intensity of eddy ③ also change
continuously with an increase in air velocity. When the duct
outlet velocity is 16 m/s, the intensity of the eddy below the air
duct increases compared with the roadway under 14 m/s, and
the airflow field becomes more chaotic, as shown in Figure
10b. When the air velocity increases to 18 m/s or higher, as
shown in Figure 10c,d, the intensity of the eddy below the air
duct gradually decreases until it disappears. This is because
when the jet velocity reaches a certain value, it causes the low-
speed reverse airflow affected by entrainment to be discharged
toward the roadway outlet, breaking the source of eddy
formation.
To investigate the changes in the CO concentration in the

dead-end tunnel under different ventilation schemes, this study
selected three central areas (eddies ①, ④, and ③) where CO is
prone to accumulating as monitoring points, as shown in
Figure 11. The positions of the three monitoring points are
point 1 (3.4, 2.9, 2.7), point 2 (−0.14, 2.9, 0.5), and point 3
(4.4, 2.9, 16.2).

3.2.2. Distribution Patterns of CO under Different Air
Velocities. Figure 12 shows the variation of the CO mass
fraction at the ZX cross-section of the dead-end tunnel with
different ventilation times and air velocities. When the
ventilation time is 5 s, the mass fraction of CO near the
excavation face decreases slowly with the increase of the air
velocity at the outlet of the duct. When the ventilation time is
100 s, the CO in the tunnel with an air velocity of 14 m/s
cannot be exhausted to the tunnel outlet, and the ventilation
time needs to be increased to 300 s to reduce the CO mass
fraction in the tunnel to meet the requirements of Chinese
regulations. When the air velocity reaches 18 and 20 m/s, the
high concentration of CO has been exhausted to the tunnel
outlet, and the CO concentration in the tunnel has met the
requirements of Chinese safety regulations. This is because the
increase in air velocity strengthens the dilution and exhaust of
CO in the tunnel by carrying the momentum of the jet.
Figure 13 shows the trend of the CO mass fraction at three

monitoring points in the tunnel with time. The decreasing rate
of CO mass fraction in the tunnel increases with the increase of
air velocity, and the trend of air velocity change is more drastic
at monitoring point 3 compared to monitoring points 1 and 2.
This is because as the air velocity increases, the momentum of
the airflow carries more energy to enhance the disturbance at
vortex ③. Figure 13a,b, at vortex ② and blind area ④, the initial

Figure 7. Velocity cloud map at the exit of the duct in the dead-end tunnel.

Figure 8. CO mass fraction distribution cloud map in the ZX section
of the dead-end tunnel when Y = 2.9 m at different times.
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mass fraction of CO is highest and the decreasing rate is
highest when the air velocity is 16 m/s. At 225 s, the CO mass
fraction in the tunnel tends to be zero. In Figure 13c, the trend

of CO mass fraction with time is more chaotic, but the
decreasing rate of CO mass fraction is still inversely
proportional to the ventilation time after 150 s of ventilation

Figure 9. CO mass fraction distribution at different times in the dead-end tunnel.

Figure 10. Airflow distribution at ZX section Y = 2.9 m of the dead-end tunnel under different air velocities.

Figure 11. Location of monitoring points.
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time. Overall, the CO mass fraction in the tunnel is lowest
when the air velocity is 20 m/s.
In conclusion, the air velocity at the outlet of the air duct is

inversely proportional to the ventilation time and the CO mass
fraction in the tunnel. The air velocity of 20 m/s is more
favorable for the dilution and exhaust of CO in the tunnel.
3.3. Impact of Different Distances between the Duct

and the Working Face on CO Migration in the Dead-
End Tunnel. The distance between the duct and the working
face affects whether airflow from the duct outlet can remove
the CO at the tunneling working face. Therefore, with a duct
air velocity of 14 m/s, a duct-to-wall distance of 0.5 m, and a
hanging height of 2.9 m, this section analyzes the impact of
four different distances between the duct and the working face
(3, 6, 10, and 14 m) on CO migration in the tunneling
roadway.

3.3.1. Characteristics of Airflow Diffusion at Different
Distances from the Working Face. Figure 14 shows the
distribution of the airflow in the ZX section of the duct outlet
in the tunneling roadway at four different distances. It can be
seen from the analysis that the closer the distance between the
duct and the working face, the greater the initial kinetic energy
of the high-speed jet impacting the working face and the higher
the intensity of the vortex ① generated by the reverse airflow
being swept by the jet. In addition, as the distance between the
duct and the working face increases, the velocity and kinetic
energy of the reverse airflow in the roadway decrease, gradually
producing almost no suction effect on the surrounding air in
the roadway and the shape of vortex ③ gradually disappears.
However, the blind zone of the air velocity ④ has not
disappeared, and its position remains unchanged. CO easily
accumulates in this area and is difficult to remove. Therefore,
this study sets a monitoring point (−0.33, 2.9, 0.4) at the

Figure 12. Distribution of the CO mass fraction at different air velocities in the ZX section of the 2.9 m Y-section dead-end tunnel.

Figure 13. Time evolution of the CO mass fraction at different air velocities in the tunnel.
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vortex ④ for comparative analysis of the distribution of CO
under different distances between the duct and the working
face.

3.3.2. Distribution Patterns of CO at Different Distances
from the Working Face. Figure 15 shows the distribution of
CO at the Y = 2.9 m ZX section in the tunnel at four different
distances. Figure 16 illustrates the variation of CO mass
fraction along the monitoring line situated 0.1 m from the
working face at t = 5 s for four distinct distances. The
monitoring line extends within the range of (−0.4−4.6, 2.9,
0.1). As the distance between the duct and the working face
increases, the velocity and kinetic energy of the reverse airflow
generated by the jet impact on the working face decrease, and
the mass fraction of CO accumulated near the working face

increases accordingly. As shown in Figure 15a, when the
distance between the duct and the working face is 3 m, the CO
at the duct outlet and the working face area has been diluted
and weakened by t = 5 s. In Figure 15b−d, at 5 s, when the
distance between the duct and the working face is 6, 10, and 14
m, the mass fraction of CO at the duct outlet and the working
face area gradually increases (as shown in Figure 16). In
addition, at t = 5 s, the farther the distance between the duct
and the working face, the stronger the disturbance of air
velocity on CO in the range of smoke and debris, and the
larger the diffusion range of CO under the duct.
Figure 17 shows the trend of the CO mass fraction at the

monitoring point with different distances between the duct and
the working face. The monitoring point is situated at

Figure 14. Air velocity distribution cloud map at the duct outlet ZX section at different distances from the working face.

Figure 15. Distribution of CO concentration in the ZX section at Y = 2.9 m in the dead-end at four different distances from the working face.
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coordinates (−0.33, 2.9, 0.4), which is at a distance of 9.6 m
from the working face. Within 5 s of tunnel ventilation, the CO
mass fraction at the monitoring point decreases rapidly and
continues to decrease as fresh air flows in. When the distance
between the duct and the working face is 3 m, the CO mass
fraction at the monitoring point is significantly lower than that
of the other three ventilation schemes, and the trend is
relatively stable.
In summary, the mass fraction of CO accumulated in the

tunnel increases with the distance between the ventilation duct
and the working face in the dead-end tunnel. Therefore, when
the distance between the ventilation duct and the working face
is 3 m, it is more conducive to the discharge of CO in the
tunnel.
3.4. Influence of Different Distances between the

Duct and Sidewall on CO Migration in the Tunnel. To
investigate the influence of different distances between the air
duct and the side wall on CO migration in the tunnel, three
ventilation schemes were selected in this study: the duct had
an air velocity of 14 m/s and was located at 0.5, 1.5, and 2.5 m
away from the side wall at a distance of 10 m from the working
face and a hanging height of 2.9 m.

3.4.1. Characteristics of Airflow Diffusion at Different
Distances from the Sidewall. Figure 18 shows the velocity
cloud map of the ZX section at Y = 2.9 m in a dead-end tunnel

at different distances between the air duct and the side wall. It
can be observed that as the distance between the air duct and
the side wall increases, the number of eddies on both sides of
the duct increases due to the suction of the jet flow at the
outlet of the duct. The blind zone③ of the air velocity gradually
disappears. As shown in Figure 18c, when the distance between
the duct and the side wall is 2.5 m, the space between the duct
and the two sides of the tunnel is restricted, and the reverse
airflow formed by the high-speed jet flow hitting the working
face collides with the two sidewalls, forming a large number of
eddies near the side wall.
Region④ is the eddy formed by the airflow colliding with the

left wall of the tunnel, and high-concentration CO accumulates
there and is difficult to eliminate. To better analyze and
compare the three different ventilation schemes, position④ was
selected as the monitoring point, with coordinates (−0.28, 2.9,
5.5).

3.4.2. Distribution Patterns of CO at Different Distances
from the Sidewall. Figure 19 shows the distribution of CO at
different distances between the duct and the side wall at
different ventilation times. The analysis indicates that when t =
5 s, the CO concentration near the working face increases
gradually as the distance between the duct and the side wall
increases. When t = 50 s, a high concentration CO vortex
appears when the distance between the duct and the side wall
is 0.5 m, and CO accumulates on the right side of the tunnel
due to the presence of more eddies on the right side of the
duct, with slower dilution than the left side. With the increase
in ventilation time, the position of CO discharge is affected by
the airflow, and the dilution rate is also greatly affected. When t
= 200 s, the CO concentration on the left side of the tunnel is
significantly lower than that on the right side when the distance
between the duct and the side wall is 2.5 m, as shown in Figure
19c. When t = 300 s, the CO in the tunnel with a distance of
0.5 m from the air duct has been discharged, while there is a
slightly higher concentration of CO in the dead-end tunnel
with a duct distance of 2.5 m that has not been discharged.
Generally, the closer the distance between the duct and the
side wall, the faster the CO discharge rate.
Figure 20 shows the trend of the CO mass fraction at the

monitoring point with ventilation time when the duct is at
different distances from the side wall. The monitoring point is
positioned at coordinates (−0.28, 2.9, 5.5), which is at a
distance of 0.12 m from the left sidewall of the tunnel. The CO
mass fraction at the monitoring point is the lowest when the
duct is 0.5 m from the side wall, while it is the highest when
the duct is 1.5 m from the side wall. This is because there is no
influence of eddies when the duct is 0.5 m from the side wall,
while there are more eddies with greater intensity at the
monitoring point when the duct is 1.5 m from the side wall,
which makes CO easier to accumulate, leading to the highest
CO mass fraction.
In summary, among the three ventilation schemes above,

when the duct is 0.5 m from the side wall, it is more
advantageous for CO discharge in the dead-end tunnel.
3.5. Effect of Different Hanging Heights of the Duct

on CO Migration in the Dead-End Tunnel. To analyze the
effect of different hanging heights of the air duct on CO
migration in the heading, this study selected numerical
simulation schemes with a duct air velocity of 14 m/s, a
distance of 10 m from the working face, 0.5 m from the
heading, and 2.9, 1.65, and 0.4 m from the heading floor.

Figure 16. Variation of CO mass fraction near the working face with
different distances between the duct and the working face at t = 5 s.

Figure 17. Trend of CO concentration at monitoring point with
ventilation time under different distances between the duct and
working face.
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3.5.1. Characteristics of Airflow Diffusion at Different
Suspension Heights. Figure 21 shows the airflow cloud map at
the X = 0.1 m ZY section of the heading at different distances
from the heading floor. It can be observed that with the
decrease of the distance between the duct and the floor, the
vortex flow ① in front of the working face experiences three

stages of appearance−disappearance−reappearance; the posi-
tion of vortex flow ② moves from the floor to the roof of the
heading; vortex flow ③ changes from behind the duct to in
front of it; and the position of the heading air velocity blind
zone ④ changes from the upper-left corner to the lower-right
corner. This is because when the duct moves from the roof to

Figure 18. Velocity distribution maps of the XZ section at Y = 2.9 m in the dead-end tunnel under different distances between the duct and the side
wall.

Figure 19. Distribution of the CO concentration at different distances between the duct and the side wall for different ventilation times.
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the floor of the heading, the distance between the duct outlet
jet and the roof of the heading increases, and the air above the
duct is enhanced by the jet’s entrainment, leading to an
increase in the number and intensity of vortices. In addition, as
shown in Figure 21b, when the duct is suspended in the center
of the heading, the low-speed reverse airflows on both sides of
the duct are affected by the high-speed jet’s entrainment,
forming a large number of vortices with varying intensities on
both sides of the air duct.
However, since the density of CO is less than that of air, CO

will gather near the roof of the heading and fresh air will
migrate to the floor of the heading under the influence of
gravity, making it difficult to eliminate CO. Therefore, this
study selected the monitoring point (−0.3, 2.9, 0.1) to analyze
the effect of the hanging height of the air duct on the
distribution of CO in the heading.

3.5.2. Distribution Patterns of CO at Different Suspension
Heights. Figure 22 shows the CO mass fraction distribution in
the ZY section of the tunnel at X = 0.1 m for different distances

Figure 20. Variation trend of the CO mass fraction at the monitoring
point with different distances between the air duct and side wall.

Figure 21. Cloud map of airflow distribution in the ZY section of the roadway at X = 0.1 m for different hanging positions of the air duct.
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between the duct and the tunnel bottom. When the ventilation
time is 5 s, a large diffusion area of high-concentration CO
near the working face can be observed. As shown in Figure
22a,c, from 50 to 100 s of ventilation, the space limitation
restricts the jet flow from the duct to expand extensively to
both sides of the tunnel, reducing the contact area between the
airflow and CO. Therefore, the high-concentration CO
accumulation area still exists near the working face. As
shown in Figure 22a, fresh air is affected by gravity and
migrates toward the tunnel bottom, accelerating the diffusion
of CO below the duct. The distance between the duct and the
tunnel bottom of 2.9 m is the best ventilation scheme among
the three schemes with the highest CO diffusion coefficient
and the best ventilation effect.
Figure 23 shows the trend of the CO concentration at the

monitoring point with different heights of the duct. The

monitoring point is located at coordinates (0.1, 0.01, 0.02),
which is at a distance of 0.02 m from the tunnel floor. The CO
mass fraction value at the monitoring point increases inversely
proportional to the distance between the duct and the tunnel
bottom. Therefore, the distance of 2.9 m between the duct and
the tunnel bottom is the best ventilation scheme among the
three different schemes.

4. CONCLUSIONS
This study utilizes a component diffusion model to investigate
the transport and evolution patterns of airflow and CO
concentration within a nonmetallic phosphorite tunnel with an

inverted trapezoidal cross-section after excavation blasting. A
comparative analysis is conducted on four different ventilation
parameters: air velocity at the duct, distance from the duct to
the working face, distance from the duct to the sidewall, and
duct suspension height. The impacts of these parameters on
the airflow field and the CO distribution patterns within the
tunnel are analyzed. The main conclusions are as follows:
(1) Under the existing ventilation parameters, vortices form

in front of the excavation working face and near the
tunnel sidewall’s side. Within 5 s of tunnel ventilation,
the CO mass fraction near the excavation working face
decreases from 6.96 × 10−3 to 6.443 × 10−3, and after
300 s of ventilation, the CO mass fraction within the
tunnel drops below the safety threshold.

(2) Among the different ventilation parameters studied, air
velocity has the least effect on the airflow velocity and
vortex position in the tunnel, while the distance between
the duct and the side wall has the greatest impact. The
air velocity near the working face increases with the
increase of the duct exit air velocity and the hanging
height, while the distance between the duct and the side
wall and the hanging height to a certain extent reduces
the air velocity near the working face.

(3) Under constant parameters, the CO mass concentration
within the tunnel gradually decreases with higher duct
outlet velocity and suspension height, showing an
inverse proportion to the distance from the duct to
the excavation working face and sidewall. Through
numerical simulations, it is determined that at an outlet
velocity of 20 m/s, a distance of 3 m from the duct to
the tunnel entrance, a distance of 0.5 m from the duct to
the sidewall, and a suspension height of 2.9 m, the CO
mass fraction within the tunnel is minimized. This
configuration facilitates rapid dilution and discharge of
CO in the tunnel, thereby improving the tunnel’s
cleanliness during excavation.

Therefore, this research provides a valuable reference and
guidance for ventilation design, optimization of ventilation
parameters, and mitigation of CO emissions after excavation
blasting in inverted trapezoidal tunnels.
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