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ABSTRACT: To explore the diffusion law of harmful gases near
the excavation face in tunnel construction on plateaus, select the
optimal ventilation parameters, and improve the ventilation
efficiency, Ansys Fluent was used to set the environmental
parameters according to the highland, where the tunnel is located,
and simulate and curve fit the diffusion phenomenon of CO and
NO2 based on the fluid control equations and species transport
model. The effects of air velocity, ventilation time, and duct
position on the diffusion law of harmful gases were analyzed, from
which the optimal ventilation conditions were selected, and the
ventilation effects under the optimal conditions were compared
with those under the original conditions. The study shows that
after the fresh airflow passes through the outlet, part of it flows out
along the tunnel wall toward the cave entrance, and the other part interacts with the return air to form a vortex; when the air supply
speed is 10 m/s and the distance from the duct outlet to the excavation face is 25 m, the maximum concentration of harmful gases
decreases by 92−99% after 20 min of ventilation compared with that before optimization and the smoke exhaust efficiency increases
by 2.5% per minute.

1. INTRODUCTION
Low air pressure, low temperature, and low oxygen content are
common phenomena of plateaus.1 Due to the influence of
incomplete combustion, the blasting process near the excavation
face will produce a large amount of toxic and harmful gases,
whose concentration is several times that of the plain area.2 In
addition, the diffusion of air molecules and the Brownianmotion
of particles on plateaus is slower than that in plain areas because
of the low pressure and temperature, resulting in the diffusion of
harmful gases with a certain degree of particularity, which
undoubtedly increases the difficulty of removing exhaust and
dust from construction tunnels.3 At present, there are many
complex factors affecting the diffusion of harmful gases on
plateaus. The interaction and coupling of various factors can
inevitably lead to more abstract airflow diffusion. It is difficult to
explore the spatial distribution characteristics of harmful gases in
time after blasting.4 During tunnel ventilation, the wind speed is
one of the most important factors affecting the diffusion of
harmful gases. An excessive wind speed can affect an individual’s
walking, increase the cost of ventilation, and easily cause
secondary dust and noise pollution,5,6 and if the wind speed is
too small, it can reduce the efficiency of ventilation, which can
compromise the safety of the construction environment.
Second, the harmful gas diffusion law in the tunnel is greatly
affected by the time factor. The spatial distribution of harmful
gases in different time periods is different.7,8 A long ventilation

time is economically prohibiting;9 on the contrary, a short
ventilation time causes the buildup of harmful gases that cannot
be reduced to acceptable levels. The location of the air duct
outlet also plays an important role in improving the efficiency of
ventilation.10 If the position of the air duct outlet is too far away
from the excavation face, it will result in low wind speed near the
working face, and harmful gases will be difficult to discharge;11

while a too close position will result in a smaller wind flow
section, which can carry less harmful gases and weaken the
ventilation effect.12

In response to these problems, Ye13 established a calculation
model of radon and blasting fume concentrations with
ventilation time based on the law of conservation of mass and
displacement ventilation theory and proposed a theoretical
calculation method for the shortest ventilation time of blasting
fume exhaust. Jiang14 tested the wind speed distribution
experiment and obtained the wind flow field distribution
characteristics near the excavation face and the recirculation
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zone according to a similar theory and similar experimental
platform. Tan15 combined the gas−solid two-phase flow
equation to derive the similarity criterion of the caving face
and the influence of wind speed and moisture content on the
distribution of dust from multiple sources of a fully mechanized
caving face. Furthermore, Ding,16 Sun,17 Zhang,18 and others
referred to the construction site and used Fluent to simulate the
harmful gas and dust diffusion phenomenon near the excavation
face and proposed an optimal scheme of underground
engineering ventilation by comparing with the measured data.
The above studies only investigated the wind flow and dust
distribution law in plains with general conditions but did not
further discuss the influence of different ventilation parameters
on the diffusion law of blasting fume in the low-oxygen and low-
pressure environment on the plateau.
In this paper, Ansys Fluent was used to simulate the

distribution of the airflow field and the diffusion law of harmful
gases with different ventilation times, different wind speeds, and
different outlet positions of the air duct. The ventilation effects
influenced by different parameters were compared, and the
plateau environment characteristics19,20 and the basic theory of
tunnel airflow were combined to determine the best ventilation
conditions, which provides new insights and guidance for
ventilation measures in tunnel construction sites.

2. PLATEAU ENVIRONMENT AND CLIMATE
2.1. Relationship Between Altitude and Atmospheric

Pressure. The higher the altitude, the thinner the air, which
forces the air pressure to drop. The air pressure in the same
geographical location is less affected by the alternation of the
seasons, and the range of change is very small, which can be
ignored.21 There was a nonlinear relationship between altitude
and air pressure, and the common laws of air pressure and
altitude changes are shown in Table 1. The relational expression
between the two is as follows

= ×p z
101 325 (1

44 329
)z

5.255876

(1)

where pz is the atmospheric pressure at the altitude z, Pa, and z is
the altitude, m.

2.2. Relationship Between Altitude and Temperature.
The air temperature decreases as the altitude rises.22 In general,
for every 1 km increase in altitude, the average temperature
drops by 5−7 °C. This can be calculated as follows

=
·

t t
g Z

100z A
t

(2)

where tz is the temperature at altitude z, °C; tA is the temperature
of the adjacent meteorological station, °C; gt is the temperature
gradient, 0.5−0.7 °C/100 m; and ΔZ is the altitude difference

between the altitude of Z and the adjacent meteorological
station, m.
2.3. Relationship Between Altitude and Oxygen

Content. Altitude has a significant influence on oxygen
content.23 The volume of oxygen in the atmosphere is 21%
under normal circumstances, but its mass content is negatively
correlated with altitude,24 which can be calculated as follows

=
T

p e
8.066

( 0.378 )V (3)

where ρV is the oxygen content in the atmosphere, kg/m3; T is
the absolute temperature, K; p is the atmospheric pressure, Pa;
and e is the partial pressure of water vapor, Pa.

3. MODEL OVERVIEW AND PARAMETER SETTING
3.1. Geometric Model and Meshing. We take a

construction tunnel in Yunnan Province as an example. The
construction tunnel is located in the Yunnan−Guizhou Plateau
at an altitude of more than 2000 m. The annual average pressure
is 75−80% of the sea level atmospheric pressure, and the oxygen
content is approximately 18.3−20%. The total length of the
tunnel is 8.4 km. It is a straight wall arch structure, with a vector
height of 3 m and a span-to-vector ratio of approximately 1:3.
The cross section of the tunnel is 10 m wide and 15 m high, and
the distance between the air duct and the excavation face is 15m.
The diameter of the air duct is 1.8 m, and the method is press-in
ventilation. The air velocity of the air outlet is 10 m/s and the
position of the air duct is arranged, as shown in Figure 1. The

ventilation time was set at 20 min. In keeping with the on-site
construction situation, a 30 m tunnel from the excavation face
was selected as the research object. To properly deal with the
situation in the tunnel, we simplified the length, width, and
height (30, 10, and 15 m, respectively) of the arch and used
ICEM CFD to generate a simplified geometric model. The
model topology was constructed for inspection after the
geometric modeling was completed. We confirmed that the
model was constructed correctly and continued to use ICEM
CFD to mesh the geometric model with a hexahedral structure.
After inspection, the minimum internal angle of the grid was
greater than 18° and the quality of the grid was higher than 0.1,
which met the calculation standards. The grid distribution after
the division is shown in Figure 2.
3.2. Mathematical Model. Various processes near the

tunneling face produce a large amount of toxic and harmful gases
such as CO and NO2.

25 With advancements in ventilation time,
the dilution and discharge of toxic and harmful gases can be
regarded as an unsteady fluid diffusion process.26

Table 1. Atmospheric Pressure Corresponding to Different
Altitudes

altitude (m) air pressure (Pa)

0 101.3 × 103

500 95.4 × 103

1000 89.8 × 103

1500 84.6 × 103

2000 79.7 × 103

2500 74.5 × 103

3000 69.96 × 103

Figure 1. Geometrical model.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01397
ACS Omega 2022, 7, 27135−27148

27136

https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.2.1. Basic Assumptions.Due to certain differences between
the simulation and the actual working conditions, the following
assumptions are made for the model under the premise that the
error of the result is within an acceptable range:
(1) TheMach number of the wind flow in the tunnel does not

exceed 0.3, so all of the fluid in the tunnel can be regarded
as subsonic incompressible flow.27

(2) Assuming that any part of the inner wall of the tunnel has
the same roughness and the gas temperature is higher
after blasting, there is heat exchange with the air,28 so
consider the energy exchange and use the energy
equation.

(3) Ignore the influence of obstacles and construction
equipment in the tunnel on the flow of the wind flow field.

(4) Assuming that the mixture of blasting fumes and harmful
gases is evenly distributed in the throwing area after
blasting, the concentration of harmful gas is the same
anywhere in the tunnel.

(5) The toxic and harmful gases produced after blasting
include CO, NO2, SO2, CO2, and H2S,

29 but most of the
toxic and harmful gases have a very low concentration,
which accounts for a relatively small amount and can be
ignored. This article only focuses on CO and NO2.

3.2.2. Theoretical Equations of Airflow. The fluid flow is
subject to the laws of conservation of physics. The harmful gas
diffusion in the tunnel belongs to the species transport model
without chemical reactions,30 and the Reynolds number of the
fluid flow exceeds 8000, which belongs to the turbulent flow.31

Therefore, the continuity equation, momentum conservation
equation, energy conservation equation, component transport
equation, and the standard k−ε turbulent double equations are
considered.
Continuity equation:

+ =
t x

u S( )
i
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(4)
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Energy conservation equation:
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In eqs 4−8, the meaning of each parameter is as follows: ρ is
the fluid mass density, kg/m3; t is time, s; xi is the coordinate in
the i direction, m; xj is the coordinate in the j direction, m; ui is
the velocity of the fluid in the i direction, m/s; Sm is the source
term, which is the mass added to the continuous phase from the
dispersed secondary phase, the source term can also be any
custom source term; p is the static pressure, Pa; τij is the stress
tensor; and gi and Fi are the gravitational volume force and
external volume force in the direction i, respectively. Fi
encompasses other model-related source terms such as porous
media and custom source terms; i is the internal energy, i = cpT,
where cp is the specific heat capacity and T is the temperature; k
is the heat transfer coefficient of the fluid; ST is the internal heat
source of the fluid and the phase where the mechanical energy of
the fluid is converted into thermal energy due to viscous action,
sometimes referred to as ST as the viscous dissipation term; Ri is
the chemical net production rate of the reaction product i; Si is
the additional production rate; Yi is the mass fraction of
component i; and Ji is the diffusion flux of component i.
The standard k−ε turbulent double equations are as follows
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In eqs 9 and 10, k is the turbulent kinetic energy, J; ε is the
dissipation rate of k, m2/s3; Gk is the production term of
turbulent kinetic energy caused by the average velocity gradient;
Gb is the turbulence caused by the buoyancy kinetic energy
production term; YM is the production term of the compressible
turbulent wave expansion on the overall dissipation rate; C1ε,
C2ε, and C3ε are all constant terms; σk and σε are the turbulent
Prandtl numbers of k and ε, respectively; and Sk and Sε are,
respectively, the turbulent energy item and the turbulent energy
dissipation rate source item.
3.3. Boundary Conditions and Parameter Settings.We

imported the meshed model into Ansys Fluent and combined
the actual situation to set the boundary conditions and model
parameters, as shown in Tables 2 and 3, respectively.
The formula of the hydraulic diameter DH is as follows

=D
A
S

4
H (11)

where A is the cross-sectional area of the flow, m2, and S is the
perimeter of the fluid and solid foundation, m.
The formula of the turbulence intensity I is as follows

Figure 2. Grid partitioning.
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= =I
u
u

0.16(Re )D
1/8

H (12)

where u′ is the turbulent pulsation velocity, m/s, and u̅ is the
average flow velocity, m/s.
The formula of the turbulent kinetic energy k is as follows

=k uI
3
2

( )2
(13)

The formula of the turbulent energy dissipation rate ε is as
follows

= k
l

3/2

(14)

where l is the turbulence scale and k is the turbulent kinetic
energy.

4. DISCUSSION OF NUMERICAL SIMULATION
RESULTS
4.1. Distribution Law of Wind Flow Field. The diffusion

of toxic and harmful gases is greatly affected by the wind flow
field in the construction tunnel,32−34 and there is a certain
relationship between the two parameters. Therefore, analyzing
the wind flow field is of great significance for studying the
diffusion of toxic and harmful gases.35,36 After a period of
ventilation, the wind flow field gradually stabilized. Figure 3
shows the wind speed distribution vector diagram at the bottom
of the tunnel (Y = 1.4 m) when the inlet wind speed was 10 m/s.
Figure 4 shows the air streamline near the excavation face.
Due to the gravitation between molecules and the relative

motion between adjacent fluid layers, the speed difference is
generated,37 resulting in friction within the fluid layers, so the
airflow is viscous.38 Because of the low temperature, the
molecular movement and the viscosity on the plateau were lower
than that in the plain area. The layer with higher velocity cannot
easily drive the layer with lower velocity, resulting in a smaller
wind flow spreading section and a greater vortex phenomenon
on the plateau.39 This phenomenon indirectly reduced the
harmful gas discharge efficiency. As shown in Figures 3 and 4,
the fresh airflow enters the tunnel from the air duct and shoots

along the left side wall to the excavation face, forming zone A. In
this area, the cross-sectional area of fresh air gradually expands. A
nonuniform flow is formed, and an entrainment effect occurs
with the original gas at the boundary,40 resulting in a gradual
decrease in the wind speed. The average wind speed in this area
was approximately 6.5 m/s. Upon reaching the excavation face,
the wind was hindered by the excavation face and the speed
continued to decrease to approximately 2.5 m/s. Subsequently,
the wind flow rebound and changed its direction; a proportion of
the wind flowed out along the wall to the entrance of the tunnel
and gradually spread to the middle of the tunnel, forming the C
area. The remaining proportion was entrained by the jet flow
and returned to the excavation face with an average wind speed
of approximately 0.6 m/s. At the same time, in the middle of the
tunnel near the excavation face, due to the mutual influence
between the inlet and the return winds,41 zone B was formed.
There were obvious vortices in this area. The wind speed
changed little here, but the airflow continued to swirl, making
the discharge of dust and harmful gases more difficult.42

4.2. Influence of Different Inlet Wind Speeds on the
Distribution of Toxic and Harmful Gases. To study the
influence of the wind speed V at the air duct inlet on the
distribution of toxic and harmful gases, the air duct was set to a
distance of 15 m from the excavation face, and the wind speed
was set to 6, 10, and 14 m/s. We observed the distribution of
harmful gas concentrations near the excavation face. According

Table 2. Boundary Condition Setting

boundary condition setting

solver pressure-based
time transient
inlet boundary velocity-inlet
outlet boundary outflow
wall standard wall function

Table 3. Model Parameter Setting

model parameter setting

species transport on
energy on
viscous standard k−ε
hydraulic diameter 1.8
turbulent intensity 3.627%
turbulent kinetic energy 0.5
turbulent dissipation rate 0.314
gauge pressure 23 200 Pa
temperature 292 K
oxygen content 18%

Figure 3. Air speed distribution near the excavation face (A, jet zone; B,
vortex zone; C, reflux zone).

Figure 4. Streamline of airflow near the excavation face.
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to the “Technical Guidelines for Railway Tunnel Construction
Engineering” (TZ204-2008, written in Chinese), 15 min after
blasting in nongas work areas, the blasting site should be
patrolled to check the ventilation and other conditions. If there

is no immediate danger, the staff can be allowed to enter. To

explore the ventilation effect before and after the safety time of

“15 min”, the CO and NO2 concentration distribution contours

Figure 5. Concentration distribution of harmful gases at different wind speeds after ventilating for 1 min.

Figure 6. Concentration distribution of harmful gases at different wind speeds after ventilating for 20 min.
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under different wind speeds at 1 and 20 min were compared and
analyzed. The results are shown in Figures 5 and 6.
Figure 5 shows CO and NO2 concentration distribution

contours at different wind speeds under the same ventilation
conditions. After ventilating for 1 min, CO and NO2 began to be
discharged at the tunnel exit along with the wind flow. Under
three different wind speeds, CO and NO2 concentration
distributions were obviously different. The gas concentration
in front of the air duct continued to decrease as the wind speed
increased. However, there was a slight difference in the
concentration of the two harmful gases on the return air side.
When the wind speed V was set to 6, 10, and 14 m/s, the CO
concentrations on the return air side were 80.28, 69.58, and
62.08 mg/m3, and the NO2 concentrations were 0.532, 0.461,
and 0.412 mg/m3, respectively. By comparing the two harmful
gas concentration distribution contours under the three different
wind speeds, it can be seen that the concentration distribution
and diffusion law of CO and NO2 were roughly similar.
Therefore, when the ventilation conditions are constant, the
wind speed is higher and the removal of toxic and harmful gases
is more efficacious.43

Figure 6 shows the CO and NO2 concentration distribution
contours at different inlet wind speeds after ventilating for 20
min. It can be seen from the figure that the air environment near
the excavation face was significantly improved, and the wind
flow field distribution was basically stabilized. When the wind
speed V was 6 m/s, the CO concentration near the excavation
face was approximately 0.407−0.475 mg/m3 and the NO2
concentration was approximately 2.700 × 10−3−3.150 × 10−3

mg/m3.When the inlet wind speedVwas 10 and 14m/s, the CO
concentration near the excavation face was approximately 6.256
× 10−4−6.754 × 10−3 mg/m3 and the NO2 concentration was
approximately 4.147 × 10−6−4.477 × 10−5 mg/m3. As the wind
speed increased, the concentrations of harmful gases decreased.
At the same time, it can be seen from the figure that the higher
the wind speed, the more obvious the improved effect of harmful
gas accumulation in the vortex zone in the middle of the tunnel.
Table 4 shows the average airflow velocity and CO

concentration at a distance of 1 m from the excavation face

under different wind speeds after ventilating for 1 min. It can be
seen from the table that the average wind speed V̅ near the
excavation face was positively correlated with the wind speed V
at the air duct outlet, and the CO average concentration was
negatively correlated with the wind speedV at the air duct outlet.
Figure 7 shows the CO concentration distribution near the
excavation face after ventilating for 1min. It can be seen from the
figure that the higher the wind speed, the lower the CO
concentration and the smaller the diffusion section. Therefore, it
can be assumed that the greater the wind speed, the higher the
exhaust efficiency of harmful gases. The “Technical Guidelines
for Railway Tunnel Construction Engineering” (TZ204-2008)
stipulates that the ventilation wind speed for full-face excavation
should not be less than 0.15 m/s and not more than 6 m/s.

Therefore, to ensure that the optimal wind speed is in
compliance with the regulations, isokinetic diagrams of the
wind flow distribution with three different wind speeds at a
distance of 1 m from the excavation face were selected for
comparison. As shown in Figure 8, the wind speed in front of the

air outlet of the duct was higher, while the wind speed on the
other side of the duct and in the middle of the tunnel was lower.
When the wind speed V was 14 m/s, the wind speed near the
tunneling face was relatively high, and the maximum speed was
approximately 9 m/s, which exceeded the maximum wind speed
specified in the “Technical Guide for Railway Tunnel
Construction Engineering” (TZ204-2008). When V was 6 and
10 m/s, the maximum wind speeds near the tunneling face were
approximately 3 and 5 m/s, respectively, which comply with the
regulations. However, when V was 6 m/s, the wind speed near
the heading face and the harmful gas exhaust efficiency were low,
which led to an insignificant improved effect of the vortex
phenomenon in the middle of the tunnel. Therefore, under the
premise of complying with the relevant regulations, the
ventilation effect was the best when the wind speed V of the
air outlet was 10 m/s.
4.3. Influence of Different Ventilation Durations on

the Distribution of Toxic and Harmful Gases. To study the
influence of the ventilation duration (T) on the distribution of
toxic and harmful gases in the tunnel, an air duct was set 15 m
away from the excavation face and the wind speed was 10 m/s.
The distribution of CO and NO2 concentration in the tunnel

Table 4. Average Airflow Velocity Near the Driving Face and
the Concentration of Harmful Gases

wind speed at air duct
outlet V (m/s)

average wind speed near the
tunneling face V̅ (m/s)

CO average
concentration
(mg/m3)

6 0.83 67.42
10 2.12 58.64
14 3.67 49.38

Figure 7. CO concentration distribution near the excavation face.

Figure 8. Isovelocity of airflow distribution near the excavation face.
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were analyzed at 1, 10, and 20 min, respectively. Figure 9 shows
the concentration distribution of CO andNO2 at different times.
It can be seen from the figure that within 1 min of starting

ventilation, the concentrations of CO and NO2 near the
tunneling face changed. The CO concentration was reduced
from 85.63 mg/m3 to the interval of 69.58−80.28 mg/m3, and
the NO2 concentration was reduced from 0.568 mg/m3 to the
interval of 0.461−0.532 mg/m3. The wind flow carried harmful
gases along the return air side to the tunnel opening, making the
concentration of harmful gases on the return air side higher than
that on the air duct side, and the airflow gradually spread to the
side of the air duct after passing by the air duct outlet, resulting in
a higher concentration of harmful gases in the section from the
air duct outlet to the tunnel exit than the excavation face to the
air duct outlet. The airflow near the excavation face tended to be

stable, and the concentration of harmful gases changed
significantly after ventilating for 10 min compared with that of
ventilating for 1 min. The concentration of CO decreased to
0.834 mg/m3, and the concentration of NO2 decreased to 5.528
× 10−3 mg/m3. In the middle of the tunnel, the harmful gases
kept swirling and gathering due to the presence of a vortex,
making the harmful gas concentration slightly higher. After
ventilating for 20 min, the concentration of harmful gases
continued to decrease. The concentration of CO stabilized at
6.235 × 10−3 mg/m3, and the concentration of NO2 stabilized at
4.132 × 10−5 mg/m3. Both harmful gas concentrations were
below the specified standards (according to the “Technical
Guidelines for Railway Tunnel Construction Engineering”
(TZ204-2008), that is, the maximum allowable concentration

Figure 9. Concentration distribution of harmful gases at different times.

Figure 10. Change curves of harmful gas concentration−time: (a) CO; (b) NO2.
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Table 5. Concentration Values of CO and NO2 at Different Times

CO NO2

serial number moment (min) concentration (mg/m3) absolute slope concentration (mg/m3) absolute slope

1 1.00 63.080 23.463 0.418 0.160
2 2.25 33.751 16.545 0.223 0.123
3 3.50 21.719 7.740 0.114 0.063
4 4.75 14.402 6.547 0.061 0.032
5 6.00 5.350 7.242 0.031 0.023
6 7.00 2.770 0.712 0.018 0.004
7 10.25 0.456 0.415 0.003 0.003
8 13.50 0.071 0.068 4.340 × 10−4 4.170 × 10−4

9 16.75 0.011 0.011 6.842 × 10−5 6.513 × 10−5

10 20.00 0.002 0.003 1.074 × 10−5 1.775 × 10−5

Figure 11. Absolute slope values of harmful gas concentrations: (a) CO; (b) NO2.

Figure 12. Distribution of harmful gas concentrations at different ventilation distances.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01397
ACS Omega 2022, 7, 27135−27148

27142

https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01397?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of COwas 30mg/m3 and themaximum allowable concentration
of NO2 was 5 mg/m3).
Figure 10 shows the relationship between CO and NO2

concentration and time. It can be seen from the figure that the
concentration of harmful gases dropped sharply in the first 5−6
min, while the decrease rate of the harmful gas concentration
slowed down significantly within 7−20 min. To further explore
the relationship between concentration and time, 10 time points
were randomly selected from 0 to 20 min to analyze the changes
in CO and NO2 concentrations. Table 5 shows the
concentration values at 10 different times. The slope indicates
the speed of the harmful gas falling rate. The larger the absolute
value, the faster the falling rate. It can be seen from the table that
the absolute slopes of CO and NO2 at the first five moments
were approximately 7.242−23.463 and 0.023−0.160, respec-
tively, which were significantly greater than those of the last five
moments. As the space near the excavation face is filled with
blasting fume before the ventilation starts, when ventilation just
starts, the fresh air rushes in near the excavation face and replaces
the space occupied by the blasting fume, forming a mixture of
fresh air and harmful gases, and the proportion of fresh air in the
mixture gradually increases at this time. Therefore, the
concentration of harmful gases drops sharply when the
ventilation just starts. After a period of ventilation, the
proportion of fresh air in the mixture is relatively large, while
the proportion of harmful gases decreases, the residual CO and
NO2 still exist in the vortex area and the gap between the air duct
and the tunnel wall, which cannot be completely drained in a
short time. Therefore, in the late stage of ventilation, the decline
rate of harmful gases becomes slower and gradually stabilizes.
Figure 11 clearly shows the change rate of the CO and NO2

concentration reduction rate. It can be seen from the figure that
the fastest rate change occurred in the first minute. The rate
change gradually slowed down as time progressed. The absolute
slopes of the CO and NO2 concentrations did not fluctuate
apparently from 6 min onward, indicating that the concen-

trations of harmful gases were still declining, but their trends of
change were gradually stable. Therefore, it can be considered
that the first 5 min of ventilation is the most efficient period of
harmful gas discharge.
4.4. Influence of Different Outlet Positions of the Air

Duct on the Distribution of Toxic and Harmful Gases. To
study the influence of the distance (L) from the air outlet to the
excavation face on the distribution of toxic and harmful gases, air
ducts were set to 5, 15, and 25 m away from the excavation face
and the wind speed V was set to 10 m/s. We contrasted and
analyzed the CO and NO2 concentration distribution contours
at the time of ventilating for 15 min. Figure 12 shows the
concentration distribution contours of the two harmful gases
under different L conditions.
It can be seen from the figure that when the distance between

the air outlet and the excavation face was 5m, the air velocity was
relatively large when it reached the tunnel face, but the diffusion
section of the wind flow was small, making the contact area with
harmful gas small, so the wind flow could not carry enough
harmful gas. Therefore, the concentration of harmful gas in the
middle of the tunnel and the return air side was relatively high.
The concentration of CO was approximately 0.1545−0.1766
mg/m3, and the concentration of NO2 was approximately 9.51 ×
10−4−1.097 × 10−3 mg/m3. When L was 15 m, a vortex was
generated due to the interaction of the jet and the backflow in
the middle of the tunnel. In this area, harmful gases accumulated
easily, and the concentrations of CO and NO2 were relatively
high. The concentration of CO was approximately 0.07452 mg/
m3, and the concentration of NO2 was approximately 4.863 ×
10−4 mg/m3. When L was 25 m, the air outlet was far away from
the excavation face. The wind speed gradually decreased as the
wind flow continuously reached the excavation face, but the
wind flow cross section gradually expanded. It increased the
contact area of harmful gases with the wind flow. Harmful gases
were discharged at the tunnel exit along with the wind, so the
concentrations of CO andNO2 in the tunnel were relatively low;

Figure 13. Distributions of CO and NO2 in high concentrations: (a) areas with CO concentration higher than 30 mg/m3 and (b) areas with NO2
concentration higher than 5 mg/m3.
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for CO, the concentration was approximately 9.557 × 10−5 mg/
m3, and for NO2, the concentration was approximately 6.356 ×
10−7 mg/m3.
With the increase of L, the concentration distribution of CO

and NO2 became more uniform, and the difference between the
highest concentration and the lowest concentration gradually
became smaller, but the high-concentration area in the tunnel
still existed. The “Technical Guidelines for Railway Tunnel
Construction Engineering” (TZ204-2008) stipulates that the
maximum allowable concentration of CO is 30 mg/m3 and the
maximum allowable concentration of NO2 is 5 mg/m3. The
above-specified concentrations are regarded as the critical
values, and the area where the concentrations exceeded the
critical values is regarded as the high-concentration area. Figure
13 shows the high-concentration distribution area of harmful
gases under different L. With the increase of L, the high-
concentration area gradually decreased. When L was 25 m, the
high-concentration area accounted for approximately 54.84%,
which was 97% less than when Lwas 5 m. To further explore the
reasons for the differences in the regional distribution of high
concentrations, the wind flow trajectories in the tunnel under
different L conditions were compared, as shown in Figure 14.
When L was 5 or 15 m, a large vortex area was formed in the
middle of the tunnel due to the mutual influence of the inlet and
return winds, which caused the accumulation of harmful gases
that were difficult to discharge. When L was 5 m, the air outlet

was too close to the excavation face. The impact strength of the
wind flow was large, and the speed after a rebound was faster
than 15 and 25 m, so the flow streamline was more disorganized,
and the formed eddy current was affected more seriously,
resulting in a larger area of high concentration of harmful gas.
When Lwas 25m, the airflow traces were relatively regular. After
rebounding at the excavation face, most of the airflow was
discharged from the top of the tunnel to the tunnel exit, and a
small proportion of the airflow was affected by the incoming
wind and the return to the excavation face. Figure 15 shows
more detailed statistics of the percentages of CO and NO2 high-
concentration areas on different sections of the excavation face.
The smaller the percentage value, the better the harmful gas
discharge effect. When L was 5 or 15 m, the areas with high
concentrations of CO and NO2 accounted for a higher
proportion. When L was 5 m, the areas with high concentrations
of CO and NO2 accounted for the smallest proportion, and the
proportions were 0−28.73 and 0−2.46%, respectively. After
comprehensive consideration, 25 m was set as the optimal
distance from the air outlet to the excavation face.
4.5. Harmful Gas Concentration−Time Curve Fitting.

All kinds of harmful gases produced after blasting of excavation
face polluted the construction environment to a great extent.
Their diffusion is abstract and complex, with low controllability
and high perniciousness. Accidental inhalation of harmful gases
may cause asphyxiation and death, which poses a great threat to

Figure 14. Comparisons of airflow streamlines.

Figure 15. Proportion of hazardous gas concentration area: (a) areas with CO concentration higher than 30 mg/m3 and (b) areas with NO2
concentration higher than 5 mg/m3.
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the health of construction workers. Therefore, to ensure the
safety of the working environment and construction personnel,
curve fitting was carried out on the data of CO and NO2
concentrations at the height of the breathing zone (1.5 m above
the ground) with the change of time, so as to further reveal the
diffusion law of harmful gas concentration in the tunnel.
According to the simulation results, the ExpDec2 model was

used to fit the curve with x value representing time (unit: min)
and y value representing the concentration of harmful gas (unit:
mg/m3). The curve obtained by fitting can visualize and
concretize the relationship between the concentration of
harmful gas and time to calculate its subsequent concentration.
The relationship between CO and NO2 concentrations and the
time obtained after fitting is shown in Figure 16. It can be seen
that the two gases in the respiratory zone showed a nonlinear

decreasing trend, and when the time was 20 min, the
concentrations of CO and NO2 were close to 0 mg/m3 and
the air quality in the respiratory zone was significantly improved.
4.6. Effect Comparison between Original Ventilation

Condition and Optimal Ventilation Condition. To more
clearly reflect the ventilation effect under the optimum
conditions, the ventilation effect was compared with that
under the original conditions, as shown in Figures 17 and 18.
The concentrations of harmful gases at the time of 5, 10, 15, and
20 min were compared and analyzed. It can be seen from the
figures that the maximum concentrations of the two harmful
gases under the optimum ventilation conditions decreased by
92−99% compared with those before improvement, and the
discharge efficiency of CO and NO2 was greatly improved. The
reduction of the two harmful gases reached 19.9%/min under

Figure 16. Fitting curves of hazardous gas concentration.

Figure 17. Comparison of CO discharge effect near the excavation face.
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the optimum conditions while it was 17.4%/min before, and the
ventilation exhaust efficiency was increased by about 2.5% per
minute. After ventilating for 10 min, the concentrations of CO
and NO2 under the original ventilation conditions were still
relatively high, and their maximum concentration values are
about 85.01 and 0.343 mg/m3, respectively. At the same time,
the concentrations of CO and NO2 under the optimum
conditions were close to 0 mg/m3 in the space near the
excavation face. It can be seen that the ventilation efficiency has
been greatly improved, and the exhaust time is also significantly
shortened under optimal ventilation conditions.

5. CONCLUSIONS

(1) The fresh air enters the tunnel from the press-in air duct
and shoots along the wall to the excavation face. Although
the wind speed is high, the wind flow section gradually
expands and the wind speed decreases. At the excavation
face, the wind flow is reversed, a part of which is affected
by the incoming wind to form a vortex area in the middle
of the tunnel and the other part flows out along the tunnel
wall to the tunnel outlet.

(2) The greater the air velocity at the air outlet, the higher the
smoke exhaust efficiency in the tunnel, the faster the
diffusion of harmful gases, and the more obvious the
improvement effect of the accumulation of harmful gases
in the vortex area in themiddle of the tunnel. When the air
supply speed is 6 m/s, the wind speed near the excavation
face is too small. When the air supply speed is 14 m/s, the
wind speed on the excavation surface exceeds the
maximum wind speed specified in the Technical Guide-
lines for Railway Tunnel Construction Engineering
(TZ204-2008). Therefore, the optimal supply air speed
is 10 m/s.

(3) Exhaust efficiency is highest in the first 5 min of
ventilation. The concentration of CO and NO2 near the
excavation face decreases greatly within a certain period
after the fan is turned on, but it gradually decreases slowly
after a period of ventilation. It can be considered that the
change of harmful gas concentration is “time sensitive”
under the ventilation condition of the one-ended tunnel.

(4) When L is 5 or 15m, there is a serious eddy current area in
the middle of the tunnel, CO and NO2 are easy to
accumulate and are difficult to be discharged, and the
high-concentration area accounts for a large proportion;
when L is 25 m, the wind flow rebounds on the excavation
face. Most of the wind flow is discharged along the top of
the tunnel to the tunnel outlet, the eddy current
phenomenon is slight, and the area with a high
concentration of CO and NO2 accounts for a small
proportion. Therefore, the best position of the air outlet
should be 25 m away from the excavation face.

(5) After the ventilation parameters are optimized, the
maximum concentration of harmful gases at the same
moment has dropped by 92−99% compared with the
original, the reduction range of the two harmful gases has
reached 19.9%/min, and the exhaust efficiency is
improved by about 2.5% per minute.
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