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The air density in high altitude gas tunnel is small and the air supply is difficult. The
jet tunnel ventilation is a common construction ventilation mode. In order to
explore the pollutant distribution characteristics and the optimal ventilation length
of tunnel ventilation in high altitude gas tunnel, Ningchan tunnel has been taken as
the engineering background, the fluid dynamics software Fluent has been used to
establish a three-dimensional model of jet tunnel ventilation, the distribution
characteristics of methane, hydrogen sulfide and other harmful gas in the tunnel
have been studied, and the optimal ventilation length of tunnel ventilation in high
altitude gas tunnel degree has been explored. The results show that: theminimum
ventilation length required in the existing technical specifications of gas tunnel is
not reasonable, which leads to the existence of low-speed wind area in the tunnel,
and harmful gas is easy to gather in the single head section, and the gas
concentration can reach 0.59% at 2 m away from the working face; by
reducing the ventilation length, the gas concentration in the single head
section can be effectively reduced, and when the ventilation length is 1,200m,
the gas concentration at 2 m away from theworking facewill be reduced to 0.31%;
setting local fan in front of the roadway can also significantly improve the
accumulation degree of harmful gas in the single end section. The maximum
gas concentration of working face reduced to 0.24%, and the average gas
concentration of reduced to 0.15%. The results can provide reference for
ventilation scheme of high altitude gas tunnel construction.
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1 Introduction

Accelerating the traffic construction in West China and deepening the connection
between the inland and West China are the inevitable requirements of the China Western
Development and the “Belt and Road Initiative.” The western region of China is located on
the first gradient and has a generally high altitude, above 4,000 m on average. The continuous
efforts of scientific researchers to overcome extreme conditions such as extreme coldness and
frozen soil has made China a world leader in high-altitude tunnel construction technology,
bringing China’s tunnel construction technology to a new level (Hegeng et al., 2017; Lin,
2017). When a tunnel passes through a layer containing harmful gas, the methane, hydrogen
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sulfide and other toxic and harmful gas gushing from the tunnel face
seriously threaten the construction safety. In order to improve the
working environment of tunnel construction and ensure the health
of operating personnel, effective ventilation measures must be taken
(Wang et al., 2018; Gao et al., 2021). Especially for special dangerous
tunnels with the presence of toxic and harmful gas such as gas and
hydrogen sulfide, proper ventilation and wind speed must be
ensured to dilute the toxic and harmful gas in time, so as to
prevent casualties and explosion accidents caused by
accumulation of toxic and harmful gas (Li et al., 2020).

The ventilation modes of highway tunnels generally include forced
ventilation, exhaust ventilation, compound ventilation and gallery
ventilation (Cheng et al., 2021; Liu et al., 2021). Gallery ventilation
scheme is mostly used for long tunnels. There have been many
researches on gallery ventilation technology at home and abroad,
and some achievements have been made (Wang and Qiu, 2015;
Wu, 2018; Li, 2020). The existing ventilation scheme is generally
modeled based on ordinary long tunnels, or by only taking account
of the influence of methane, hydrogen sulfide, dust and other single
factors on ventilation, and then calculating the air demand, to
determine the fan selection and field equipment layout (Wang,
2016; Chun et al., 2019; He, 2019), without considering the
influence of complex construction environment such as extreme
coldness and high altitude on the implementation of ventilation
scheme during tunnel construction. For high-altitude gas tunnels,
under the condition of low pressure and insufficient oxygen, the air
supply efficiency of fans is low, and it is easy to cause gas accumulation
in the lowwind speed area of the tunnel (Luo et al., 2020). Therefore, the

ventilation of gas tunnel construction in high altitude areas is facing
severe challenges. It is of great significance to study the characteristics of
the ventilation of gas tunnel construction in high altitude areas and
explore the technical scheme of ventilation in gas tunnel construction at
high altitudes for improving the air quality in tunnels, ensuring the
health of operating personnel at the tunnel face and guaranteeing the
normal operation of construction equipment.

Ningchan Tunnel, the longest high-altitude highway tunnel
in Qinghai Province, is the control project of Ningchan Pass-Ketu
Section of National Highway 569 between Mandela and Datong.
Taking Ningchan Tunnel as an example, this paper, through field
investigation and analysis of the tunnel construction ventilation,
simulates the gallery ventilation network during the construction
period by using Fluent numerical software, collects the field
measured data, verifies the accuracy of the calculation model,
analyzes the distribution law of methane and hydrogen sulfide in
gallery ventilation of high-altitude tunnels, and puts forward the
optimal design length of gallery ventilation, to provide reference
for the construction ventilation of high-altitude extra-long gas
tunnels.

2 Project overview

2.1 Surrounding rock geology

Ningchan Tunnel is a four-lane Class I highway tunnel with
separated up and down traffic, which is located in the middle and

FIGURE 1
Geological plan.
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high mountain landform area of tectonic denudation. The middle
and rear sections of Ningchan Tunnel pass through the
interbedded layers of moderately and highly weathered
carbonaceous shale (containing coal line) and sandstone.
Drilling exploration shows that the gas content of coal
samples is between 0.06 and 1.67 m3/t, the percentage of CH4

is less than 10%, and the gas content per ton of coal in the tunnel
area is less than 8 m3/t, accompanied by hydrogen sulfide gas
emission, which is a high gas tunnel, as shown in Figure 1. In the
tunnel area, the maximum sea-level elevation is 4,122.0 m, the
minimum elevation is 3,460.00 m, and the annual average
temperature is 0.8°C.

The tunnel is an extra-long tunnel. In order to ensure the safety in
the operation stage, a vehicle adit connecting the two vehicular tunnels is
set at an interval of 750 m between the left and right caverns, and the
vehicle adits are arranged perpendicular to themain tunnels. Emergency
parking strips with a length of 40 m are set with the vehicle adit as the
midpoint, and two pedestrian adits are set between the two vehicle adit to
connect the twomain tunnels. At present, the length of tunnel excavated
is 1,060 m. Each section is shown in Figure 2.

2.2 Construction ventilation

The tunnel is very long. If forced ventilation and exhaust
ventilation are adopted, there will be problems such as overlong
air duct, excessive wind resistance and high energy consumption.
Therefore, jet gallery ventilation is adopted in the construction process
(Sun, 2018; Li, 2019). In the parallel double-tube tunnel, the tunnel
portal on the right side is taken as the fresh air tunnel of the ventilation
system, and the fresh air is introduced by jet fan. When flowing to the
vicinity of the transverse passage, the fresh air is sent to the left and
right working faces by the axial fans combined with the air supply
ducts to dilute the pollutants. The dirty air on the air-in side flows
back from the working face to the tunnel on the return air side
through the transverse passage, joins the dirty air from the working
face on the return air side, and is finally exhausted from the tunnel
portal on the return air side. The specific arrangement is shown in
Figure 3.

3 Numerical model

3.1 Mathematical equations

During the excavation of the tunnel, the gas (hydrogen sulfide)
gushes out directly from the working face being excavated have been
assumed, and there are two stages during removing or diluting gas
(hydrogen sulfide) by jet gallery ventilation:

1. Air-gas (hydrogen sulfide) convection.
2. Turbulent diffusion of gas (hydrogen sulfide) caused by turbulent

air flow.

The governing equation of the mathematical model for the
turbulent diffusion of gas (hydrogen sulfide) is: continuity
equation, momentum equation, energy equation and
component transport equation. The turbulence model adopts
double-equation turbulence model, and near-wall flow is treated
by wall function method. As the density of gas (hydrogen sulfide)
is different from that of air, the influence of buoyancy lift should
be considered in simulation.

FIGURE 2
Sectional view of Ningchan Tunnel. (A) Sectional view of main
tunnel. (B) Sectional view of crossing tunnel.

FIGURE 3
Schematic diagram of tunnel jet gallery ventilation.
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3.1.1 Continuity equation

zρ

zt
+ z ρui( )

zxi
� 0 (1)

Where, ρ is the air density (kg/m3); ui is the velocity component
(m/s); and xi is the coordinate axis direction (i = 1, 2, 3).

3.1.2 Momentum equation

z pui( )
zxi

+ z

zxi
puiuj( ) � z

zxi
p + 2

3
pk( )

+ z

zxi
μ + μi( ) zui

zxj
+ zuj

zxi
( )[ ]

(2)

Where, p is the air pressure (Pa); k is the turbulence pulsation
kinetic-energy of fluid per unit mass, k � 1

2 (u′2 + v′2 + w′2), m2/s2; is
the laminar dynamic viscosity coefficient (Pa.s); and μi is the
turbulent viscosity coefficient (Pa.s).

3.1.3 Energy equation

z pT( )
zt

+ z

zxi
puiT( ) � z

zxi

μ

Pr
+ μt
σt

( ) zT

zxi
[ ] + q

cp
(3)

Where, T is the air temperature (K); Pr is the Prandtl number at
full turbulence; q is the heat flux (W/m2); and cp is the constant-
pressure specific heat of air J/(kg.K).

3.1.4 Component transport equation

z ρcη( )
zt

+ div ρμcη( ) � div Dηgrad ρcη( )( ) + Sη (4)

Where, c is the volume concentration of substance component η
(%); D is the diffusion coefficient of substance component (m2/s); k
is the heat transfer coefficient [w/(m2.k)]; and ST is the generation
rate of components per unit time (J).

3.1.5 Turbulence model
The k-ε double-equation turbulence model is used for numerical

calculation, where the expression of Reynolds stress is:

−ρui′uj′ � μi
zui

zxj
+ zuj

zxi
( ) − 2

3
ρk + μi

zui

zxi
( )δij (5)

Where, each physical quantity is time weighted average, διφ is
Kronecker symbol, and the value is 1 when i = j; otherwise it is 0.

The calculation expression of turbulent viscosity coefficient is:

FIGURE 4
3D model of computational domain.

FIGURE 5
Comparison between measured data and simulation results.
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μi � Cμρk
2/ε (6)

Where, C is empirical coefficient and ε is the dissipation rate of
pulsation kinetic-energy per unit mass of fluid, ε � CD

k3/2

l ; CD is the
empirical coefficient, and l is the length scale of turbulent pulsation.
Based on Eqs 5–6, the governing equation of k and ε can be deduced
as follows:

ρ
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� z
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Where, C1, C2, σk and σε are all empirical coefficients. Eqs 6–8
jointly constitute the k-ε double-equation turbulence model, and the
coefficient in the model is constant.

3.2 Physical model and boundary conditions

Taking the actual size of Ningchan Tunnel as reference, the 3D
model of jet gallery ventilation is established by AutoCAD. The
selected size is: length of simulated tunnel: 1,500 m; air supply duct
diameter: 1.5 m; air duct height: 3.5 m; distance from air duct
opening to tunnel face: 10 m. The 3D model is shown in
Figure 4. Grid generation has an important impact on the
accuracy of the calculation results. Accurate hexahedron structure
grid division is made in the ICEM-CFD software to ensure that the
grid can adapt to the geometric model well, and the grid is locally

FIGURE 6
Overall concentration distribution of gas.

FIGURE 7
Overall concentration distribution of hydrogen sulfide.
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infilled to further improve the quality of the grid and ensure the
accuracy of the calculation. The total number of grids of each model
is about 2.85 million, so the grid division quality is high, which can
provide reliable guarantee for the following numerical calculation.

The outlet of the air supply duct is set as the inlet boundary, the type
isMass-Flow-Inlet, Q = 2,785 m3/min and the air supply temperature is
0.8°C. The inlet of the air supply duct is set as the outlet boundary, the
type is Mass-Flow-Outlet, and the flow rate is the same as the air outlet.
The right tunnel portal (air intake) is set as the inlet boundary, the type
is Pressure-Inlet; the left tunnel portal (return air side) is set as the inlet
boundary, the type is Pressure-Outlet. And the back pressure is local
(high altitude) atmospheric pressure (70.20 kpa), and the temperature is
the same as the air temperature.

The boundary types of tunnel wall and air duct wall are rigid wall
boundary, with wall roughness of 0.022 and temperature of 27°C. Gas
(hydrogen sulfide) source is set in the working face area of the right
tunnel, and the gas (hydrogen sulfide) source terms, including quality
source term and momentum source term, are set according to the gas
(hydrogen sulfide) emission amount. Themomentum source term only
considers the direction momentum, with gas emission amount of
4.0 m3/min and hydrogen sulfide emission amount of 0.5 m3/min, as
shown in Figure 4. For the turbulent diffusion flow field of gas
(hydrogen sulfide), the pressure-velocity coupling SIMPLE method
and the k-ε double-equation turbulence model are used for analysis.
According to the gallery ventilation system and design requirements,
the convergence judgment condition is that the residual error of all
physical quantities is less than 1.0E-3.

3.3 Verification of simulation results

When gallery ventilation is adopted, the gas concentration on
the return air side is relatively high, so six measuring points are
arranged equidistantly at 20–200 m away from the tunnel face on the
return air side. In different periods of tunnel construction, the
concentration is tested at each measuring point for 3 times to
obtain the average values, and compared with the simulation
results, as shown in Figure 5. The average values of the measured

gas concentration at the six measuring points in the tunnel are
0.19%, 0.16%, 0.14%, 0.14%, 0.13%, and 0.13%, respectively, and the
simulated values are 0.20%, 0.17%, 0.14%, 0.13%, and 0.13%,
respectively. The average relative error between measured and
calculated values is only 3.6%. It can be seen that the calculation
accuracy of the model is high, and it can be competent for simulation
calculation and parameter optimization.

4 Distribution characteristics of
harmful gas

4.1 Overall distribution

The horizontal plane with a height of 2 m (pedestrian height)
is selected for observation. The overall distribution of gas and
hydrogen sulfide in the tunnel is shown in Figures 6, 7. It can be

FIGURE 8
Air velocity distribution nephogram.

FIGURE 9
Change curve of longitudinal average gas concentration in
tunnel.
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FIGURE 10
Gas distribution nephogram and velocity nephogram at tunnel face. (A)Gas distribution nephogram at tunnel face. (B) Velocity nephogram at tunnel
face

FIGURE 11
Gas distribution nephogram and velocity nephogram at transverse passage. (A) Gas distribution nephogram at transverse passage. (B) Velocity
nephogram at transverse passage

FIGURE 12
Gas distribution nephogram and velocity nephogram at widened section of return air side. (A) Gas distribution nephogram at widened section of
return air side. (B) Velocity nephogram at widened section of return air side.
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seen from the figures that the area with the highest toxic and
harmful gases is at the tunnel face, with the highest reaching
0.93% and 0.11%, respectively. Gas and hydrogen sulfide
concentrations have exceeded the limits of 0.5% and 6.6 ppm.
Because the air duct continues to supply air to the tunnel face,
there is also areas with low concentration near the tunnel face.
The concentration of gas and hydrogen sulfide from the tunnel
face to the transverse passage is relatively high, which is 0.31%
and 0.03% respectively, and the distribution is relatively uniform.
There is no gas or hydrogen sulfide from the right line entrance to
the transverse passage. This is because the right line of this gallery
ventilation system is the inlet side, and the left line is the outlet
side. From the right line entrance to the transverse passage, there
is fresh air from outside the tunnel flowing to the transverse
passage, where the fresh air mixes with the polluted air exhausted
from the right line tunnel face and flows to the left line tunnel, as
shown in Figure 8. In the transverse passage, the concentration of
gas and hydrogen sulfide is low and unevenly distributed, which
is caused by the mixing of the fresh air and the polluted air. The
concentrations of gas and hydrogen sulfide from the left line
outlet to the transverse passage are low, with an average of 0.34%
and 0.04%, respectively.

Figure 9 shows the change curve of gas concentration on the axis
of the right line (air-in side) and the left line (return air side) of the
tunnel at a height of 2 m. It can be seen from the figure that the
distance 200 m away from the tunnel face (where the transverse
passage is located) is the boundary of alternating gas concentration
in the tunnel, which is also a prominent feature of gallery ventilation.
Analysis: when the distance from the tunnel face is less than 50 m,
the gas concentration in the tunnel fluctuates greatly, and the gas
concentration reaches the maximum value of 1.04% within 20 m
from the tunnel face; when the distance from the tunnel face is
50–200 m, the gas is evenly mixed with the fresh air supplied by the
fan at the inlet side, and the average concentration is 0.71%; when
the distance from the tunnel face is 200–400 m, the polluted air on
the air-in side is mixed with the fresh air flow supplied by the fan on

the return air side through the transverse passage, so the average gas
concentration gradually decreases from the tunnel face to the tunnel
portal; and when the distance from the tunnel face is more than
400 m, the gas has been mixed with the air again and exhausted out
of the tunnel with the air flow, and the gas concentration is 0.33%.

From the overall analysis of gallery ventilation, it can be seen
that on the air-in side, most of the fresh air supplied from outside the
tunnel does not reach the tunnel face, but directly reaches the
exhaust tunnel through the transverse passage, which is not fully
utilized. Therefore, it is very important to optimize the design of
gallery ventilation and improve the air supply from outside the
tunnel to the tunnel face, instead of only taking the total ventilation
as the evaluation index.

4.2 Local distribution

Methane distribution in tunnel section 2 m away from the
tunnel face is shown in Figure 10A. This section is an area where
operating personnel have many activities, and it is also the most
dangerous area affected by harmful gas. The methane concentration
on the right side of the tunnel section is the lowest, only 0.29%, while
that on the left side is the highest, with the maximum concentration
reaching 2.9%. This is mainly due to the fact that the upper right
corner is directly in front of the air duct, and the emitted methane is
taken away by the high-speed airflow, while the wind speed in the
lower right corner is the smallest, which cannot effectively disperse
methane, as shown in Figure 10B. It can be said that wind speed has
great influence on the accumulation of methane.

The distribution of methane at the transverse passage is shown
in Figure 11A. The section is located in the middle of the transverse
passage, and the distribution of methane concentration is small on
the right side and large on the left side, with the maximum
concentration of 0.71%, slightly lower than that at the tunnel
face. This is mainly due to the suppression of fresh air flow on
the air-in side, and the polluted air at the tunnel face flows from the

FIGURE 13
Longitudinal gas concentration distribution of tunnels with
different design lengths.

FIGURE 14
Comparison of gas concentration before and after setting local
fans when the ventilation length is 1,200 m.
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transverse passage near the tunnel face side, resulting in the
accumulation of gas on the left side far away from the tunnel
face, as shown in Figure 11B.

The yard gas distribution on the return air side is shown in
Figure 12A. This section is located between the transverse passage on
the return air side and the tunnel exit. The methane concentration is
high at the upper part and low at the lower part, with the maximum
concentration of 0.34%. The main reason for this is that the density
of methane is smaller than that of air, so it will accumulate upward
when the wind speed is low. Especially for suddenly enlarged
sections such as widened section, the wind speed distribution is
uneven, and the wind speed at the top is lower, which is more
conducive to gas accumulation, as shown in Figure 12B.

5 Optimization and application of
ventilation length

5.1 Optimization of ventilation length

According to the above research, the key of gallery ventilation at
high altitudes is to form positive return air flow to exhaust harmful gas.
The key factor is the length of gallery. If the gallery is too long, the
ventilation resistance will increase, which will affect the return flow, and
even cause a reverse flow. In addition, according to the analysis of local
flow field and methane distribution, there is a low wind speed area
between the tunnel face and the transverse passage, and the wind speed
in this area is lower than theminimumallowable wind speed by 0.5 m/s,
which is not conducive to the emission of gas and other toxic and
harmful gas in the tunnel. To improve the wind speed in this area and
reduce the possibility of harmful gas accumulation, it is necessary to
optimize the construction ventilation. Generally, there are two ways to
solve this problem: one is to reduce the ventilation length, and the other
is to set up local fans in areas with low wind speed (Lei et al., 2019; Yao
et al., 2021). Therefore, a calculation model is established for tunnels

with different construction lengths to simulate the effects of different
ventilation lengths on gallery ventilation, and the improvement effect of
setting local fans on air flow is also investigated.

According to the requirements of the Specifications for Design
and Construction of Highway Tunnels with Gas (JTG/T 3374-2020),
it is recommended that the design length of gallery ventilation for
tunnels should not exceed 1,500 m at present. However, according to
the above analysis, the construction ventilation of high-altitude
tunnels is characterized by low air pressure, insufficient oxygen
and large ventilation resistance, so if the design value of ordinary
altitude tunnels is used, it may be on the high side. Reducing the
ventilation length can effectively reduce the airflow friction and
improve the accumulation of harmful gas in tunnel. We set the
ventilation length to 1,100, 1,200, 1,300, and 1,400 m respectively,
and then conduct recalculation for these working conditions. The
gas concentration distribution of the section near the tunnel face on
the air-in side (0–200 m away from the working face) and the section
far from the tunnel face on the return air side (200–1,000 m away
from the working face) in the tunnel is shown in Figure 13. It can be
seen from the figure that reducing the ventilation length can
effectively reduce the gas concentration in the tunnel. When the
ventilation length is 1,200 m, more air is supplied to the tunnel face,
the fluctuation of gas concentration at the tunnel face is small, and
the highest gas concentration at the tunnel face can be reduced to
0.73%, but the gas concentration in the polluted air at the return air
side has little change. Therefore, when the ventilation length is
1,200 m, the accumulation of harmful gas, such as gas and hydrogen
sulfide, on the tunnel face will be effectively relieved, and the fresh
air from outside the tunnel can be fully utilized, thus reducing waste.

In addition, themethod of setting local fans at the tunnel face and the
transverse passage to increase the wind speed in the low-speed area can
also increase the fresh air volume supplied to the tunnel face. Local fans
are often used to disperse and dilute toxic and harmful gas such as
methane and hydrogen sulfide during construction. According to the
analysis of pollutant distribution characteristics in the previous section,

FIGURE 15
Measured values of gas concentrations before and after the change of field ventilation mode.
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the wind speed on the left side of the transverse passage far from the
tunnel face is the lowest, which is prone to gas accumulation. Therefore, a
local fan is set on the left side of the transverse passage in the model. The
calculated gas concentration distribution in the polluted air section of the
tunnel with local fans is shown in Figure 14. After setting local fans, the
gas concentration at the transverse passage (200m away from the
working face) is significantly improved, the highest gas concentration
at the tunnel face is reduced to 0.69%, and the gas concentration in the
polluted air at the return air side is reduced to 0.27%.This ismainly due to
the fact that local fans increase the ventilation volume in the tunnel,
especially in the low-speed area of the transverse passage, which greatly
reduces the possibility of harmful gas accumulation in the tunnel.

5.2 Application

According to the optimization results, the original ventilation
length was reduced from 1,500 to 1,200 m, and local fans were set
at the tunnel face and transverse passage. A gas concentration
sensor was set at 2 m away from the tunnel face to monitor the
changes in gas concentrations before and after the measures are
taken in real time, as shown in Figure 15. Before the modification
of ventilation mode, the gas concentration at the tunnel face was
0.35% on average and exceeded the limited concentration of 0.5%
many times. After the modification of ventilation mode, the
average gas concentration in the tunnel face quickly decreased
to 0.16%, and no out-of-limit occurred. The field experiment
demonstrates the effectiveness of ventilation measures, and the
mean and maximum values are consistent with the numerical
simulation results, which also verifies the reliability of numerical
calculation.

6 Conclusion

(1) A high-altitude tunnel construction ventilation model is
established by Fluent software, and the distribution
characteristics of harmful gas are analyzed. The simulation
results show that the gas concentration distribution in the
tunnel is consistent with the measured value, and the
deviation is less than 3.6%, which indicates that the accuracy
of the simulation calculation model can meet the ventilation
design requirements of high-altitude tunnels.

(2) High-altitude tunnel construction ventilation is characterized by
low air pressure, insufficient oxygen, large ventilation resistance,
etc. The minimum ventilation length of 1,500 m required in the
existing technical specification for tunnels with gas is unreasonable,
which leads to the existence of low-speed wind areas in the tunnel,
and harmful gas are easy to gather in the blind heading section of
the working face. The maximum gas concentration reaches 0.59%
and the average gas concentration is 0.34% at a position 2 m away
from the working face.

(3) The gas concentration in the blind heading section can be effectively
reduced by reducing the ventilation length. When the ventilation
length is 1,200 m, themaximumgas concentration at 2m away from
the working face will be reduced to 0.31% and the average gas
concentrationwill be reduced to 0.24%. Setting local fans in front of a
carriageway can also significantly improve the concentration degree
of harmful gas in the blind heading section, and the highest gas
concentration in the working face is reduced to 0.15%.
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