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When the mountain tunnel projects passing through the complex formation with coal, it happened along with disaster accidents
such as gas outburst, gas combustion, and gas explosion. These disasters should seriously threaten the safety and life of the
construction personnel and affect the normal operation of the tunnel construction. Ventilation is the most effective means to
control gas, fire, dust, heat, and other disasters. To study the effects of different ventilation modes in highway gas tunnels, Fluent
software was used to simulate forced ventilation, exhaust ventilation, and mixed ventilation in a high gas tunnel of a highway in
Hunan. The distribution law of the airflow velocity and gas concentration of these three ventilation modes were obtained to
determine the optimal ventilation system. It was shown that vortex zones of different ranges formed in the tunnel for all three
ventilation modes, and the gas concentration was higher in the vortex zone than in other regions. Mixed ventilation of them is
superior to the other two modes, showing the best ventilation effect with regard to airflow velocity and gas concentration.

1. Introduction

Currently, highway tunnel construction has expanded
throughout China. Particularly with urban construction
development, numerous traffic tunnels have arisen in the
mountainous and hilly areas of China [1-3]. When these
tunnel projects developing in depth, they often encounter
the situation of crossing coal seam, which brings great
security risks to tunnel construction. The tunnel is closed in
the construction process, and the dust from driving and the
blasting process and hazardous gases such as gas from the
broken surrounding rock are likely to accumulate in the tun-
nel, which seriously threatens the safety of the workers [4-8].
Hence, adequate ventilation needs to be implemented in the
tunnel [9-13] to dilute poisonous and hazardous gases in a
timely manner and prevent the accumulation of explosive
gases within the tunnel. Gas is a major risk source of tunnel
construction safety. Because of the long ventilation distance
and a large volume of gas emissions in a tunnel, ventilation

via pipes is usually used to mitigate gas accumulation
[14-17]. The study of the effects of different ventilation
methods by pipes is critical for a reasonable selection of
ventilation measures, improved ventilation efficiency, and
a safe construction environment.

The tunnel studied here is in Jishou city, Hunan province,
China. A coal seam was exposed during the excavation pro-
cess, consisting of pork liver coal and asphaltic coal. These
coals are tectonic coals, with high hardness and contain a
large amount of gas with contents reaching 6.92m?/t.
Furthermore, the methane concentration can reach 53.50%
while the maximum absolute gas emission rate exceeds
75m>/min. After the exposure of the coal seam, the absolute
gas emission rate exceeded 0.5 m’/min for several consecu-
tive days. According to “Technical Code for Railway Tunnel
with Gas” and “Guidelines for Design of Highway Tunnel,”
together with the determination principle of the highest level
in the tunnel gas work area, this tunnel was classified as a
high gas tunnel. To guarantee the construction safety of this
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FIGURE 1: Schematic diagram of the ventilation model.
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FIGURE 2: Schematic diagram of model meshing.

tunnel, effective measures of outburst prevention is necessary
for penetration through the coal seam to suppress the gas
concentration and gas pressure. This requires a scientific
and rational configuration of the ventilation mode. Thus, in
this paper, the hydrodynamics software Fluent was employed
to simulate three different ventilation measures, forced venti-
lation, exhaust ventilation, and mixed ventilation, and the
status of the transportation of fresh air and gas in different
ventilation flow fields was obtained. Therefore, the efficiency
of tunnel ventilation was able to be enhanced, and the safety

of the workers was guaranteed using the results of this
research.

2. Ventilation Modes of Air Pipe of Tunnel

In the driving construction of tunneling, ventilation by pipes
can be divided into three types based upon the layout type of
pipe and blower: forced ventilation, exhaust ventilation, and
mixed ventilation [18-21]. When using forced ventilation,
pipes deliver fresh air to the tunnel working face to suppress
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FiGure 3: Wind flow velocity vector inside the tunnel.

the concentration of poisonous and hazardous gas in the  lation across a long tunnel. As a standard ventilation
air and discharge the polluted air through the tunnel por-  mode in tunnel construction, mixed ventilation uses a
tal. It has a short ventilation duration, an extensive effec-  forced blower to dilute poisonous and hazardous gases at
tive range, and a favorable ventilation effect. Exhaust  the working face and an exhaust blower to exhaust the
ventilation exhausts poisonous and hazardous gas at the  polluted air through a ventilation pipe, which has the
tunnel’s working face through negative-pressure pipes,  advantages of both the forced and exhaust ventilation
provides fast ventilation, and is suitable for driving venti-  modes so that the maximum ventilation efficiency can be
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FIGURE 5: Curve of wind speed variation in the tunnel.

obtained, and it is especially suitable for ventilation of a
long-distance tunnel.

3. Numerical Calculation Model

3.1. Calculation Model of Tunnel. The three-dimensional
models of the three pipe ventilation modes of tunnel were
established using Fluent software. The basic geometric
dimensions of the tunnel were as follows: length was 100 m,
cross-section was 10mx7m straight wall circular arch
(width x height), the diameter of the ventilation pipe was
1.2m, and distance of pipe from the ground was 4m. The
tunnel ventilation model is simplified and shown in the sche-
matic in Figure 1.

The mesh subdivision for the model was implemented by
the preprocessor within Fluent software, and the generated
mesh is shown in Figure 2.

3.2. Mathematical Model of Tunnel. When studying the
airflow in the tunnel, the airflow was simplified as channel
flow, and the airflow was modeled as nearly turbulent
[22-26]. By referring to the tunnel ventilation condition,
the k — ¢ turbulence model was adopted in the calculation
model [27-29], and thus, the k — ¢ turbulence model was
selected as the calculation model for gas diffusion [30-32].
The model solves the turbulent viscosity coefficient y; by
establishing the equations of k and e.

(1) Turbulent fluctuation kinetic energy equation (k

equation)
O(pkvy) _ o((p + (pifok))(0kIOx)) .
ox;, 0x; +G=pe (1)

1

where p is the fluid density, kg-m™; k is the turbulent
kinetic energy, m*s; v, is the velocity component,

m-s’'; p is the laminar viscosity coefficient, Pa-s; y;
is the turbulent viscosity coefficient, Pa-s; o} is an
empirical constant; G, is the change rate of turbulent
fluctuating kinetic energy caused by the change of
average velocity gradient, which can be given by
equation (2); ¢ is the turbulent kinetic energy dissipa-
tion rate, m*s ™.

81/,- an aVi ..
Gk_”’(axj + ax,> aTcJ (hj=1,2,3) (2)

(2) Turbulent fluctuation kinetic energy dissipation
equation (e equation)
O(pev;) _ O((p+ (wilo))(9e/0x;))
0x; ox;
i i : (3)
> £
+C, EGk - CzPE)

where 0y, C;, and C, are empirical constants

3.3. Calculation of Boundary Conditions. The boundary
conditions were determined as follows:

(1) The ventilation pipe in the tunnel was set as the inlet
boundary, which used the velocity-inlet with the
ventilation velocity of 20 m/s

(2) The exhaust opening of the blower was set as the
inlet boundary with the type of mass-flow inlet
and Q=2.7m%/s

(3) The walls of the tunnel and ventilation pipe were sub-
ject to a fixed wall boundary with nonslip conditions
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FIGURE 6: Distribution of gas concentration in the tunnel.

(4) Gas was emitted from the tunnel face with an emis-
sion rate of 0.5 m>/min

4. Calculation Results and Analysis

4.1. Distribution of Airflow Velocity Field in the Tunnel. The
tunnel face is the most likely location where gas is emitted
and accumulated, and the ventilation effect of this location
directly affects the ventilation status of the entire tunnel.
Therefore, the local airflow field of the tunnel face is the focus
of this numerical simulation study. To visually observe the
distribution of the local airflow field in the tunnel, for the
three ventilation modes, the velocity contours on the plane
of the ventilation pipe center (plane y =4 m) and the cross-
section of the tunnel which was 5m away from the tunnel
face (plane z = 5m) is analyzed as in Figures 3 and 4.

It can be observed in Figure 3 that in the forced ventila-
tion, fresh air is delivered by the blower and the ventilation

pipe to the tunnel face and lashes against the tunnel face;
after mixing with the gas emitted through the tunnel face,
the flow direction is altered due to rebounding on wall and
backflow occurs towards the direction of the tunnel opening;
a part of the airflow changes its direction under the effect of
ventilation pipe opening jet flow and forms a vortex, and
polluted air quickly accumulates in the vortex zone, which
is the main factor influencing the exhaust of the polluted
air. In exhaust ventilation, a suction region is formed around
the blower, which sucks the gas emitted through the tunnel
face and the air in the tunnel into the ventilation pipe for
exhaustion from the tunnel. In the mixed ventilation mode,
the airflow is delivered from the forced air pipe and mixed
with gas, and then, the rotation of velocity occurs on the
tunnel face so that most of the mixed gas is sucked into the
ventilation pipe by the suction region formed by the blower
before finally being exhausted out of the tunnel. It can be seen
from the airflow velocity vectors on the tunnel cross-section
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FIGURE 7: Variation curve of gas concentration in a tunnel under three ventilation modes.

in Figure 4 that for all three ventilation modes, the airflow
velocity is always greater at the ventilation pipe and continu-
ously dissipates out of the boundaries, and vortex zones of
different sizes are produced for each three modes. Among
them, the range of the vortex zone produced by mixed venti-
lation is relatively small. Overall, comparing the three venti-
lation modes: forced ventilation creates the most significant
airflow velocity at the tunnel face. However, it is very likely
to cause an extensive range of vortex zones in the ventilation
pipe zone, resulting in gas accumulation; the airflow velocity
of the exhaust ventilation is relatively small, which is against
the gas exhaust and the inflow of fresh air; the airflow velocity
is relatively large while the exhaust pipe exists in mixed
ventilation, which enables the vectored flow of polluted air
to the exhaust pipe, reducing the range of vortex zone and
enhancing the ventilation efficiency.

To better understand the variation law of airflow velocity
in a tunnel under the three ventilation modes, monitoring
points for analyzing the airflow velocity variations were con-
figured every 10 m along the tunnel centerline. The obtained
airflow velocity variation curves are shown in Figure 5.

It can be observed in Figure 5 that for forced ventilation,
the axial velocity of airflow 0~10 m from the tunnel face was
around 4.1 m/s. The direction of the axial velocity of the air-
flow was altered at 15~35 m, resulting in airflow of -5.4 m/s.
This indicates that a vortex zone formed in this region, in
which airflow was subjected to rotational motion. Subse-
quently, the velocity direction was altered again, and finally,
the polluted air was exhausted out of the tunnel at a constant
velocity of 3.2m/s. For exhaust ventilation, the axial velocity
was 2.3 m/s in front of the tunnel face. The velocity decreased
to -1.7m/s at 15~30 m, and fresh air finally flowed into the
tunnel at a velocity of -2.8 m/s. For mixed ventilation, the

variation law of airflow velocity in the tunnel was similar to
forced ventilation. From 0~10m, the velocity was constant
at 2.5m/s and changed to -2.9 m/s at 15~25 m. The direction
was then altered again. Finally, the air was exhausted out of
the tunnel at a velocity of 1.8 m/s. It can be found by the
velocity variations of the three ventilation modes that in the
range of 15~30m in front of the tunnel face, the airflow
was inclined to form a vortex zone, which was likely to cause
gas accumulation in the ventilation process. The range of the
vortex zone can be derived by the range of the airflow velocity
direction variation. Therefore, the range of the vortex zone
was the largest in forced ventilation, followed by that in
exhaust ventilation, and that in mixed ventilation was the
smallest. This indicates that mixed ventilation showed the
best ventilation efficiency.

4.2. Distribution Law of Gas Concentration in Tunnel. The
study of the gas distribution law on the tunnel face is critical
for the safe construction of a tunnel. Hence, the tunnel (y =0
cross-section) center plane was selected to study the gas con-
centration distribution in a tunnel for the three ventilation
modes. The obtained gas concentration distributions are
shown in Figure 6.

Gas concentration monitoring points were located every
10m along the tunnel’s centerline, and the variation curves
of gas concentration in the tunnel with distance were
obtained for the three ventilation modes, as presented in
Figure 7.

As shown in Figure 6, the gas concentration distributions
tended to gradually decline along the direction from the
opening of the ventilation pipe to the tunnel opening for all
three ventilation modes. In the region where the ventilation
pipe is located, a vortex formed due to the jet flow of the



ventilation pipe acting on the recirculated flow further
caused an increase in local gas concentration. The gas con-
centration was distinctly higher in the vortex zone than in
other regions. High gas concentration areas were concen-
trated in the vortex zone and the region of the ventilation
pipe. It can be seen in Figure 7 that for both the forced
ventilation and exhaust ventilation, the gas concentration
values in the tunnel first increased, then decreased, and
finally stabilized. The gas concentration maximums were
mainly identified in the vortex zones 15~20m in front of
the tunnel face, which were 0.22% and 0.18%, respectively.
In the range of 20~60 m from the working face, the gas con-
centration value fell to 0.16% and 0.11% and finally stabi-
lized. However, for mixed ventilation, the gas concentration
was high next to the tunnel face, and with an increase in dis-
tance, it gradually declined until it stabilized. At the region
0~5m in front of the tunnel face, the gas concentration
reached its maximum at 0.15%. In the range of 5~30 m, the
concentration sharply dropped to 0.11% and then tended to
stabilize. Among the three ventilation modes, mixed ventila-
tion resulted in the lowest values for both the concentration
of gas accumulation in the tunnel and the mean concentra-
tion of gas. Therefore, the ventilation efficiency of mixed ven-
tilation was greater than that of the other two.

5. Conclusions

In this paper, the ventilation processes of three ventilation
modes in a gas tunnel were simulated by Fluent software.
Through the simulation, the three ventilation modes were
studied in terms of the airflow’s transportation law inside
the tunnel, the distribution law of airflow velocity, and the
distribution law of gas concentration in the tunnel. The
following conclusions were addressed.

Vortex zones of different ranges were formed in the
ventilation pipe region in the tunnel for all three ventilation
modes. The existence of a vortex zone caused an accumula-
tion of gas and affected the efficiency of ventilation. There-
into, forced ventilation showed the most significant airflow
velocity. However, the range of the vortex zone was also the
greatest. The airflow velocity caused by the mixed ventilation
mode was relatively great without any large-range vortex
zones forming, which is beneficial for improving tunnel
ventilation efficiency.

Between the recirculation zone and the vortex zone, the
gas concentration distributions in the tunnel were obviously
different between the three ventilation methods. The gas con-
centration was clearly higher in the vortex zone than in other
areas. In terms of the concentration of gas accumulation
region in the tunnel and the mean concentration of gas,
mixed ventilation resulted in lower values than the other
two and showed the greatest efficiency of ventilation.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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