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Abstract: To exploit the influence of the tunnel face and the distance between the diameter and the
orifice of a blast pipe on the ventilation effect in symmetric tunnel construction, this paper uses
Fluent to establish a three-dimensional model and numerical simulation. Firstly, the accuracy of
the numerical simulation is tested and then the distance between the orifice and tunnel face and
the influence of the air duct diameter on the ventilation effect are studied, respectively. The results
show that the ventilation effect is best when the wind pipe is arranged on one side of the tunnel wall
(an asymmetrical layout), although the space in the tunnel is axisymmetric, and that the error of the
numerical simulation is less than 5% of the measured value. When the distance between the orifice
and tunnel face is 5 m, the uniformity of the air flow field near the tunnel face is poor; when the
distance is 10 m and 12 m, an obvious vertex area appears in the tunnel. Furthermore, the uniformity
of the wind velocity flow field is optimal when the distance is 8 m. When the air duct diameter is
less than 1.4 m, there is a uniformity of the flow field near the tunnel face of the upper and lower
benches; when the air duct diameter is more than 1.4 m, the tunnel face of the upper bench near the
ground shows more obvious backflow. Therefore, it was determined that taking the air duct diameter
as 1.4 m and the distance between the orifice and tunnel face as 8 m was the best combination for the
design of ventilation in this project. It was also found that a better ventilation effect can be achieved
when the distance between the nozzle of the ventilator and the tunnel face is 6 m—9 m and the wind
speed of the nozzle is 6 m/s-8 m/s. In practical engineering, the wind speed and the required air
volume should be taken into consideration to determine the diameter of the ventilator.

Keywords: super-short bench-cut method; symmetric tunnel construction; forced ventilation;
parameter optimization; numerical simulation

1. Introduction

Taking practical, economical, and safe ventilation measures are essential in the process of
tunnel construction. Many scholars have studied the ventilation of symmetrical tunnel construction.
For example, Tan et al. [1] researched the distribution of dusts and harmful gases in tunnels after
construction blasting that used the drilling and blasting method; Peng et al. [2,3] analyzed the
forced ventilation effect of tunnels in construction using the positive bench method and put forward
the notion that the ventilation effect is best when the air duct layout is along the sidewall of the
tunnel and the distance to tunnel face is 5 m-10 m. Oka et al. [4] researched the attenuation
characteristics of the wind velocities and temperatures in tunnels, Wesely [5] made three-dimensional
numerical simulations of wind velocity flow fields near tunnel faces under driving auxiliary
ventilation conditions, Zhang et al. [6,7] made numerical simulation research on the application of
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high powered jet ventilation technology in long tunnels, Fang et al. [8] and Mirhedayatian et al. [9]
researched the distribution of wind velocity flow fields in tunnel construction, Liu et al. [10] and
Wang et al. [11] conducted numerical simulation research on related parameter optimization of gas
tunnel construction ventilation and diversion tunnel construction ventilation, and He et al. [12]
researched the characteristics of tunnel ventilation flow fields in intersecting tunnel construction.
Additionally, Wang et al. also worked on numerical simulation and field measurement research on
tunnel construction ventilation [13], Zhang et al. [14] conducted numerical simulation research on
the ventilation flow field of gas tunnel construction. Furthermore, Zolfani et al. [15] studied a new
hybrid multi-criteria decision-making (MCDM) method for the selection of optimal alternatives for
the mechanical longitudinal ventilation of tunnel pollutants, Spearpoint et al. and Trussoni et al.
studied the ventilation of the operation tunnel in the case of fire [16,17], Cardillo et al. [18] studied the
aerodynamic effect of pressure pulses on tunnel ventilation fans, and Fouladgar et al. [19] analyzed
the importance of ventilation in the process of tunnel construction.

There is a lot of related research on ventilation during tunnel construction, however, it can be
found from related references and site investigations that the type of ventilation differs depending
on the different tunnel structures, duct layouts, and tunnel construction methods. For this purpose,
based on the Fluent numerical simulation software, this study researches the wind velocity flow field
near the working face of tunnels with different air duct diameters and different air duct distances from
the tunnel face for numerical simulation research. The related conclusions in this paper are of utmost
importance in guiding the ventilation scheme formulation of urban tunnel construction.

2. The Engineering Situation and Ventilation Calculation

The tunnel investigated in this study is the subsurface tunnel near Xinghaiwan Square in the
project of quadruple-circuit transmission line reconstruction in Yanta, Dalian. The designed mileage
of the subsurface tunnel is KO + 000-KO0 + 700 with a horseshoe cross-section and composite lining.
The overall dimensions of excavation are 6.7 m x 6.85 m using the bench-cut method of construction.
The height in the upper and lower bench is 3 m and 3.85 m, respectively, and the length of the bench is
less than 5 m.

The vertical shafts are set as KO + 000, KO + 240.28, and KO + 549.914, and the net areas are
77m x 85m, 50 m x 6.0 m, and 5.0 m x 6.0 m, respectively. To guarantee a good working
environment near the face of the upper and lower bench, the blast pipe is arranged along the sidewall
of the tunnel and the orifice layout of the air duct is at the rear of the lower bench. The excavation
face of the tunnel is axisymmetric. We found that the ventilation effect is best when the wind pipe
is arranged on one side of the tunnel wall (an asymmetrical layout) through an investigation of the
literature and numerical simulation. The tunnel section formation and the layout position of air duct
are shown in Figure 1.

TN hLl J 60

Upper bench

6, 8h

Alr duct

Lower bench

| 6. 70 |

Figure 1. The tunnel section formation and the layout position of air duct (unit: m).
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After calculating the air volume consumed by the normal breathing of the largest possible number
of individuals at its operation and the minimum wind velocity ventilation, and after diluting the
maximum explosive quantity capable of producing harmful gases and diluting the worktable to
produce waste gas in the tunnel, the largest air volume required by the minimum wind velocity
ventilation can be found; the air volume required for the tunnel construction ventilation is obtained
after considering the loss of air through duct leakage as V = 680 m?/min.

3. The Numerical Simulation Validation

This study adopts the numerical simulation method for forced ventilation parameter research.
To guarantee the reliability of the results, this study takes the tunnel construction ventilation in the
northwest regions of China as an example. After obtaining the measured ventilation data in the first
stage of construction, we use Fluent for the numerical simulation of the wind velocity flow field in the
tunnel. After adjusting each simulated parameter value until the error is less than 5% of the measured
value, the adjusted parameters are adopted for the numerical simulation of the construction ventilation
of the object investigated in this study.

Figure 2 shows the schematic diagram of the tunnel construction ventilation in its first stage.
The main cave adopts a bidirectional tunneling construction method with an inlet and an outlet.
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Figure 2. The first stage of the ventilation construction of a tunnel in the northwest regions of China.

It can be found from the construction ventilation design that during the tunnel construction,
the air volume (V1 = 3253 m?®/min) required by the main cave construction uses an air duct with a
diameter of 2 m, where the wind velocity in the outlet is 8.63 m/s. As the left line of the main cave
is 420 m, the monitoring points of the velocity are set at 30 m, 100 m, 150 m, 200 m and 300 m from
the tunnel face. The finite element software, Fluent, is used to establish the corresponding numerical
model. In the numerical simulation, the air in the duct is regarded as an ideal gas. Using the k-epsilon
turbulence model, the outlet of the tunnel is set as a free outlet, the outlet of the air duct is set as the
velocity outlet, and the sidewalls of the air duct and tunnel are set as the wall with no energy exchange.
Additionally, within Fluent, monitoring points are set at distances of 30 m, 100 m, 150 m, 200 m and
300 m from the tunnel face. The comparison between the measured wind velocity and the velocity in
the numerical simulation is shown in Figure 3.
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Figure 3. The comparison between the measured velocity and the numerical simulation results.

From Figure 3, when the distance of the measuring points from the tunnel face is small, the measured
velocity is relatively large. With increasing of the distance from the tunnel face, the measured velocity
decreases. In addition, when the distance between the measuring point and the tunnel face is more
than 150 m, the velocity in the tunnel tends to stabilize. At the same time, it should be noted that the
deviation between the measured and simulated values is less than 5% of the measured wind velocity
of the tunnel. Therefore, the method of using the numerical simulation to study the stability of the
ventilation flow field in tunnel constructions is feasible.

4. The Numerical Model and Related Parameters Calculation

4.1. Establishment of the Numerical Model

When the tunnel construction reaches the second shaft position, the second shaft position is the
channel that air duct layout and waste gas excluding. Therefore, the tunnel construction to the second
front shaft is the most unfavorable situation in terms of ventilation. Ignoring the influence of operating
personnel and trolleys on the ventilation effect, a three-dimensional model is shown in Figure 4.

Figure 4. A three-dimensional model of the electric power tunnel.
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4.2. Calculating Operating Conditions

In order to study the influence of the distance between the orifice of the blast pipe and the tunnel
face on the ventilation effect, an air duct with a diameter of 1.0 m is taken as an example. The distance
L from the orifice to the tunnel face (as shown in Figure 1) is taken as 5 m, 8 m, 10 m and 12 m,
respectively. Then, using the two stable aspects of velocity and wind velocity flow field, the influence
of different L values on the ventilation effect is analyzed. Afterwards, the optimal distance between the
orifice of the blast pipe and the tunnel face is selected to study the influence of the air duct diameter
on tunnel ventilation. The air duct diameter D is takenas 1.0 m, 1.1 m, 1.2m, 1.4 m, 1.6 m, and 1.8 m.

4.3. Setting Boundary Conditions

When the blast pipe diameter is 1.0 m, the blast pipe velocity is 14.4 m/s (calculated according
to the air volume required by the tunnel) with a Mach number of M = 0.042 < 0.2. Thereby, the air is
processed by the incompressible fluid. According to Equation (1) [4], to calculate the Reynolds number
(Re) under different operational conditions, when the air duct diameter is 1.8 m, the minimum value is
approximately 534,460 and the jet medium is in a turbulent state. The standard model put forward by
Launder and Spalding is used for the numerical simulation of turbulent airflow in tunnels. The control
parameters used are the default values of Fluent, with turbulence intensity I, turbulent kinetic energy
k, and turbulent dissipation coefficient e, which are all calculated through each operational condition
on the basis of Equations (2)—(4) [4], respectively.

Re = pvd/ 1)
I =0.16:(Re)"1/®) )
k=3/2-(uxI)? ©)

w = K5/ (l x D x c0~25) @)

where p is the air density with 1.205 kg/m3, v is the flow velocity of the air medium in the air duct, d is
the equivalent diameter of the air duct, [ is the turbulent scale, and c is the empirical constant (0.09).

The outlet of the air duct is set as a velocity-inlet, as shown in Figure 4. Thus, it only needs to set
the velocity value of the jet medium in the Z direction. The inlet of the vertical shaft is an outlet for
waste residue and waste gas and is set as an outflow. The remaining objects such as the tunnel face,
bench face, air duct wall, tunnel wall, and vertical shaft wall are all set as walls in Fluent.

5. Analysis of the Numerical Simulation Results

5.1. The Influence of the Distance between the Orifice and the Tunnel Face on the Wind Velocity Flow Field

Peng Pei [2] researched the influence of the distance between the orifice and tunnel face on the
wind velocity flow field when the bench length was 20 m and put forward the idea that the ventilation
effect is optimal when the distance of the orifice from the tunnel face is 5 m—10 m. The bench length of
the project is small and, for convenience, the air duct can only be installed near the tunnel sidewalls
and the orifice lies at the intersection of the upper and lower steps. Therefore, the value of L is the
following distances of the orifice from the lower tunnel face: 5 m, 8 m, 10 m and 12 m. The influence of
the distance between the orifice and the tunnel face on the wind velocity flow field is studied.

Figure 5 is the distribution diagram of the wind velocity flow field in the tunnel when the air duct
diameter is 1.0 m and the distance (L) between the blast pipe and the lower bench is 5 m, 8 m, 10 m and
12 m, respectively. Figure 6 is the velocity of each measuring point when the distance between the blast
pipe and the tunnel face is 5 m-12 m. The following conclusions can be obtained from Figures 5 and 6:
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e  When L is 5 m, the wind velocity flow field in the upper bench is very uniform without backflow.
This is because, with the close distance between the air duct and the tunnel face of the lower
bench, the air sent by the air duct tends to have a downward trend and clings to the tunnel face
without an obvious backflow. However, the uniformity of the airflow field behind the tunnel face
is significantly poor.

e  When Lis 8m, the wind velocity flow field in the upper step is relatively uniform without backflow.
At this moment, the distance between the orifice and tunnel face is far and the differential flow
field of the lower step improves largely without backflow. The uniformity of the air flow field in
the upper and lower tunnel faces is good.

e  When L is 10 m and 12 m, the backflow appears below the upper tunnel face. When L = 10 m,
the ground behind the lower tunnel face appears to be an obvious vortex area and when the
distance between the air duct and tunnel face increases to 12 m, the vortex area enlarges and new
vortex areas appear behind it.

e (Calculation results show that when the distance between the orifice and tunnel face is 8 m,
the wind velocity flow field near the upper and lower tunnel face is the most uniform without
obvious backflow.
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Figure 5. The wind velocity flow field when the air duct diameter is 1.0. (a) L=5m; (b) L =8 m;
(c)L=10m;and (d) L =12 m.



Symmetry 2018, 10, 49 7 of 10

5.5 -
5.0+

45 ] —a—1=5
e ¥
—=—1=10
——T=12

4.0

35
30
25
20
15

‘The wind speed (m/s)

1.0 H

49 F &
40 3 &
40 3 ®
4m l -

0.5

0.0 T l T I L) I L] I L) I L) I L) l T I T I L] I
0 25 50 75 100 125 150 175 200 225 250

The distance between the measuring point and the tunnel face of upper bench (m)

Figure 6. The velocity of each measuring point when the distance between the blast pipe and the tunnel
face is different.

5.2. The Influence of the Air Duct Diameter on the Wind Velocity Flow Field

For security and economic reasons, the air volume transported to the tunnel is certain. That is,
when the diameter of the pipe changes, the velocity changes with it. Wesely et al. [14] found that
increasing the air duct diameter in a certain range can render the wind velocity flow field more uniform.
This portion of the paper focuses on the distribution of wind velocity flow fields in tunnels when the
air duct diameter (D) is 1.0 m, 1.1 m, 1.2 m, 1.4 m, 1.6 m, and 1.8 m respectively.

Figure 7 is the distribution of the wind velocity flow field when the value of the air duct diameter
is different. We can obtain the following conclusions from Figure 8:

e  After comparing the distribution of the wind velocity flow field in the tunnel when the value of
air duct diameter is different, as shown in Figure 4, it is clear that when D is 1.0 m, 1.1 m and
1.2 m, due to the large velocity when the pipe diameter is small, a lot of energy is rebounded after
touching the wall, leading to a less than ideal ventilation effect occurring in the corner of the wall.

e  When the air duct diameter is 1.6 m and 1.8 m, due to the further reduction of the velocity of
the orifice, an obvious backflow appears at the tunnel face of the upper step near the ground.
The ventilation effect is also not ideal at this moment.

o  When the air duct diameter is 1.4 m, there is not only obstructed ventilation in the corner because
of the large velocity when the air duct diameter is small, but the backflow is also prevented from
forming near the tunnel face when the air duct diameter is large.
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Figure 7. The wind velocity flow field of the tunnel when the blast pipe diameter is different.
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Figure 8. The velocity of each measuring point in the tunnel when the air duct diameter is different.

6. Conclusions

This article uses the Fluent finite element software and takes the subsurface tunnel near

Xinghaiwan Square in the project of quadruple-circuit transmission line reconstruction in Yanta,
Dalian as an example. The parameter optimization of forced ventilation in construction and
excavation by manipulating the distance of the orifice to the tunnel face and the blast pipe diameter

provides a powerful basis for the optimization of the ventilation scheme in the construction process.

Through numerical simulation research, the following main conclusions were drawn:

After obtaining the related parameters in the first stage of the construction ventilation from a
tunnel in the northwestern area of China, a numerical model was established to achieve the
simulated value of the velocity of each measuring point and compare them with the measured
values found in order to ascertain whether the numerical simulation applied in this study was
entirely feasible.

The ventilation effect is better when the wind pipe is arranged on one side of the tunnel wall
(an asymmetrical layout), although the space in the tunnel is axisymmetric.

When the air duct diameter is 1 m, the calculation results are as follows: when the distance
between the air duct and tunnel face is 5 m, the uniformity of the air flow field near the tunnel face
is poor compared to when the distance between them is 8 m, even though there are no obvious
vortex zones. However, when the distance is 10 m or 12 m, vortex zones appear in the tunnel.
Thus, it is more reasonable when the distance between the air duct and the tunnel face is 8 m.
When the distance between the air duct and the tunnel face is 8 m and the air duct diameter is
less than or equal to 1.2 m, the velocity is high as the pipe diameter is small and a large amount
of energy is rebounded after touching the wall, which leads to the non-ideal ventilation effect
outputting from the corner of the wall. However, when the pipe diameter is more than or equal
to 1.6 m, the upper tunnel face near the ground appears to show more obvious backflow for the
small velocity of the orifice.

When the air duct is 1.4 m and the distance between the orifice and tunnel face is 8 m, there is no
obvious backflow in the tunnel and the uniformity of wind velocity flow field is good, which can
be regarded as the best combination for application in practical engineering.

We can obtain better ventilation effect when the distance between the nozzle of the ventilator
and the tunnel face is 6 m-9 m and the wind speed of the nozzle is 6 m/s-8 m/s. In practical
engineering, the wind speed and the required air volume should be taken into consideration to
determine the diameter of the ventilator.
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