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Keywords Abstract
Knowledge of the airflow distribution inside a Tunnel Boring Machine (TBM) can
Airflow create a safe working environment for workers and machinery. The airflow quality and

the related mass flow rate in the ventilation system should be sufficient to dilute gases
and remove dust inside the tunnel. In this work, airflow distribution in the single shield
TBM tunnel was studied using computational fluid dynamics. The finite volume-based

Tunnel Boring Machine

Ventilation finite element method was used in the simulation based on the 3D complex geometry of
TBM. In order to validate the numerical results, the air velocity inside the Chamshir
Computational Fluid tunnel was measured experimentally at different sections. With a length of 7050 m and a
Dynamics final diameter of 4.6 m, the Chamshir water transport tunnel is located in the south of
Iran. The results obtained show that there is not enough airflow in 59.6% of the TBM
Modeling space in the current working conditions. In other words, there are many dead zones from

the control cabin to the end of gantry 6 in the backup system. Several applicable
scenarios were studied to remove the dead zone area and optimize the airflow velocity
by employing high capacity jet fan in the ventilation system. The results show that the
dead zone volume can be decreased by about 5.21% by increasing the airflow rate of the
jet fan.

1. Introduction

The Tunnel Boring Machines (TBMs) have
revolutionized the tunneling industry to make the
underground space safer, healthier, and more
economical. A TBM consists of a cutter head, a
mainframe, and a backup system. Most of the
mainframe in hard rock TBMs include shield

The quality and quantity of airflow in TBM
should be sufficient to dilute gases, remove dust,
and control temperature.

In general, if the ventilation system is not taken
into account in the TBM, hazards like silica dust,
refractory ceramic or other mineral fibers and

body, main drive, erector, synchronized grouting
system, transport system, and control cabin. When
TBM is advancing, the heat and humidity
generated at the mainframe cannot be discharged
naturally, thus concentrate at the mainframe in the
shape of fog. Most of the TBM crews stay and
work in the mainframe area, so ventilation of this
zone is very important. In some projects, emission
of gases such as methane and combustible gas
from the geological condition may be experienced
in the mainframe. Thus the mainframe ventilation
is very important for TBM equipment and crew.

B Corresponding author: jalalisme@gmail.com (S.M.E. Jalali).

diesel particulate materials, toxic gases, fumes,
vapors, and explosive and asphyxiant gases may
be present. For example, an insufficient airflow
and the explosion of methane gas injured four
miners in Los Angles water transport tunnel, and
similar accidents injured two workers and killed 9
in Higashimurayama (Japan) [1]. Another
example is a TBM used at the Zagros water
conveyance tunnel in the Kermanshah Province
(Iran), where hydrogen sulfide, hydrogen cyanide,
and methane gases were recorded with the
concentration of methane gas above the explosion
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level so that the tunnel operations were suspended
for 4 months [2].

Numerical studies and modelings of airflow
distribution have been developed for all
underground mining and tunnel-construction
activities. Most of the numerical simulation
studies on the tunnel and underground space
ventilation are in airflow distribution, gas
emission, dust dispersion, and Diesel Particulate
Matter (DPM).

Recently, airflow modeling with Computational
Fluid Dynamic (CFD) has been developed in
underground mines and tunnels. Wala et al.
studied airflow patterns around the workspace of
continuous miners with different boring patterns
[3]. Aminossadati and Hooman modeled a 2D
model in order to evaluate the effect of brattice
length on the airflow velocity [4]. Zheng and Tien
used Fluent and Gambit to evaluate the airflow
pattern and DPM concentration in underground
mines [5]. Taylor et al. investigated the impact of
the setback distance on airflow and methane
distribution [6]. Diego et al. calculated air losses
in circular tunnels by both the traditional and CFD
methods [7]. A computational study was carried
out to investigate the airflow behavior and
methane distribution in the room and pillar
underground coal mine [8]. Xu ef al. used the
trace gas technology and CFD to simulate airflow
inside the mines [9].

Gas and methane concentration is another
attractive research topic. Parra et al. were directed
to explore gas emission in the underground coal
mines. They modeled three different ventilation
systems including blowing, exhaust, and mixed
ventilation using CFD [10]. Rodriguez and
Lombardia calculated methane concentration and
quantified air flow in TBM according to a
mathematical equation [11]. Torno et al. solved
numerical simulation for the dilution behavior of
blasting gases, especially carbon monoxide (CO)
concentration [12]. Kurnia ef al. numerically
investigated diesel exhaust gas as a species
mixture in an underground mine [13]. Zhou et al.
modeled methane distribution at continuous miner
face with various curtain set-back distances [14].
Widiatmojo et al. predicted sulfur hexafluoride
(SF6) gas dispersion in coal mine ventilation
system by CFD modeling and experimental
verification [15].

There have been many relevant researchers
aiming to improve the efficiency of dust and DPM
control. Qiao ef al. monitored concentration of
Particulate Matter (PM) in the subway tunnel [16].
Torano et al. used CFD to predict airflow and dust
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dispersion in a mechanized underground coal
mine [17]. Kurnia et al. validated a 3D CFD
model utilizing the Eulerian-Lagrangian approach
to track the dispersion of dust particle [18]. Hu et
al. studied coal dust particle behavior after
blasting in a roadway [19]. Thiruvengadam et al.
simulated DPM by CFD and comparison between
the particle and species model [20]. Xia et al. used
CFD to simulate dust suppression for open-type
TBM [21]. Zheng et al. revealed the effect of
single dead-end entry inclination on DPM plume
dispersion by CFD methods [22]. Yueze et al.
predicted air flow methane and coal dust
dispersion in room and pillar mining face using
the CFD approach [23].

In summary, the numerical study of airflow has
mainly been concentrated on underground mines
and road tunnels. Ventilation during the
construction of long tunnels, especially the
ventilation of TBMs has received less attention.
The two specific objectives of this paper are first
to study the airflow pattern in the TBM ventilation
system, and secondly, to decreased dead zones to
solve safety and health problems. Experimental
measurements were carried out on the Chamshir
tunnel to validate the results of a 3D numerical
model. The results obtained illustrate the airflow
pattern of a TBM ventilation system. The present
study can help the engineers to design an effective
ventilation system for TBMs.

The layout of this paper is as what follows.
Firstly, the physics and geometry of the case study
are introduced. The governing principles and
theories comprise turbulence conservation of
mass, momentum, and energy equations. The
mesh generation and mesh independence
principles were then discussed. Boundary
conditions were set by the experimental data. The
model was then solved numerically using the
commercial computational fluid dynamics solver,
Ansys CFX 18.1. The results obtained identified
the dead zones in the location with low airflow
velocity. Three different scenarios were
investigated with respect to jet fan characteristics.
Air velocity was increased by 20%, 40%, and
60% in the inlet, and the variations in air velocity
were analyzed. Finally, conclusions were drawn
and extensions of the work were highlighted.

2. Methodology

In this work, we modeled the TBM ventilation
system using the CFD method to obtain an
understanding of the airflow behavior in a TBM.
The experimental measurements were carried out
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on the Chamshir Tunnel to validate the results of a
3D numerical model.

2.1. Physics of problem

The considered modeling area was the whole
space of TBM in the Chamshir tunnel. The
Chamshir water transport tunnel is located in the
south of Iran. This tunnel was constructed using a
single-shield TBM and had a final diameter of 4.6
m. Three axial-type blowing fans were connected
serially in the portal of the Chamshir tunnel and
fresh air was sent with flexible ducting forming
the tunnel portal to the end of backup system in a
1400 m length. In order to deliver fresh air to the
TBM mainframe area, a blowing jet fan (55 KW)
with a hot dip galvanized duct was installed in
gantry 2, which could be observed in Figure 1.
The wye tee (pant) divided the airflow duct
between two parallel legs as inlets 1 and 2. The
setback distance (distance of the ventilation duct
from the shield space) in the inlets 1 and 2 was 16
m and 19 m, respectively. Figure 1 represents the
exhaust jet fan with a 15 KW power in gantry 4
sucked pollutants, which was produced by a
locomotive and send it to the end of the backup
system. Due to the geometric complexities of the
problem, simplifications were made in the
machine geometry according to Figure 1. These
simplifications were done in a manner that did not
affect the main airflow field and accuracy of the
modeling results. For example, pipe for oil, water,
and compressed air were not included in the
computational model. To this end, the 3D model
of machine geometry was developed by
SpaceClaim 18.1.

2.2. Governing equations

The 3D modeled airflow was considered as an
incompressible, viscous, Newtonian, steady state,
and turbulent flow. In addition, the tunnel walls
were covered by segments and were sealed with
gasket, although it was assumed that the tunnel
walls were insulated and there existed isothermal
ventilation. The radiation heat transfer and the
effect of tunnel slope on ventilation were
neglected. Based on the assumptions made, the
airflow in the whole workspace of the studied
TBM could be solved by the Reynolds-Averaged
Navier-Stokes (RANS) equations [24].

2.3. Boundary conditions

The CFD model used three types of boundary
conditions: wall, inlet, and outlet. There were four
inlets and three outlets in TBM, as shown in
Figure 1. The blowing air duct outlets (inlets 1
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and 2), exhaust air duct inlet (inlet 3), portal
blowing duct outlet (inlet 4), blowing air duct
inlet (outlet 2), and exhaust air duct inlet (outlet 2)
had a boundary type of VELOCITY INLET. The
roadway rear outflow (outlet 1) had a boundary
type of PRESSURE OUTLET. To define the
boundary conditions, the airflow velocity
sampling was performed using the multi-point
sampling method in the ductwork outlet. The
British ~ Standard  Institute  (BSI)  have
recommended five sampling points, which are to
be located as shown in Figure 2a [25]. In
multi-point sampling, the measured cross-section
was divided into 4 equal areas. The centers of the
four areas and the general center, totally 5 points,
were selected as the sampling points. This whole
procedure was repeated for three times for each
individual to reduce error and variation. A
mini-vane anemometer, model EM-9000, was
used to measure the air velocity (Figure 2b). A
mini-vane anemometer is an instrument that
rotates at a speed directly proportional to the air
speed and measures the air velocity. The
arithmetic mean of the points was considered as
an average air velocity [26]. Table 1 shows the
statistical parameter of the inlet and outlet
velocity-based boundary condition. The outlet 1
boundary condition was set to the atmospheric
pressure. The boundary condition of wall surfaces
was considered as no-slip wall.

2.4. Mesh generation in computational domain

The computational grid was generated by the
commercial software ANSYS ICEM CFD. To
have a good sensitivity, high-density elements
were inserted near the wall and the bounding wall
regions. The first grid (near the walls) was located
inside the viscous sub-layer by satisfying y* < 3.
Both the hexahedral and tetrahedral meshes were
generated inside the computational domain. Five
different numbers of grids, i.e. 27 x 10°, 36 X
10%, 49 x 10°, 52 x 10°, and 57 x 10°, were
implemented and compared in terms of local
velocity to ensure a mesh-independent solution.
According to Figure 3, comparison of the number
of mesh elements with air velocity in station
number 3 shows that the variations in air velocity
in this station between a 49 million element and a
52 million element is less than 1%, while the
difference between a 36 million element network
and a 49 million element exceeds 20%. This
implies that in this step, 49 million element cells
are sufficient for the present modeling. During the
mesh generation, the mesh quality as aspect ratio,
skewness, and orthogonal quality were monitored
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and maintained to have a good meshing. Table 2
shows the statistical parameters of mesh quality in
a 49 million element model in terms of the aspect
orthogonal

ratio, skewness, and quality.

Therefore, a mesh of around 49 million with a
quality of 0.74, considered to be acceptable for the
CFD method, was selected [27].

Intet3 Back-up System
\  Blowingjet fan

Outlet 1

Inlet4 — >, Exhaust jet fan

Outlet2 Outlet3

0 20.000
10.000

40.00 (m)
30.000

T

TBM Mainframe

Inlet1&2

TBM Mainframe

Figure 1. TBM geometry model.

()

(b)

Figure 2a. Location of sampling points in multi-point method. B. Air velocity sampling by mini-vane
anemometer.

Table 1. Statistical parameters of inlet and outlet boundary condition.

Parameter Inlet1 Inlet2 Inlet3 Inlet4 Outlet2 Outlet3
Average air velocity (m/s) 7.9 5.6 18 10.04 2.73 7.7
Standard deviation 0.07 0.08 0.12 0.1 0.09 0.08
1.0
@
Eos -
en
=
£ 0.6 -
8
w2
£ 04 -
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202 -
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25 30 35 40 45 50 55 60
Number of cells (*1076)

Figure 3. Mesh generation with different mesh sizes and local velocities at station 3.
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Table 2. Mesh generation statistical parameter in a 49 million element model.

Parameter Element quality Aspect ratio Skewness Orthogonal quality
Average 0.74 0.75 0.25 2.56
Standard deviation 0.2 0.15 0.15 5.92

2.5. Solution strategy

Different authors such as Parra et al., 2006, Torno
et al., 2013, Kurnia et al., 2014, Yueze et al.,
2015, and Zhou et al., 2017 have found that there
is a positive correlation between the measured
values and those estimated by standard K—e
turbulence modeling in underground mines and
tunnels [10, 12, 13, 23, 28]. Therefore, in this
work, we used the standard K—e model. The
governing equations were integrated over each
control volume. To complete the discretization of
the advection term, the high-resolution scheme
was computed [24]. Root Means Square
(RMS) < 10~* was considered as the convergence
criterion of mass and momentum equations. A
computer with 24 processors and 60 GB RAM
was used for convergence purposes, where 3000
iterations were calculated in about 98 h. To
evaluate convergence, mass and momentum
imbalance were considered below 1% in different
directions. In addition, air velocity was monitored

Velocity
Contour

. 10.00
9.00
8.00
7.00
6.00

‘ 5.00
4.00
3.00
2.00

I 1.00
0.00

[m s?-1]

10.000

until it no longer changed with more iteration.
When convergence was assured, the curve of the
variations in air velocity in the lateral sections of
the studied TBM was developed in order to assess
the airflow distribution.

3. Results and discussion

The numerical simulations were carried out for a
typical condition found in single-shield TBM.
One of the key factors that determine the
performance of ventilation system is the airflow
velocity inside TBM. Looking into the airflow
velocity at various cross-sections in the
mainframe of TBM, as displayed in Figure 4, it
was found that a high air velocity flowed at the
bottom of section 11 and gradually decreased
toward section 1. Interestingly, the fresh air was
supplied from the intake ventilation ducts and
flew forward until it met the shield space, and air
changed the flow direction and went along the
segment feeder.

40.00 (m)
30.000

Figure 4. Air velocity contour in the mainframe of TBM.

The TBM crews were present in the bridge and
worked in the top left corner of TBM. Thus the
airflow velocity should be sufficient in this area.
According to the international tunneling and
underground space association guidelines for
good occupational health and safety practice in
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tunnel construction, the quantity of air supplied or
extracted from the face should be such that the
average flow in the full cross-section of the tunnel
or shaft should be between 0.3 m/s and 2 m/s at
all times [29]. An area with average air velocity
less than 0.3 m/s is deemed as the ‘‘dead zone”. In
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this zone, dangerous gases, dust, and other
pollutants may be accumulated due to the low air
velocity. The air velocity contour of the tunnel
based on dead zone of each cross-section was
obtained, as shown in Figure 5. The results
obtained show that the dead zones are present in
sections 1 to 7 in the crew pathway and staying

[ms*1)

¢) Dead Zone in cross-section no. 3¢

[ms*1)

e) Dead Zone in cross-section no. 5
Figure 5. Velocity contour and dead zones at TBM.
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places. According to the current situation in
boundary condition, the modeling results show
that the dead zones are in 59.6% volume of TBM,
and airflow is not sufficient for the ventilation of
TBM. This airflow quantity is low and dead zone
is present in the region of 20 m away from shield
space (shown as dash line area in Figure 5k).

0

d) Dead Zone in cross-section no. 4

f) Dead Zone in cross-section no. 6
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Breathing Zone

[ms*1)
i) Dead Zone in cross-section no. 9

Velocity
Contour

= ——
Parz )| 1
- —_—

[r Gantry 6

Control Cabin

25.000

50.00 (m)

12.500 37.500

k) Dead Zone in longitudinal crew pathway section
Figure 5. Continued.

3.1. Verification of results

In order to validate the CFD model, airflow
velocities were measured using a vane
anemometer, model EM-9000, at a point 170 cm
high from the bridge. The measurements were
done in 5 stations. The measurements were also
repeated for 5 times at different points to have 5
acceptable samples. In the measurement where
airflow velocity deviated by > 10%, the sampling
was cancelled and was not considered in
calculations. After computing the average and
standard deviation of air velocity in each station,
the experimental results were compared with the
values derived from the numerical modeling.
Figure 6 show both the numerical and
experimental results including the related

629

confidence intervals (error bars) for various
stations. It can be seen that the simulated velocity
in all cases is in good agreement with the
experimental results with no more than 2% error.
The difference is larger in case S11, where
velocity is < 0.5 m/s. This is because the
mini-vane anemometer used in the experiment is
limited in range at a velocity equivalent to a
velocity less than 0.5 m/s.

According to Figure 6, in all stations, the variation
in air velocity agrees between the experimental
and modeled values, where the modeled results lie
inside the confidence interval of the experimental
data. The coefficient of determination (R?) was
used to compare the values derived from
modeling and experimental measurements. This



Nezarat et al./ Journal of Mining & Environment, Vol. 10, No. 3, 2019

coefficient ranges from zero to one. A coefficient
of determination > 0.5 can be accepted for
modeling [30, 31]. The computation results in
Figure 7 show that the coefficient of
determination is 0.9467. This means that there is a
very high and positive correlation between the
modeling velocities and the experimental
velocities. This implies the high accuracy of
modeling. The reason for some slight differences

(=]

Velocity (m/s)

<
~

N
o

between results may be traced in the steady-state
assumption of flows as well as simplifications
made on the geometry. The effects of air humidity
and temperature were neglected due to negligible
changes in the measurement time. Generally, the
comparison indicated that the CFD models were
valid and could be used to conduct airflow
modeling.

Confidence interval of
experimental data

o
o

S7 S8 S9

Station

S10

S11

B Modeling ™ Experimental

Figure 6. Comparing experimental air velocity with modeling results in different stations.

2.0
‘g y = 0.9996x
E R? =0.9467 S8
2 1o ‘
E’ : S9
S S7
= *

05 - S11 %

*
0.0 . .
0 0.5 1.5 2

Experimental velocity

Figure 7. Regression graph between experimental and modeling airflow velocity.

3.2. Sensitivity analysis

Several relevant scenarios were studied to
decrease the number of dead zones and optimized
relative airflow velocity. The measurement
airflow velocity is used as a basic model for the
benchmark in sensitivity analysis. To this end, air
velocity was increased by 20%, 40%, and 60% in
blowing jet fan. This scenario is available by
speed-up jet fan ventilation system or installing
other high capacity jet fans. After the simulation
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details, boundary conditions and dead zone
volumes are listed in Table 3. The results show
that as air mass flow increases by 20%, 40%, and
60%, the size of dead zones decreases by 1.79%,
4.36%, and 5.21%, respectively. It can be seen in
Figure 8 that air mass flow has a good effect on
the reduction of dead zones in the personal
breathing zone. Scenarios planning at section 5
improve air velocity in the breathing zone
21.18%, 37.07%, and 65.25%, respectively.
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Table 3. Influence of increasing air velocity inlets on dead zone volume.

Velocity Inlet 1 Velocity Inlet 2 Dead Zone Volume Dead Zone decreasing ratio
(m/s) (m/s) (m?) (%)
Benchmark 7.9 5.6 1268.59 -
Scenla“"s 8.79 6.24 1245.78 -1.79
Scenza“os 10.25 7.27 1213.29 -4.36
Sce“;“os 11.69 8.33 1202.45 5.21
Personnel Vo
Breathing &l w
Zone '

a) Benchmark

b) Increase air velocity 20%

¢) Increase air velocity 40%

d) Increase air velocity 60%

Figure 8. Influence of increasing air inlets on velocity contours at Section 5.

4. Conclusions

The air flow distribution in single-shield TBM
was numerically investigated by utilizing the CFD
approach. Field measurements carried out in the
Chamshir tunnel have allowed validating a
numerical model. Coefficient of determination in
experimental and modeling results was calculated
to be 0.9467. Based on the simulation results and
analysis of airflow distribution, dead zones are
present in sections 1 to 7 in crew pathway and
staying place. Dead zone volume in benchmark is
about 59.6% of the total space of the machine.
Effect of increasing air mass flow rate on TBM
ventilation was examined with regards to the
personal safety. In summary, if blowing jet fan
operates at maximum, the flow rate can decrease
5.21% dead zone volume and improve 65.25%
airflow velocity in the breathing zone at the
mainframe of TBM.

5. Recommendations

In this paper, the ventilation system in single-
shield TBM was discussed. However, there are a
great many scientific problems that require to be
further researched such as the locomotive and
TBM movement as dynamic mesh and the
influence of diesel particulate matter and gas
emission from the rock on the induced airflow,
and the interaction of the pollutants gas with each
other on the induced airflow, and others at TBMs.
It is the hope of the authors that additional
researchers will devote themselves to the
correlation research works.
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