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Abstract

The steady three-dimensional airflow in a subway tunnel was analyzed using ANSYS CFX software by solving Reynolds-averaged
Navier-Stokes equations. A ventilation system in a model subway tunnel was developed by analyzing the mass flow rate through the
ventilation shafts and the airflow in the tunnel. The airflow in the tunnel and mass flow rate in the shafts were investigated with a guide
vane, porous zone, and air-curtain installed in the subway model tunnel. A mechanical shaft of an existing subway tunnel in Seoul was
analyzed to apply the developed ventilation system to the tunnel. The ducts of the mechanical shaft were connected in two different ways,
and guide vanes were installed in the shafts. An emergency duct between the ducts of the mechanical shaft was used to connect the ducts
and install the precipitator. An axial flow fan in the duct was used to induce swirling flow. Guide vanes were installed at one side and
both sides of the shaft before the electric precipitator to obtain uniform flow, which enhances the performance of the precipitator. A
proper duct connection for higher mass flow rate was obtained. The installation of guide vanes on both sides led to more uniform flow in
the duct. The developed ventilation system was applied to the actual subway tunnel by connecting ducts and installing the guide vanes on

both sides of the ducts.
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1. Introduction

Subway tunnels and ventilation systems are in enclosed
spaces, and the air quality deteriorates due to air pollutants
emitted from moving trains. High-performance trains generate
substantial amounts of heat and dust that exceed the amount
that can be discharged with piston-effect ventilation from the
subway tunnel. Proper subway ventilation is needed to main-
tain indoor air quality (IAQ). Platform screen doors (PSDs)
improve the platform environment, but they may degrade the
air quality in the subway tunnel. The particulate matter (PM)
level is higher in the tunnel than on the subway platform. The
major chemical species in the subway are Fe-containing, car-
bonaceous, soil-derived particles, and aerosols such as nitrates
and sulfates. The indoor air of a subway contains heavy metal
PM generated from the friction of the wheels and brake pads.
Gaseous nitrogen and sulfur oxides are abundant in the indoor
environment of the subway. The airborne radon levels in the
subway cabins were increased by 53% after PSD installation
in subway stations [1]. Radon is a colorless, odorless, and
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tasteless gas produced by radioactive decay of uranium and
thorium, and its products are health hazards.

Experimental and numerical studies have been performed
to analyze the unsteady three-dimensional flow field in tun-
nels with a single track [2, 3]. The train-induced airflow was
also studied both numerically and experimentally for tunnels
with more than one track. Experimental studies investigating
the effects of moving vehicles on the tunnel ventilation were
performed for two trains moving in the same direction and
opposite directions [4]. The airflow was not sufficient to
push vitiated air out of the tunnel when two trains ran in
opposite directions. Numerical simulations were performed
to analyze the airflow in a twin-track subway tunnel [5, 6].
An adequate subway ventilation system is necessary to
maintain the IAQ [7]. The station IAQ becomes worse due
to high concentrations of the fine dust that is transported to
the subway platform by trains in the tunnels. Therefore, a
proper ventilation system is needed to maintain IAQ in a
subway tunnel [8].

A model subway tunnel was constructed to develop a tunnel
ventilation system. The objective of this study was to find a
proper ventilation system for the model tunnel, and to apply
this ventilation system to an existing subway tunnel. The air-
flows in the model subway tunnel and the existing subway
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tunnel were analyzed using ANSYS CFX software by solving
Reynolds-averaged Navier-Stokes equations [9].

2. Computational procedure

2.1 The model subway tunnel: the computational domain
and experiment

The ventilation system of a model subway tunnel was in-
vestigated numerically and experimentally. The model sub-
way tunnel was 54 m long, 1.65 m high, and 2.5 m wide.
The tunnel was a one-quarter scale model of a real subway
tunnel. The tunnel had three U-type mechanical ventilation
shafts, as shown in Fig. 1. Each ventilation shaft had two
axial-flow fans: one for discharging air and the other for
supplying air to the tunnel. The air is discharged to the shafts
through the axial-flow suction fan of each ventilation shaft,
and the cleaned air enters the tunnel through the installed
axial-flow fan.

An air-curtain nozzle was installed between the ducts of the
ventilation shaft of the subway tunnel [10]. The thickness and
length of the air-curtain nozzle were fixed to 0.1 m and 1.4 m,
respectively. A guide vane was installed at the end of the ducts
of the ventilation shafts. The installation angle of the guide vane
was 60° [11]. The electric precipitator in the middle of each
ventilation shaft has filtering media with an effective filtration
process. Simulated air currents from trains were generated arti-
ficially by using an axial-flow fan at the tunnel inlet.

2.2 The boundary conditions and grid validation

The computational grid of the model subway tunnel was
generated using an unstructured grid. The grid was distributed
along the X, Y, and Z axes. A grid validation study was per-
formed to ensure that the computed quantities would properly
converge. The number of elements in the tetrahedral mesh was
between 850,000 and 1,600,000. The airflow passing through
the shaft was measured in the tunnel. Grid convergence test
results indicated that the proper number of elements for the
tunnel flow study at which the mass flow rate passing through
the shaft converged to an almost constant value was approxi-
mately 1,000,000 as shown in Fig. 2. The minimum grid size
was 0.001 m, and the maximum grid size was 0.01 m based on
the converged solutions.

A numerical computation was performed without train runs.

The working fluid was air at 25 ‘C under atmospheric pressure.

Adiabatic wall boundary condition was used for the tunnel
walls, as shown in Table 1. All walls were treated as viscous
adiabatic surfaces with no-slip velocity conditions. Open con-
ditions were imposed at the outlet of the subway model tunnel.
The pressure boundary conditions were applied to the ducts of
the shafts. An air-curtain velocity of 25 m/s was applied at the
air-curtain inlet. The flow field was analyzed in steady-state
conditions. The train-wind velocity was applied to the tunnel
inlet.

Table 1. Boundary conditions for the computational domain.

Boundary condition Location Value
Air-curtain inlet 25 m/s

Inlet Duct 1 inlet 196.2 Pa
Tunnel inlet 4 m/s

Outlet Duct 2 inlet 196.2 Pa

Opening Tunnel outlet 0 Pa
Wall Tunnel wall No-slip, adiabatic
Tnlet Tunnel Outlet

Mechanical ‘ ‘ Mechanical ‘

T
J Mechanical ‘ ‘ |
Shaft 1 Shaft 2 |

Fig. 1. Schematic view of the computational domain of the model
tunnel (top view).
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Fig. 2. Grid convergence test results with the mass flow rate and num-
ber of grid elements.

2.3 The computational tools and turbulence model

ANSYS CFX software includes Workbench, CFX-Pre,
CFX-Solver, and CFX-Post. The ANSYS Workbench can be
used to provide the geometry or to modify the geometry pro-
vided in other data formats. Standard two-equation turbulence
models often fail to predict the onset and the amount of flow
separation under adverse pressure-gradient conditions, but the
k-w-based shear stress transport (SST) model was designed to
make highly accurate predictions of the onset and the amount
of flow separation under adverse pressure gradients by the
inclusion of transport effects into the formulation of the eddy
viscosity [12]. The choice of the turbulence model depends on
the flow physics, including massive flow separations, as well
as the established practices for a specific class of problem, the
level of accuracy required, the available computational re-
sources, and the amount of computing time available for the
simulation. The k-w-based SST model had similar governing
equations to those of the standard k- model [13].
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Fig. 3. Ventilation system in the model tunnel.
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In Egs. (1) and (2), G, represents the generation of turbu-
lence kinetic energy due to the mean velocity gradients. G,
represents the generation of w, which is the dissipation per
unit turbulence kinetic energy. I, and I'_ are the effective
diffusivities of k and o, respectively. Y, and Y represent
the dissipations of £ and @ due to the turbulence. D_ is the
cross-diffusion term. S, and S, are user-defined source
terms.

3. Results and discussions

3.1 The ventilation systems in the model subway tunnel

Fig. 3 shows an existing ventilation system and the pro-
posed ventilation system in a subway tunnel. In the existing
ventilation system, clean air enters the subway tunnel through
mechanical shaft 2, while the dirty air is discharged through
mechanical shafts 1 and 3. The dirty air is discharged through
the duct fans of the mechanical shaft, and the air is cleaned by
passing through the precipitator, after which the cleaned air
enters the tunnel in the proposed ventilation system [14].

Experimental and numerical analyses were performed with-
out actual train runs in the model subway tunnel. The train
wind is the wake flow generated by the axial flow fan at the
tunnel inlet. The air inside the tunnel was assumed to be pol-
luted in the numerical analysis. The developed ventilation
system was constructed such that the polluted air passes the
electric precipitator installed at each of the mechanical shaft.
The air passing through the precipitator enters the tunnel
through the axial-flow fan of each mechanical shaft.

The model subway tunnel was investigated with guide vane
and air-curtain installations, with a train-wind velocity of 4
m/s applied at the tunnel inlet. The guide vanes were installed
at the connected parts of the mechanical shaft with the tunnel
to direct the airflow. The guide vane installation angles were
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Fig. 4. The airflow distributions from the air curtain in the tunnel.

60" at the ducts of each mechanical shaft. The air from ducts
impinged on the opposite wall and flowed along the wall to-
ward the tunnel outlet. An air curtain was installed between
the ducts of the ventilation shafts at the side of the tunnel. The
thickness and length of the air-curtain nozzle were 0.1 m and
1.4 m, respectively. The velocity distributions due to the air-
curtain were measured when the fans of the mechanical shaft
were operated and not operated. Fig. 4 shows the velocity
vector distributions in the tunnel without the train wind. There
were similar velocity distributions in all the mechanical shafts.
The developed air curtain can block the train wind in the tun-
nel when the air curtain velocity is 25 m/s.

In the numerical approach, a dust-collecting electrical pre-
cipitator was simulated as the air flowed through the porous
zone. The air passed through the porous zone and experienced
a pressure drop. A pressure drop and low velocity typically
appeared in the porous zone. Fig. 3(b)) shows the porous zone
location in the shafts. The dust collector in the middle of each
shaft has filtering media with an effective filtration process.
Filtration using porous filter media is important for the separa-
tion of airborne dust. Different filters are available, such as ash
filters, metal fiber filters, and stainless filters with different
porosity ratings. Porosity is defined by the fraction of the vol-
ume of voids divided by the total volume, and its random
number ranges between 0 and 100%. The porosity of the elec-
trical precipitator was assumed to be 70%. The structure of the
porous zone had a porosity of 70%, which meant that 70% of
the volume was available for air flow, and the remaining 30%
was occupied by the solid material that comprises the structure.
The mass flow rate with and without the porous zones in the
shafts for the train-wind, the guide vane angle, and the veloc-
ity of the air curtain was 4 m/s, 60", and 25 m/s, respectively,
as shown in Table 2. The mass flow rate passing through the
shafts decreased when the porous zone was installed in the
shafts due to the blockage effect. A pressure drop occurred in
the porous zone.

An electric precipitator (0.85 m x 0.8 m x 0.85 m) was in-
stalled in the middle of each ventilation shaft. Table 3 lists the
experimental conditions for the particle concentration meas-
urement and the results obtained from experimental and nu-
merical analyses. The dirty air was pulled into the shaft by the
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Table 2. The mass flow rates in the shafts with the guide vane installed
and with/without porous zone.

Mass flow Train-wind velocity, 4 m/s | Train-wind velocity, 4 m/s
rate, kg/s without porosity porosity 70 %
Tunnel inlet 19.67 19.67
Shaft 1 11.06 10.05
Shaft 2 11.51 10.67
Shaft 3 11.05 10.01

Table 3. Flow conditions, measured particle concentrations, and com-
putational mass flow rate.

Shaft
Fans 196.2 Pa
Train-wind 4.0 m/s
Air-curtain 25 m/s
Precipitator 12kV
Mass flow, kg/s (computed) 11.06
Particle size 1 um
Particle concentration in the tunnel inlet About 2000 mg/m’
Particle concentration: (measured) in DM About 150 mg/m’

axial-flow fan of the ventilation shaft with a capacity of 196.2
Pa. The velocities of the air curtain and train wind were 25
m/s and 4 m/s, respectively. The air curtain blocks the wake
airflow behind the train in the tunnel, thereby increasing the
amount of polluted air entering the precipitator. The applied
voltage of the electric precipitator was 12 kV. The mass flow
rate before the precipitator was 11.06 kg/s. The particle di-
ameter was 1 um. A particle concentration of 2000 mg/m3 was
generated at the tunnel inlet. A dust-monitoring device
(Grimm Co. Germany) (DM) was installed in the tunnel be-
tween ventilation shafts 1 and 2 to monitor the particle con-
centration. The DM was operated for approximately 10 min
for the analysis. The particle concentration at the DM was
about 150 mg/m’, which was found to have decreased by
about 92.5% when the particle concentration at the DM was
compared with the particle concentration at the tunnel inlet.

3.2 Effect of duct connections in the mechanical shaft of the
real subway tunnel

A mechanical shaft has an important role in the developed
ventilation system. The mechanical shaft is used to discharge
dusty air and to supply clean air to the tunnel. The mechanical
shaft of a real tunnel was investigated numerically to apply the
developed ventilation system. The twin-track subway tunnel,
which waas chosen as the computational domain, is 100 m
long with one mechanical shaft. The train wind was applied at
track 1, and the same boundary conditions were applied to the
computational domain. The mechanical shaft in the real tunnel
was investigated by connecting ducts of the shaft.

Fig. 5 shows two ways of connecting ducts to apply the de-
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Fig. 5. Schematic view of the shafts connections.

veloped ventilation system in the tunnel. The existing me-
chanical shaft has three ducts: duct 1, an emergency duct, and
duct 2. The emergency duct is the duct between duct 1 and
duct 2, and is used in the developed ventilation system. There
are two ways of connecting ducts: connecting duct 1 and duct
2, and connecting duct 1 and the emergency duct. The dusty
air enters through duct 1 and passes through the electric pre-
cipitator, and the cleaned air from the precipitator enters the
tunnel. The connected ducts were simulated with the real
subway tunnel part. The performance of the connections was
evaluated by the mass flow rate through the mechanical shaft.
Axial-flow fans were installed in the ducts of the mechanical
shafts. The velocity vector distribution and the mass flow rates
in the mechanical shafts were computed. The velocity vector
distributions in the shaft are shown in Fig. 6. The mass flow
rate was measured at the precipitator installing location. The
mass flow rates were 100.06 kg/s for the connection between
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Fig. 6. The velocity distributions in the tunnel and different connec-
tions between the mechanical shafts.

duct 1 and the emergency duct, and 93.89 kg/s for the connec-
tion of duct 1 and duct 2. The connection of duct 1 and the
emergency duct was selected for further computations due to
its larger mass flow rate.

3.3 Effect of installing the guide vane in the mechanical shaft

Precipitators were used to reduce the amount of pollutants
in the exhaust stream. They have a grid or baffle filter to re-
move large particulate from the exhaust air stream. Electri-
cally charged grids charge most of the small particles passing
them. The combination of grids creates a magnetic field where
particles charged in the grid are repelled by the grid and are
attached to the grounded collecting plates in the precipitator.
The dust-collecting plates are removed regularly for cleaning.
The efficiency of a precipitator is affected significantly by the
airflow velocity and flow uniformity. The airflow at the pre-
cipitator could be controlled by the guide vanes for more ho-
mogeneous flow and thus higher efficiency. A precipitator
was installed in the ducts of each ventilation shaft.

The real subway tunnel was investigated with guide vanes
in the mechanical shaft and with train wind. The guide vanes
were installed in the mechanical shaft to obtain more uniform
flow before the electric precipitator, as shown in Fig. 7.

Guide vanes were installed on one side (at the corner) of the
mechanical shaft, as shown in Fig. 8 and Table 4. The airflow
entered duct 1 and was strongly rotated while it passed the

Table 4. The guide vane installation in the middle of the shaft (top view).

1 side Guide Vane 3 1 side Guide Vane 10

2 side Guide Vane 3 2 side Guide Vane 10

e Guide

_ Train-wind Vane

direction

Fig. 7. The computational domain of the developed mechanical shaft of
the real tunnel.

axial-flow fan of duct 1. A reverse airflow was formed in the
center of duct 1, and the airflow moved forward passing by
the installed guide vanes. High velocity was observed near the
walls of the mechanical shaft in all cases. The airflow became
homogeneous, and the backflow phenomenon around the cor-
ner was prevented significantly in the duct as the number of
guide vanes increased. Fig. 9 shows the cross-sectional view
after the guide vane, just before the electric precipitator.

Table 5 presents the mass average velocities at the divided
guide vane zones. The average velocity was computed at each
guide vane. The average velocity at A-A was high at the zones
closest to the side walls of the mechanical shaft, especially at
the inner walls. The average velocity across the guide vane
zones was high when four guide vanes were installed.
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Fig. 8. The velocity contour distributions in the shaft for the one-side
guide vane installations (top view).
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Fig. 9. Cut-away view of the guide vane.

Fig. 10 shows the velocity distributions in the mechanical
shaft when the guide vanes were installed on both sides (at the
corners) of the shaft. The airflow entered and rotated strongly
while passing the suction fan in duct 1. When the guide vanes
were installed on both sides, the rotating airflow was sup-
pressed significantly while passing the first guide vane zone
and entering the second guide vane zone. The airflow after the
second guide vane became relatively uniform. The guide
vanes reduce the airflow speed and prevent the swirling air-
flow in the middle of the shaft. Homogeneous airflow was
obtained when the guide vanes were installed on both sides at
the corners. However, the low average velocity at the zones
close to the wall due to boundary layer effects reduces the
average velocity in the cross section. The average velocity was
measured at A-A, where it was high at the center and low near

Table 5. The mass average velocity distributions and standard devia-
tion at the exit of the guide vane zones (when the guide vane was in-
stalled at one side of the shaft), m/s.

Guide vane | Without The numbers of the installed guide vane
zones guide
(A-A cut) vane 3 4 6 10
1 14.4 18.49 14.55 18.63 9.31
2 7.24 7.5 7.12 10.67
3 11.18 13.5 11.0 11.54
4 222 1691 11.08 14.7
5 233 19.34 21.04
6 113 10.9
7 25.54 10.21
8 14.82
9 11.49
10 22.6
11 26.01
Average ve-
locity across 14.4 14.78 15.15 14.86 14.85
the zones
Stal.ld{ird 6.797845 | 5.725493 | 6.456455 | 5.748818
deviation

Guide Vane 6

Guide Vane 10

Fig. 10. The velocity contour distributions in the shaft for the two-side
guide vane installations (top view).

the walls of the shaft, which is a typical homogeneous turbu-
lent velocity profile. The turbulent flow was recovered after
the second guide vane system.

Table 6 presents the average velocities across the guide
vane zones. The average velocity across the guide vane zones
became relatively similar as the number of guide vanes in-
creased. The average velocity across the zones was slightly
lower with three guide vanes than with more than three. The
average velocity at the guide vane zones of the shaft was re-
duced when the guide vanes were installed on both sides only.
Standard deviation of the velocity when the vanes were in-
stalled on one side and both sides of the shaft is presented in



M. Juraeva et al. / Journal of Mechanical Science and Technology 29 (1) (2015) 251~258 257

Table 6. The mass average velocity distributions and standard devia-
tion at the exit of the guide vane zones (when the guide vane was in-
stalled at both sides of the shaft), m/s.

Guide vane | Without The numbers of the installed guide vane
zones guide
(A-A cut) vane 3 4 6 10
1 14.4 8.157 8.63 8.60 6.31
2 20.1 10.62 7.12 8.16
3 13.19 22.68 11.0 9.18
4 11.18 13.74 25.54 20.24
5 11.61 19.34 2531
6 113 13.79
7 11.08 14.02
8 13.37
9 16.11
10 1135
11 12.86
Average ve-
locity across 14.4 13.23 13.46 13.42 13.7
the zones
Standard 5.070005 | 5.475028 | 6591527 | 5.436482
deviation

the tables. The lower standard deviation was 5.07 when three
guide vanes were installed on both sides of the shaft.

Homogenization of the airflow in the shaft before the pre-
cipitator was much better with the installation of guide vanes
on both sides than with guide vanes on one side. However, the
cost of vane installation increases with the number of guide
vanes. The proper guide vane installation was three guide
vanes on both sides of the mechanical shaft, which provided
similar flow quality at the lowest installation cost.

4. Conclusions

The air quality in a subway tunnel deteriorates due to air
pollutants emitted from trains. Directly installing dust-
removing systems such as electric precipitators inside an exist-
ing tunnel is impossible, although fire problems might arise as
a result. The objective was to find a proper ventilation system
and to apply the system to an existing subway tunnel. ANSY'S
CFX software was used for unsteady computations of the flow
field in the subway tunnel by solving Reynolds-averaged Na-
vier-Stokes equations.

First, the ventilation system was developed in a model tun-
nel by analyzing the airflow in the tunnel numerically and
experimentally. The model subway tunnel was 54 m long,
1.65 m high, and 2.5 m wide. The ventilation performance
was investigated by observing the mass flow rate through the
mechanical shafts and the airflow in the tunnel. The effects of
guide-vane angle, air curtain, and porous zone on the airflow
in the shafts were studied in the model subway tunnel. The
ventilation system developed was applied to an existing sub-
way tunnel. The ducts of the mechanical shaft of the existing

subway tunnel were connected to analyze the ventilation sys-
tem in the tunnel. An existing emergency duct between the
ducts of the mechanical shaft was used. The mass flow rate
was higher with the mechanical shaft connection between duct
1 and the emergency duct than that when duct 1 and duct 2
were connected. The guide vanes were installed in the me-
chanical shafts before the electric precipitator to obtain uni-
form flow. Three guide vane installations on the both sides at
the corners of the shaft gave better results with similar flow
quality but lower cost of installation.
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