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Abstract We numerically investigate the train-induced
transient pressure on the platform screen doors (PSDs) of
an island-type platform in a subway station according to real
scenarios and full-scale simulation to enhance understand-
ing of the design and safe operation of subway trains. Two
typical cases, namely, the non-stop and chasing cases, were
examined, with the train’s speed variation well simulated
throughout both cases. In the non-stop case, a train passes
through the station without stopping; in the chasing case,
a train stops at the station while another subsequent train
approaches through the tunnel, which inevitably happens
during rush hours. It is observed that the train generates a
compression wave when it passes the tunnel’s ventilation
shaft, similar to what occurs when entering a tunnel. In the
non-stop case, the PSDs experience two positive and one
negative pressure extremes in the whole process. The first
positive peak results from an oncoming compression wave
through the tunnel, while the second positive and negative
peaks arise due to the passing of the train head and tail,
respectively. In the chasing case, the stopped train at the plat-
form leads to a blockage effect that significantly increases
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the pressure on the PSDs via the oncoming compression
wave. This lateral pressure may result in the failure of proper
operation of the PSDs, particularly during rush hours, with
pressure lasting for roughly 5.7 seconds. It is also found that,
compared to the fully sealed PSD, both the half-height and
partial porous PSDs can significantly reduce the pressure
load caused by the passing of the train head, with its maxi-
mum pressure load reduced by 38.7% and 38.2%, respec-
tively. Therefore, if the pressure load on a fully sealed PSD
is too high for structural design, one may consider the use
of half-height and partial porous PSDs as an alternative. Our
study offers crucial insights into the train-induced transient
pressure on PSDs in a subway station island-type platform.
It provides guidance on optimizing the pressure/operation
problem on PSDs and offers valuable information for the
safe design and operation of subway trains.

Keywords Subway station - Platform screen door (PSD) -
Pressure wave - Pressure load - Moving mesh technique

1 Introduction

The platform screen door (PSD) is an indispensable compo-
nent of the metro system that is widely used to protect pas-
sengers and guarantee comfortable circumstances inside the
station [1-3]. Since the higher running speed and departure
frequency of subway trains have become a more realistic
demand during rush hours, the induced extreme pressure is
significantly increased, which affects the PSD’s structural
safety and normal operation.

The structure design for PSDs usually considers the
lateral load caused by the crowd, wind pressure, seismic
effects, etc. [4], which considers the static or equivalent
static load effects on the PSDs. However, a new issue arises
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for the proper operation of PSDs, particularly during the
rush hours of the metro system. Specifically, the PSDs may
accidentally not open or close appropriately for passengers
to board and alight when a train stops in the station [5]. A
possible reason for this failure, as reported by Zeng et al.
[6] based on their moving model test result, is a lateral load
acting on the PSDs, which increases the friction resistance
during its opening or closing. Obviously, this lateral force
cannot be ascribed to the stopped train at the platform.
Instead, it would be associated with the aecrodynamic effects
induced by the train coming through the tunnel. However,
the characteristics and mechanism of this lateral load are not
yet fully understood.

Extensive investigations have been conducted on the aero-
dynamic phenomena caused by a train passing through a tun-
nel or station [6—11]. A compression wave is generated once
the train head enters a tunnel [12, 13], which propagates in
the tunnel at the speed of sound. In addition, an expansion
wave is produced when the train tail reaches the entrance
of the tunnel. The train-induced compression wave is con-
verted to an expansion wave when it arrives at the tunnel
exit, and then reflects back into the tunnel [14, 15]. Matsuo
and Aoki [16] proposed a model to predict the decaying
of compression waves through a tunnel. Ricco et al. [17]
experimentally and numerically studied the pressure waves
caused by a high-speed train. The influence of the blockage
ratio 8, namely the ratio between the cross-sectional areas
of the train and tunnel, and the train length was discussed.
They found that the pressure waves are planar waves with
their peak depending almost linearly on . However, both
the length and sectional shape of the train have negligible
effects on the strength of the pressure waves.

Moreover, Mei [18] numerically studied the pressure
waves generated by a train passing through a tunnel and
two trains passing by each other inside a tunnel. For the first
case, he suggested the positive and negative extreme pres-
sure in the tunnel appear at the arrival of the train head and
tail, respectively. These pressure extrema in the second case
increase by approximately 50% and 30%, respectively. More
recently, Meng et al. [19] suggested that the peak pressure
inside a tunnel caused by a passing train can be reduced by
36% if a ventilation shaft is opened at the center of the tun-
nel. A similar observation has also been reported by Zeng
et al. [6].

With the increase in subway train speed, a growing num-
ber of investigations have concentrated on the pressure load
on PSDs, especially for the case of a non-stop train passing
through an underground station. Chun et al. [7] used the
PHOENICS (Parabolic, Hyperbolic or Elliptic Numerical
Integrated Code Series) commercial code to investigate the
transient pressure on the PSDs induced by a non-stop train.
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They found that the pressure on the PSDs is linearly depend-
ent on the square of the train speed, and the maximal pres-
sure appears at the entrance of the station. This observation
was further confirmed by Luo [20]. Kim [21] studied the
transient pressure on the PSDs through field experiments.
He compared three typical cases, i.e., a non-stop train pass-
ing through a station, two non-stop trains meeting in a sta-
tion, and a non-stop train passing through a station while
another train is stopped at the platform. He found that the
pressure on the PSDs is the highest in the second case and
the lowest in the first one. Interestingly, Kim [21] found that
the pressure on the PSDs starts to increase when the train
is still about 500 m from the platform. Based on a moving
model test, Zhou et al. [22] also studied the aerodynamic
characteristics of the PSDs for a train passing through a sta-
tion and two trains passing each other inside a station. They
suggested that the maximal pressure on the PSDs occurs
near the entrance of the station, which decreases slightly
along the platform. Moreover, the maximal pressure on the
PSDs for the case with two trains meeting at the center of the
station is about 1.22 times higher than that in the first case.
More recently, based on the sliding mesh technique,
Yuan et al. [13] numerically studied the transient pressure
on the PSDs caused by a non-stop train passing an island-
type platform. They found that the maximal pressure on the
PSDs quickly decreases with the increasing gap between the
train and PSDs. For example, when the gap increases from
130 to 425 mm, the lateral force and overturning moment
on the PSDs decrease by 52.72% and 54.71%, respectively.
Liang et al. [23] studied the effects of the height of PSDs on
the aerodynamic characteristics of both the train and PSDs.
With the height of PSDs increasing from 2.5 to 3.75 m and
5 m, the maximum pressure increases by approximately
16.6% and 59.1%, respectively. Based on experimental and
numerical results, Zhou et al. [3] suggested that the ventila-
tion shafts near the station entrance and exit can markedly
reduce the pressure load on the PSDs inside the station.
Using a moving model test facility, Zeng et al. [6] stud-
ied the pressure transient on the PSDs for the chasing case,
i.e., a train stopping at the station while a subsequent train
is approaching through the tunnel. They suggested that the
blockage brought by the stopped train results in an increase
in the pressure load on the PSDs through the interaction of
the compression wave induced by the coming train. How-
ever, because of the length limitation of the moving model
facility, there were still some noticeable differences between
their test and a real subway operation scenario, including
the length of the tunnel, the spacing between the coming
train and stopped train, and the variation in the train veloc-
ity throughout the process. In addition, rare studies have
focused on the effect of different forms of PSDs on the
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resulting pressure. These opening questions motivated us to
carry out the following research work.

This paper reports a systematic numerical investigation
of the aerodynamic characteristics of PSDs of an island-type
platform. Two typical cases were studied, i.e., the non-stop
case and the chasing case. In non-stop cases, a train passes
the station without stopping. In the chasing cases, a train
stops at the platform, while a subsequent train approaches
through the tunnel. The studied model of the train, station,
and tunnel are all based on their corresponding prototypes
widely used in real metro systems. In addition, the variation
in train speed during the whole process is identical to the
real scenario. Moreover, for the non-stop cases, three types
of PSDs, i.e., fully sealed, half-height, and partial porous,
and the status of the ventilation shafts were also simulated
to investigate their influence on the pressure on PSDs. This
study provides in-depth insight into the train-induced pres-
sure on the PSDs under two typical operating scenarios and

Ventilation shaft

three different forms of PSDs, which may offer some guid-
ance on the optimization of the relevant pressure problem
on the PSD.

2 Numerical Modeling
2.1 Computational Model

The model of the station with an island-type platform is
given in Fig. 1. The total length, width, and height are
233.2 m, 28.45 m, and 6.5 m, respectively. The PSDs along
the platform are highlighted in blue. Their total length and
height are 166.15 and 2 m, respectively. Four ventilation
shafts are located near the entrance and exit of the station,
whose cross-section is 5 m X 5 m and height is 30 m. Three
types of PSDs were tested for comparison purposes. The
fully sealed PSD is 2 m high, completely isolating the tunnel

Ventilation shaft

Fig. 1 3D sketch of a standard station with an island-type platform model
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Fig. 2 Three types of PSDs calculated for the non-stop cases: a fully sealed, b half-height, and ¢ partial porous
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and platform when closed (Fig. 2a). The half-height PSD
is 1.3 m high, resulting in a connection of the tunnel with
the platform space, as shown in Fig. 2b. The height of the
partial porous PSD is also 2 m. A 0.7 m gap between the
PSD and ceiling was filled with plates with a porous ratio
of 50% (Fig. 2c¢).

Figure 3a gives the locations of pressure taps on the
PSDs. Particularly, taps 1 and 8 were arranged at the end-
door of PSDs close to the entrance and exit of the station,
respectively, while taps 2 to 7 were placed on the PSDs
along the platform. All taps were located at the mid-height
of the PSDs. The distance between two adjacent taps was
about 23.8 m. The train used in the present simulation was a
classical type A+ train consisting of eight coaches (Fig. 3b),
which is extensively used in metro systems all around China.
The length, height, and width of the train were about 185 m,
3.36 m, and 3 m, respectively. Figure 3c gives the cross-
sectional dimensions of the tunnel, which was a circle with
a diameter of 7.2 m, except for the flat track bed at the bot-
tom. Thus, the blockage ratio caused by the train was § =
26.7%. For the cases of fully sealed PSDs, the tunnel in the
station was rectangular, with a height of 6.5 m and a width of
4.78 m. Thus, the corresponding § was about 32.4%, slightly
higher than that of the circular tunnel. The train is 0.6 m
above the ballast and 0.4 m away from the PSDs, as shown
in Fig. 2a.

(@)

Ventilation shaft

The total length of the computational domain was
7863 m, including the 233.2 m-long station; the 5129.8 m
long tunnel 1, connecting with the entrance of the station
(highlighted in red in Fig. 4); and the 2500 m-long tunnel
2, connecting with the exit of the station (highlighted in
blue in Fig. 4). For the implementation of moving mesh,
the train and tunnel were separated by a virtual inter-
face, as shown in Fig. 3d, which is used to exchange data
between the sliding components [24, 25]. The surface of
the train and the interface were discretized into unstruc-
tured hexahedral grid, with a minimum size of 0.01 m and
a growth ratio of 1.15 in the wall-normal direction. The
computational domain was also discretized into unstruc-
tured hexahedral meshes (Fig. 4), with a grid number of
about 23 million. The total number of meshes for a train
was about 2 million. The tunnel mesh part was stretched
along the x direction after generating a hexahedral mesh
in the inlet or outlet surface; the grid layer distance along
the x direction is about 0.5 m. The minimum grid size on
the tunnel and station parts was 0.1 m.

The boundary conditions at the tunnel entrance and
exit were set as pressure-out and non-reflecting, which
can prevent the reflection of the pressure waves [26, 27].
The surfaces of the train, tunnel, and PSDs were set as
no-slip walls. It is worth mentioning that all ventilation
shafts were connected with a large space at their upper
exit, as shown in Fig. 4, which can effectively reduce the
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Fig. 3 a Station section and pressure taps on PSDs; b 3D sketch of the type At subway train model; ¢ cross section dimension of the tunnel

model; d the mesh of the train and interface
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Large space

Station

Fig. 4 Computational mesh

computation divergence caused by defining the boundary
condition at the exit of the ventilation shafts [28]. The
boundary condition of the sides and top surfaces of the
large space was pressure-out, reflecting, while the bottom
surface was defined as a solid wall.

2.2 Mathematical Model

The Reynolds number, based on the maximum train speed
(140 km/h) and the width of the train (3 m), reaches 7.896 X
10°. The flow inside the tunnel is usually regarded as a three-
dimensional unsteady compressible flow [13, 29]. Based on
the Reynolds-averaged Navier—Stokes (RANS) equations,
Liu et al. [30-31] Ogawa and Fujii [32], , Niu et al. [33], and
Yuan et al. [13] have successfully captured the dynamic pres-
sure generated by a train passing through a tunnel or station.
The renormalization group (RNG) k-¢ model has been widely
adopted for analyzing the pressure variations inside tunnels
or stations [13, 15, 33, 34]. Thus, we adopted the RNG k-¢
model in the present simulation. The governing equations are
as follows:
Mass equation:

dp  9(pu;)
— t —— =
ot ox;

L

0 ey

where u; represents the velocity component in i direction, i
=1, 2, and 3. 7 is the time and p is the fluid density.
RANS equation:

ou; N ou;\ _ dp L0 ou; N OR;;
P\or T ax, ) T Tax o Moy ) T oy @
where p and u represent the averaged pressure and air
dynamic viscosity, and R; = —pu; u]’. is the Reynolds stress

Large space

Ventilation shaft

tensor, which can be solved based on the Boussinesq
equation:

Ry = —oit = (24 1+ 25 2 205

7 l

where y, is the turbulent viscosity and ytzcui—z, and C, =
0.0845;6ij is the Kronecker delta function.
The equation for turbulence kinetic energy k:
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And the equation for turbulence dissipation rate &:
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where g, and a, are the turbulent Prandtl constant, and a; =
a, = 1.39; u,represents the dynamic viscosity, and p,= p +
#,; G, is the turbulent kinetic energy generated by the mean
velocity gradients; C;, and C,, are model coefficients, and

ng = 1.68.
n
"(%) ©)

where C, = 1.42, n, = 4.377, and f = 0.012,
n= (2El.j . Eu) 1/ 2’;‘, Ej; is the time-averaged strain rate.
These governing equations are numerically solved by the
finite volume method (FVM) using ANSYS Fluent com-
mercial code. The PISO (Pressure-Implicit with Splitting
of Operators) algorithm is used to deal with the coupling

between pressure and velocity. The convection and diffusion
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terms are discretized by adopting a second-order upwind
scheme. An implicit scheme with second-order accuracy is
used to solve the time term. The residual of each turbulent
equation is set at 107> to guarantee convergence. All numeri-
cal calculations were conducted on the Tianhe II supercom-
puter at the National Supercomputing Center, Hunan. For
each simulation, 200 CPUs were used. The time step in the
present simulation was set as 0.001 s, and the total duration
for one case was about 12 days (simulated physical time)
and 150 s (simulation time used on the computing platform).
As such, the maximum displacement of the moving mesh is
about 0.0389 m at 140 km/h, which should be small enough
compared to the grid distance along the tunnel (roughly
about 0.5 m) to guarantee the accuracy of the simulation. In
addition, we have validated our simulation results with the
moving model test results of Zeng et al. [6], which agree
with each other quite well. Therefore, for saving computing
resources based on the full-scale simulation, the time step of
0.001 s was adopted in the present calculation.

2500
2000 -
1500
1000

500

Present result

Full-scale test (Liu et al.2017b)

= = -Numerical result (Liu et al.2019)
- = - Numerical result (Jiang et al.2019)
- - -Numerical result (Li et al.2020)

-500
-1000
-1500
-2000
-2500

3000 L1111
01 2 3 4 56 7 89

Pressure (Pa)

10 11 12 13

Fig. 5 Pressure variation at 300 m from the tunnel entrance of a
1005 m-long tunnel. Train type: CRH2C, train speed: 300 km/h,
train-induced blockage ratio of the tunnel: 12.5%

Fig. 6 Photos of the moving
model test: a tunnel model; b
train model
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2.3 Validation

To confirm the applicability and accuracy of the present
numerical method, we repeated the case reported by Liu
et al. [30] for a CRH2C (China Railway High-speed 2C)
high-speed train passing through a tunnel at a speed of
300 km/h. The tunnel length is 1005 m and the blockage
ratio caused by the train is 12.5%. Other detailed informa-
tion for this case can be found in Liu et al. [30]. Figure 5
compares the pressure variation at a point 300 m from the
tunnel entrance with those reported by Liu et al. [11], Liu
et al. [30], Jiang et al. [35], and Li et al. [36] based on their
field test and numerical simulation. Generally, the present
result agrees well with those reported in the literature. Com-
pared with the full-scale field test, the maximum positive
and negative pressure errors are 2.01% and 2.04%, respec-
tively, and the peak-to-peak error is 0.42%.

The pressure variation inside a 51.6 m tunnel caused by a
subway train was also simulated using the above-mentioned
sliding mesh technique. The train speed is 120 km/h, and
the blockage ratio of the tunnel is 26.7%. The maximum
pressure P, along the tunnel is compared with the data
gave by Zeng et al. [6], which was obtained using the mov-
ing model test, as shown in Figs. 6 and 7. Readers may refer
to Zeng et al. [6] for more details about this case and their
test facilities. Note that the scale ratio (1:20) of the present
simulation was identical to the moving model test [6]. As
shown in Fig. 7, the distribution of P, along the tunnel is
consistent with the experimental result. The extreme P,
appears at 10.3 m from the tunnel entrance, which is 935 Pa
in the present simulation and 1026 Pa in the moving model
test. The deviation between them is 8.86%. The time his-
tory of the pressure at 6.2 m from the tunnel entrance is
also compared in Fig. 7b. The present simulation success-
fully captured the primary positive and negative pressure
waves. In addition, several small fluctuations of the pressure
are observed in the simulation result, as shown in Fig. 7b,
which are absent in the moving model test. This difference
should be ascribed to the reflection of the pressure wave at
the tunnel’s entrance and exit. Apparently, the numerical
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simulation slightly overestimated the reflection compared
with the moving model test. Considering the general agree-
ments in the comparison shown in Figs. 5 and 7, the numeri-
cal technique described in Sects. 2.1 and 2.2 is appropriate
for the present study.

3 Results and Discussion
3.1 Non-stop Cases and Chasing Cases

Figure 8a presents a diagram of the train speed for the non-
stop and chasing cases in real metro running scenarios. The
relative positions of the train, tunnel, and station are pre-
sented in Fig. 8b. In the non-stop cases, at r = 0 s, the train
inside the tunnel accelerates with constant acceleration a =
2 m/s”. The train is initially in the tunnel, 245 m away from
its entrance, to avoid forming significant pressure waves as
the train directly enters the tunnel. Once the speed reaches
U, = 140 km/h, the train continues running at this constant

Fig. 8 a the departure schedule
in real metro running scenarios

—— Non-stop train

speed until it approaches 506 m from the station, as indi-
cated by 7, in Fig. 8a. The train gradually decelerates to U,
= 110 km/h when it arrives at the station entrance (as rep-
resented by T5) and then passes the station at this constant
speed. When the train passes the station at T, it accelerates
again to U, = 140 km/h. The different speed modes, includ-
ing the speed-changing mode, were realized by defining the
profile in Fluent. In that profile, we can define the time and
corresponding speed for the train.

In the chasing case, the running scenario of the coming
train is identical to the non-stop case until 7. It starts to
decelerate constantly and stops at the platform at 7,. Note
that before T3, the stopped train inside the station has already
begun to accelerate and leave the platform at 7). In other
words, the stopped train will leave the station when the com-
ing train is about 3 km away. It is worth mentioning that
there is a ventilation shaft in tunnel 1, which is 570.5 m
ahead of the initial position of the coming train (as shown
in Fig. 8b). The coming train reaches the shaft at 24.4 s (T)
after its speed reaches 140 km/h.

Chasing train
—— Platform stop train

and b the relative position of the 160 T,
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To investigate the pressure variations on the train, we
placed a pressure tap at the train head (as highlighted by the
red point in Fig. 3b and c); the time-history pressure curve of
the train head is depicted in Fig. 9. The pressure of the train
head rapidly increases to 1615 Pa at time A (t = 19.44 s)
during the first acceleration part. This is because the airflow
in front of the train head is squeezed, as shown in Figs. 10a
and 11a, similar to that was observed by Niu et al. [33] and
Zhou et al. [3]. This part of the pressure is mainly decided by
the slipstream [37-39], the length of which is about 200 m

3000

2500

2000

1500

1000

Pressure (Pa)

500

-500
0 10 20 30 40 50 60 70 80 90 100110120 130 140 150 160

t(s)

Fig. 9 The pressure variations on the train head for a non-stop train
passes by the station

(from the location of the train head to the shaft of the tun-
nel). The pressure after the ventilation shaft is almost zero,
as presented in Fig. 12a at r = 20 s. This observation indi-
cates that the high-pressure region influenced by the train
is limited, and the nearby ventilation shaft can significantly
reduce the pressure associated with the slipstream.

The pressure of the train head remains relatively stable
from time A to B. Afterward, the train head passes the shaft
of the tunnel and generates a compression wave similar to
that induced when a train enters a tunnel [6]. Therefore,
the pressure rapidly increases, resulting in the maximum
P .x = 2485 Pa at time C (Fig. 9). Moreover, the flow field
in front of the train is in a large positive pressure state and
maintains a long transmit distance at t = 27 s, as shown in
Figs. 10b and 11b. A similar observation was also reported
by Kim and Kim [40], and Xiang et al. [41]. More specifi-
cally, the length of the high-pressure area originates from
about 272 to 1090 m and then rapidly decreases to zero at
around 1450 m, forming an approximately 1178 m pressure-
affected region (Figs. 10b, 11b, and 12). Note that the origin
and end of the coordinate in Fig. 12 were defined 140 m
away from the tunnel shaft (at which the train speed reaches
140 km/h and runs at this constant speed) and the station’s
end, respectively (Fig. 12). In addition, this part of the pres-
sure is the collective result of the slipstream and compres-
sion wave, which is obviously longer than that caused by
the slipstream only. Since the P, of the train head is about

max

2485 Pa (Fig. 9), we can roughly estimate that the pressure
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Fig. 10 Instantaneous pressure distribution at typical times for the non-stop train case
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Fig. 12 Transient pressure distribution along the tunnel at typical
times

caused by the compression wave is about 870 Pa, contribut-
ing about 35% of the P,,,,. This observation is consistent
with that observed in Fig. 12, where the extreme pressure
inside the tunnel associated with the compression wave is
about 880 Pa at r =27 s.

As mentioned, once the train tail passes the ventilation
shaft, an expansion wave will be induced and transmitted
to the station through the tunnel. Time C in Fig. 9 corre-
sponds to the instant when the expansion wave propagates
to the train head, as evidenced by a sharp decrease in pres-
sure. Then, the pressure remains stable at around 2000 Pa
for 30-45 s. The generated expansion wave continues to
propagate along the tunnel and reduces the pressure inside
the tunnel (see Figs. 9, 10c, and 12). However, the pressure
of the train head from C to D is significantly higher than
the pressure at times A to B. This is possible because when
its head approaches the shaft and generates a compression
wave, it increases the pressure on the train head, as indicated
in Fig. 12. On the other hand, when its tail passes the shaft,
the train may restrain the propagation of the expansion wave
along its running direction due to the blockage effect.

The generated compression wave transmits to the sta-
tion at the speed of sound, thus, it arrives at around 36 s.
Figures 10c and 11c show the corresponding pressure dis-
tribution. It is seen that the pressure inside the station is
mainly affected by the compression wave because, at that
time, the train was about 3670 m away from the station,
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and the affected regions of the slipstream were limited. This
observation further confirms the finding reported by Zeng
et al. [6] that the compression wave dominates the first peak
associated with a non-stop train passing by a station, which
is also suitable for real metro running scenarios. In addition,
the pressure inside the station affected by the compression
wave is around 200 Pa, as exhibited in Figs. 10c and 11c,
which will be discussed in the following part. If we focus
on the transient pressure distribution along the tunnel at r =
36 s, the pressure is about 790 Pa at the station entrance and
sharply decreases along the station (Fig. 12). This attenua-
tion of the compression wave is caused by two main reasons:
the sudden increase in the tunnel cross-section area between
the tunnel and station, and the operation of the station ven-
tilation shafts.

Due to the reflection of the shafts and the large space of
the station, the generated compression wave transforms into
an expansion wave and then propagates back to the non-stop
train [6]. At r = 40 s, the interaction of the high-pressure area
(consisting of slipstream and pressure wave) and the expan-
sion wave is quite apparent, as shown in Figs. 10d, 11d, and
12. This backward transmit process of the expansion wave
can be represented by the pressure distribution changes from
t =40 to 50 s (Fig. 12), corresponding to the sharp drop of
the pressure from time D to E in Fig. 9. The extreme pres-
sure at time E is about 1085 Pa, which corresponds to the
second compression wave (induced by the expansion wave
encountering the shaft of the tunnel) reaching the position
of the train head (Figs. 10e, 11e, and 12), and the pressure of
the train head starts to rise again (Fig. 9). Interestingly, the
pressure around time F is slightly smaller than that at time
D. This is because the pressure waves attenuate obviously
during their propagation and reflections [32, 42].

At around 68 s, the second expansion wave transmits to
the train head, and the pressure drops again (Fig. 9). Time
G in Fig. 9, corresponding to the third compression wave
reaches the train head position and the pressure rises again.
Afterward, the train decelerates to U, = 110 km/h, result-
ing in the almost linear pressure decrease from time H to
I (Fig. 9). The times I and J are related to the train head
entering the station and the train tail leaving the station,
respectively. The flow near the train head comes with a
significant positive pressure as the train passes by the sta-
tion, resulting in a sharp pressure increase on the PSDs [3].
Moreover, Figs. 10f and 11f present the pressure distribution
at t = 136 s when the train passes the station. Clearly, a high-
pressure region appears in front of the train head, indicating
that the extremum pressure on PSDs ranges from 500 to
600 Pa for a train passing through the station.

Previous studies suggest that the extremum pressure on
the PSD is highest near the station entrance, and decreases
slightly along the PSD [40, 41, 43]. Therefore, only the time
history of pressure at tap 1 is shown for straightforward
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data interpretation. Figure 13 shows the time-history pres-
sure obtained at tap 1 on the fully sealed PSD for the non-
stop case, where tap 1 was installed on the end of the PSD
(see Fig. 3a for the locations of these taps). The pressure
caused by the first compression wave on tap 1 is 212 Pa, as
marked by time ¢, in Fig. 13. On the contrary, the pressure
is 252 Pa at tap 1 for the chasing case (Fig. 14). Compared
with the non-stop case, the first positive peak pressure on
PSD increases by about 18.87% for the chasing case. This
phenomenon is obviously related to the blockage effects
induced by the stopped train [6]. In addition, the time of
the pressure acting on the PSDs for the non-stop and chas-
ing cases is around 5.7 s (from 35.8 to 41.5 s). This lateral
pressure on the PSDs may lead to extra friction resistance
during their opening or closing process, which might be one
reason for the PSD accident in the subway system. With
the compression wave switches to the expansion wave, the
pressure on the PSDs for the non-stop case and the chasing
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case is immediately reduced, and relatively lower pressure
is maintained for a while (Figs. 13 and 14).

Due to the attenuation of pressure waves during their
propagation and reflections, the pressure on PSDs affected
by the second compression wave is significantly weaker than
the first one (as indicated by 7, and ¢, in Fig. 13 and ¢, and
t, in Fig. 14); this observation is similar to that observed
in Fig. 9. Moreover, the positive and negative peak pres-
sure at tap 1 is generated by the head and tail of the non-
stop train (Fig. 13). This positive peak pressure on tap 1 is
about 625 Pa. In contrast, the negative peak pressure on tap
1 is about —344 Pa. Note that the positive pressure on PSDs
immediately turns negative after the train head passes by.
The negative pressure immediately changes to positive after
the train tail passes by. This phenomenon is consistent with
that reported by Zhou et al. [22] and Wang [2].

For the chasing case, the pressure fluctuations are more
evident than in the non-stop case, possibly because of the
blockage effects caused by the platform-stopped train. Sub-
sequently, the platform stop train slowly accelerates until it
leaves the station (see Fig. 8a); thus, the pressure on tap 1
gradually rises, corresponding to the times from t, to #; in
Fig. 14. The pressure at 5 and ¢, are caused by the second
and third compression waves, respectively.

3.2 Non-stop Cases with Different Forms of PSDs

Since the pressure on PSDs is mainly determined by pres-
sure waves produced when the train head and tail pass by
[3, 6, 13, 22], we simulated a non-stop train passing by a
standard station without the tunnel ventilation shaft to dis-
tinguish the effect of pressure waves caused by the tunnel
ventilation shaft. Meanwhile, to reduce the grid number and
improve computational efficiency, the length of tunnels 1
and 2 has been reduced to 1000 m and 500 m, respectively.
The non-stop train starts with a constant acceleration a =
2 m/s* and then runs at a continuous speed U, = 110 km/h.
The transient pressure on different forms of PSDs, i.e., fully
sealed, half-height, and partial porous PSDs, has been com-
pared. The train passes a fully sealed PSD with the station
ventilation shafts closed was also calculated for comparison.
The arrangement of the pressure taps on PSDs is shown in
Fig. 3a.

The horizontal axis in Fig. 15 is the normalized length
of the platform L" pgp. Py, and P,;, on the fully sealed
PSD with the shafts closed are about 773 Pa and —1011 Pa,
respectively (Fig. 15). Once the shafts are open, the pressure
on the fully sealed PSD obviously decreases. P, and P,,;,
on the PSD are about 550 Pa and —460 Pa, decreased
by about 28.8% and 54.5%, respectively, similar to that
observed by Yuan and You [43], Huang et al. [24], Zhang
et al. [15], Meng et al.[19], and Zeng et al. [6].

189
Fully sealed PSD, shaft closed - p  —Oo-P_
Fully sealed PSD, shaft opened e p —o-P_
Half-height PSD, shaft opened AP —O-P
Partial porous PSD, shaft opened ~—v P, v P
800 = = L] ] )
= L
600
° .
400 ° °
—X- B 3 b ¢ H
—~ 200
<
) 0
[0}
= -200 - o )
n ) ’ ’
g w05 o o o o 3
& -600 b
-800
O
1000 7 o %o
_1200 1 1 1 1 T
0.0 0.2 0.4 0.6 0.8 1.0

PSD

Fig. 15 Extreme pressure along the PSDs for different cases

For the half-height and partial porous PSDs, P,
decreases significantly compared to the fully sealed PSD,
as exhibited in Fig. 15. For example, P,  on the half-
height and partial porous PSDs are approximately 337 Pa
and 341 Pa, respectively, reduced by 38.7% and 38.2% if
compared to the fully sealed PSD. This is attributed to the
fact that for both the half-height and partial porous PSDs,
the track area and platform area are connected, which can
help suppress the strength of the pressure waves and pres-
sure generated by the passing of the train. As for P, the
partial porous PSD also works well to suppress the negative
pressure mainly caused by the train tail, with a minimum
pressure of P, ;. = —266 Pa and a reduction of 42.2% com-
pared with the fully sealed PSD (Fig. 15). In addition, the
reduction effect of P, gradually decreases along the PSD
for both half-height and partial porous PSDs, as shown in
Fig. 15. However, adopting the half-height PSD may slightly
increase the negative pressure load on the PSD more than
the fully sealed PSD. The possible reasons are that, firstly,
a cavity structure is formed using the half-height PSD, and
the corresponding resonance may increase negative pres-
sure. Secondly, new pressure waves may be generated due
to the opening circumstance and influence the pressure on
the PSD. Thirdly, this negative pressure on PSD may also be
related to the wind environment inside the station.

For the non-stop train passing the fully sealed PSD,
the maximum pressure P,,, on PSDs is highest at the
station entrance (tap 1) and decreases gradually along
the PSD (Fig. 15), which is consistent with that observed
by Yuan et al. [13], Zeng et al. [6], and Zhou et al. [3].
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However, P, on the half-height and partial porous
PSDs remains almost constant along the PSDs (Fig. 15).
This indicates that adopting half-height and partial
porous PSDs may benefit the PSD’s structure design
because we can choose the same relatively lower inten-
sity standard with certain economic benefits. Therefore,
if the pressure load on a fully sealed PSD is too high for
structure design, half-height and partial porous PSDs are
alternative choices.

Figure 16 shows the pressure distribution inside the
station with different types of PSDs for the non-stop
case. For the case with the station ventilation shafts
closed, a high-pressure region appears in the rectangular
tunnel when the train enters the station with fully sealed
PSDs, which is apparently associated with the sudden
contraction of the tunnel. This high pressure is uniformly
distributed across the tunnel and decreases gradually
along the tunnel axis with increasing distance from the
train head, as shown in Fig. 16a. Once the station ventila-
tion shafts are open, the high pressure inside the tunnel
caused by the coming train is reduced to approximately
one-fourth of its corresponding value in Fig. 16a with
the shafts closed.

If half-height or partial porous PSDs are adopted, the
platform area is connected with the tunnel, which causes
a further reduction of the pressure inside the tunnel, as
shown in Fig. 16¢ and d. However, the pressure varia-
tion and associated train-induced wind in the platform

(b)

area may cause additional serviceability problems for
passengers.

4 Conclusions

The present study focused on investigating the aerodynamic
loads on PSDs of a standard island-type platform using the
moving mesh technique in conjunction with real scenarios
and full-scale simulation. One of the key aspects examined
was the effect of the ventilation shaft and different types of
PSDs on the train-induced pressure. The main aim of the
research was to provide guidance on optimizing the associ-
ated pressure/operation problem on the PSD. The conclu-
sions are as follows:

(1) As the train travels through the tunnel’s ventilation
shaft, it generates a compression wave that propagates
along the tunnel towards the station, resulting in a
notable pressure increase on the PSDs, even when the
oncoming train is situated far from the platform. The
maximum pressure on the PSDs is approximately 212
and 252 Pa for non-stop and chasing cases, respectively.
This increase in lateral pressure on PSDs can lead to
additional friction force during their opening or closing
process, thereby possibly causing PSD failure during
rush hours.

Pressure
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Fig. 16 Pressure distribution inside the station for the non-stop train case: a fully sealed PSDs with the station ventilation shafts closed; b, ¢,
and d fully sealed, half-height, and partial porous PSDs with the station ventilation shafts opened, respectively
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(2) In the non-stop cases, we observed two positive and
one negative pressure extremum during the entire pro-
cess, where the compression wave mainly determines
the first positive extreme pressure. On the other hand,
the second positive and negative extreme pressure is
caused by the passing train, with the train head and tail
passing by, respectively. The peak pressure is highest
at the entrance of the station (around 500-600 Pa when
the train speed is 110 km/h) and subsequently decreases
slightly along the platform. Interestingly, the P,,,, for
the half-height and partial porous PSDs remains almost
constant along the PSDs, which could potentially ben-
efit the design and economic savings.

(3) Once the partial porous or half-height PSDs are used,
the pressure on the PSDs related to the passing of the
train head can be markedly reduced, especially at the
station entrance. Moreover, the maximum pressure on
the fully sealed PSD diminishes by 38.7% if half-height
PSD is adopted and by 38.2% if partial porous PSD is
adopted. These findings underscore the potential advan-
tages of using partial porous or half-height PSDs in
metro stations to address the pressure/operation prob-
lem on PSDs and increase the overall safety and reli-
ability of these important components.

Our study provides valuable insights into the impact of dif-
ferent factors on train-induced pressure on PSDs, and
could be of great assistance in optimizing related pres-
sure/operation problems on these critical components
of metro platforms.
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