
Citation: Zhang, J.; Wang, J.; Yang,

Q.; Li, Q. Simulation of Piston Effects

on Platform Screen Doors

Considering Air Leakage. Atmosphere

2022, 13, 1967. https://doi.org/

10.3390/atmos13121967

Academic Editors: Prashant Kumar

and Leonardo Primavera

Received: 16 October 2022

Accepted: 22 November 2022

Published: 25 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Simulation of Piston Effects on Platform Screen Doors
Considering Air Leakage
Jian Zhang 1,2,*, Jianyao Wang 1, Qingshan Yang 3 and Qiusheng Li 4

1 School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China
2 Beijing’s Key Laboratory of Structural Wind Engineering and Urban Wind Environment, Beijing 100044, China
3 School of Civil Engineering, Chongqing University, Chongqing 400044, China
4 Department of Civil and Architectural Engineering, City University of Hong Kong, Kowloon Tong,

Hong Kong 518057, China
* Correspondence: zhangjian@bjtu.edu.cn

Abstract: The complex wind effects around platform screen doors (PSDs) caused by train-induced
piston wind effect and positive micropressure waves in subway station platforms are investigated.
Numerical modeling of the wind field around full-scale PSDs with real gaps under different inflow
conditions is developed to analyze the pressure distributions on and around the PSDs and the
corresponding recirculation regions in the frontal and rear PSD areas with computational fluid
dynamics (CFD) method. An equivalent porous media model is developed to obtain the relationship
between the pressure difference and wind velocity based on Darcy–Forchheimer’s Law. It includes
a viscosity loss term and an inertial loss term in the simulation of the air leakage flow generated
from the PSD gap. The coefficients of these two terms are estimated from the CFD results from the
full-scale models. The complicated flow field originated from the gaps is the main cause of the large
wind pressure on the PSD, and the flow velocity on the platform may significantly affect the comfort
of pedestrians and of the safety design of the PSD system.

Keywords: air leakage; train-induced wind effects; platform screen door (PSD) gaps; porous media
model; computational fluid dynamics (CFD)

1. Introduction

Distinct pressure waves propagate in a tunnel or a station when a high-speed train
passes through. These waves travel down the tunnel at the speed of sound and interact
with the tunnel walls, train carriages and the platform screen doors (PSDs). The interfering
pressures give rise to aerodynamic phenomena, such as the wind pressure loads, pedestrian
thermal and pressure comfort micropressure waves, particle diffusion and even safety
issues [1,2].

PSDs, including the half-height automatic platform screen doors and platform edge
doors, are popular in metro stations. They not only isolate passengers from the trains
but also improve passengers’ thermal comfort and indoor air quality in the metro station
partially or even entirely [3–5]. The PSD is a relatively new addition to many metro systems
around China, reinforcing the safety measures in train stations. However, the train-induced
piston wind-induced effects on these doors require further studies [6–8].

Screen doors are kept closed when nonstop and high-speed trains pass through the
station. The micropressure waves would produce significant wind loadings on the PSDs on
both sides of the platform. When a train is traveling through the station, the PSDs cannot
be opened due to the high wind pressure exerted on the doors. Since the train-induced
wind pressure in subways tends to change with train speed, the geometrical parameters
of the tunnel section, gaps of PSDs and the induced wind loadings should be estimated
for a safe design of the PSDs. On the other hand, there is an exchange of air mass in the
tunnel and platform through the tiny gaps between the doors (Figure 1). The amount of
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air exchanged can be determined from the pressure difference between the frontal and
rear PSD areas [9,10]. A combination of the tunnel ventilation, train-induced piston wind,
micropositive pressure around platform, ambient wind and other factors may lead to very
complicated wind loading and air flow around the PSDs and platform [11,12]. Therefore,
an investigation on the train-induced air flow in a subway station is essential for optimizing
the design of both structural and ventilation systems [13,14].
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Figure 1. Practical PSDs with gaps on platforms. (a) single open door PSD; (b) double open door PSD.

There have been some field studies on the pressure and air flow variations in subway
stations [15], scaled-model wind tunnel tests [16,17] and numerical simulations [18,19].
With the development of CFD methods and advancement in computer power, it has
become possible to use CFD technology to analyze aerodynamic industrial problems in
subways [20–23]. The CFD community mainly focused on the development of numerical
schemes for simulating train-induced air flow in a subway tunnel. They made use of
the Reynolds Averaging Navier-Stokes (RANS) method, which consists of the continuity
equation, the momentum equation, the energy equation, if necessary, and the turbulence
modeling equations, to analyze the flow characteristics. It is generally more suitable for
three-dimensional simulation of subway train movements to study the train-induced air
flow and temperature distribution under different initial and boundary conditions [24].
Meanwhile, there are also many studies on the mechanism of the piston wind effects [25].
Most studies used CFD methods to determine the variation of the piston wind velocity,
the pressure and the air volume of the tunnel and the station, with single train or double
trains passing each other with various working conditions [26]. The piston wind effects
also have great influences on the air-conditioning system, which is directly related to
passenger comfort, air quality and energy cost [27–29]. It may be concluded that maximum
(positive) and minimum (negative) pressures exist around the PSDs. However, the leakage
air flow rate induced by gaps around the PSD have always been ignored in most existing
research [30–32].

In this study, high-speed-train-induced wind pressure distributions and air leakage
effects on the PSDs are evaluated numerically. A full-scale PSD model with a constant gap
width is adopted to calculate the air flow field under five different approaching velocities.
The corresponding results are used to evaluate the relationship between the air velocity
and the pressure difference around the PSDs based on Darcy–Forchheimer’s Law. This
relationship is curve-fitted to evaluate the air leakage effects with the porous media method
for a wide range of incoming-train speeds. Finally, an equivalent expression is proposed to
estimate the pressure difference in the rear PSD area.

2. CFD Methodology

The simulations are carried out by Fluent package 16.1. Three-dimensional, fully
turbulent and incompressible flow is chosen as the basic assumptions for the CFD sim-
ulation. The calculations are performed by the finite volume method (FVM) approach,
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and the semi-implicit method for pressure-linked equations (SIMPLE) is adopted for the
velocity-pressure coupling algorithm. The spatial flow quantities are discretized by the
second-order upwind scheme. The specific governing equations required are given in
this Section.

2.1. Turbulence Models

The mean wind effects are considered in this study. The air is assumed to be incom-
pressible ideal gas. The standard k − ε turbulence model is adopted in the turbulence-
simulation method. The governing equations of mass, momentum, turbulence and energy
are presented as [32]:

div(ρu) = 0
∂(ρuiuj)

∂xj
= − ∂p

∂xi
+ ∂

∂xj

[
Γm

(
∂ui
∂xj

+
∂uj
∂xi

)]
+ SM

∂(ρkuj)
∂xj

= Gk − ε + ∂
∂xj

[(
µ + µt

σk

)
∂k
∂xj

]
∂(ρεuj)

∂xj
= ε

k (Cε1Gk − Cε2 · ε) + ∂
∂xj

[(
µ + µt

σε

)
∂ε
∂xj

]
∂(ρE)

∂t + ρdiv(E · u) = −p · div(u) + div(k gradT) + Φ + SE

(1)

All fluid properties are functions of space coordinates and time, and they are written as
ρ(x, y, z), p(x, y, z), T(x, y, z) and ui(x, y, z) (uj(x, y, z)), with i,j=(x, y, z) for the air density,
pressure, temperature and the velocities, respectively. Variables E(ρ, T), Φ(ρ, T), k and ε
are the internal energy, internal energy dissipation function, turbulence kinetic energy and
turbulence kinetic energy dissipation, respectively. u is

2.2. Numerical Model and Boundary Conditions

Many PSD gaps exist in the structural connection parts of PSDs. When air flows
penetrate through these gaps, they always experience a sudden compression, resulting in
local pressure loss. The PSD gaps are usually very small and distributed around the PSDs,
as shown in the Figure 2, and are therefore difficult to measure directly. Several millimeters
of the PSD gaps are set in field measurement. To avoid the train-induced vibration of the
PSDs and practical installation errors, we adopted 0.0043 m (along x-direction) as the gap
width w, which is uniform along the sliding PSD’s edges.
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Figure 2. Geometry model and dimensions of PSD (mm).

The other dimensions of a practical numerical PSD model are also given in Figure 2.
The height (along the y direction, H) and width (along the z direction, W) of the model are
1.871 m and 3.005 m, respectively. Additionally, the thickness is 0.1 m (along the x-direction,
tg). The length of the frontal and rear PSD areas are named L1 and L2 individually, and
they are both taken as 10 times the H value to ensure a clear region of the air leakage effects.
The atmospheric conditions surrounding the PSD are assumed to be uniform with constant
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air pressure. Air, which is allowed to pass through the PSD gaps, is also assumed to obey
the perfect gas equation of state. The whole computational domain is a three-dimensional
rectangular enclosure of size 37.4 m (length of the domain, L) × 1.871 m (H) × 3.005 m (W),
as depicted in Figure 3a.
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The boundary conditions of the flow domain are listed as Table 1. The pressure-inlet
boundary condition is used to define the inflow mass air and turbulence quantities at the
inflow position, as shown in Figure 3b. The four boundary surfaces of the flow domain
are named the top, side (left and right) and ground wall separately, and they are modeled
with slip-boundary conditions. The pressure-outlet boundary conditions are adopted
for the outflow of the domain separately. The no-slip boundary condition is used at the
PSD walls. Accurate calculations in the near-wall region with very high flow gradients
are paramount to the success of the simulation. Wall functions utilize the predictable
dimensionless boundary layer profile when the centroid of the wall-adjacent mesh cell is
located in the log-layer. Wall functions usually have a 30 < y+ < 300. In this simulation, the
y+ value is about 45.1, where the velocity is set to 0 m/s and turbulence quantity values
are set at the first node adjacent to the surface using the standard wall functions.

Table 1. Boundary conditions summary.

Position Boundary Condition Expressions

Inflow pressure-inlet pcw = p0
Outflow pressure-outlet \

PSDs no-slip wall (u, v, w) = 0
Top, side and ground surfaces slip wall \
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2.3. Grid Independence

Three structured grid plans, namely, the meshes G1, G2 and G3 as listed in Table 2
with different resolutions, are analyzed to examine the grid independence property of the
problem studied. An O-type hexahedron-structured grid is applied in the above three mesh
schemes, as shown in Figure 4. Attention is focused on the grid size along the PSD gap
width and length directions (∆y and ∆z). Therefore, the domain is divided uniformly into
400 grid points for all the three meshes in the x direction. The gap between the walls and
PSDs is discretized into Ny × Nz = 82 × 6, 120 × 10 and 210 × 10 grid points, respectively,
for G1, G2 and G3 schemes. The first layer grid distance ∆x equals 4 × 10−4 m for G1 and
1 × 10−3 m for G2 and G3, which is smaller than the empirical limiting value of 0.1H/

√
Re.

Table 2. Grid-independence tests summary.

Mesh Plan Total Grid
Numbers PSD Gap Grids Re (105)

Averaged Wind
Velocity After

PSDs (m/s)

G1 5,810,970 82 × 6 11.89 9.4204
G2 10,351,446 120 × 10 12.08 9.5673
G3 23,443,196 170 × 10 12.21 9.6656
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The grid sensitivity analysis results are shown in terms of wind velocity in the rear PSD
area. It is noted that the air leakage effects caused by the PSD gaps are almost insensitive to
the different mesh schemes. Therefore, the G2 mesh scheme shown in Figure 4 is chosen to
study the effect of large gradients of the flow quantities that are expected to occur around
the gaps.

3. Porous Media Models

The porous media method, taking a form of a source of mass forces, is added to the
source term of momentum Equation (1) to express additional flow resistance. This source
term can be described by Darcy’s law, which corresponds to momentum losses due to fluid
viscosity, or by Forchheimer’s law, which considers momentum losses due to fluid viscosity
and inertia simultaneously [33].
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The PSD with gaps can be treated as one kind of porous medium. The mass flow rate
(air velocity) passing through a vertical plate with penetrated gaps was calculated, and this
study has been extended to a variety of porous media cases. The porous media theory adds
a momentum source term SM to the governing Equation (1) as:

SM = −
(

3

∑
j=1

µDijuj +
3

∑
j=1

Cij
1
2

ρ|u|uj

)
∆t (2)

where SM, denoting source of forces, is the source term for the ith (i = x, y or z) momentum
equation. This source term is composed of two terms. The first one on the right-hand side
of Equation (2) is the viscous loss term, and the other one is the inertial loss term. uj is
the jth jth component of velocity [m/s]. |u| is the velocity magnitude. Dij and Cij are the
coefficient matrices of viscous loss and inertial loss terms, respectively. ∆t is the thickness
of the porous media. µ is the dynamic viscosity coefficient [kg/(m.s)].

In this study, simple homogeneity is assumed for the porous medium, and Equation (2)
can be simplified as [34]:

SM = −
(

µ

α
ui + C2

1
2

ρ|u|ui

)
∆tg (3)

where α is the permeability of the medium and C2 is the pressure-jump coefficient. Both of
them are adopted to replace Dij and Cij, respectively. ∆tg is the thickness of the PSD with
gaps, which is treated as a porous media.

PSDs always have a constant finite thickness, over which the pressure difference can
be defined by a combination of Darcy–Forchheimer’s Law and an additional inertial loss
term according to Equation (3) along the streamwise direction, as:

∆p = −
(

µ

α
u + C2

1
2

ρu2
)

(4)

where u is the velocity normal to the porous medium surface.
In the porous media model, pressure p and velocity u are calculated independently,

whereas p comes from Equation (1) only and u is derived from Equation (4). The corre-
sponding averaged flow quantities are achieved using the source term scheme.

When the PSD gap dimensions are known beforehand, the coefficients α and C2 can
be determined by curve-fitting the pressure–velocity data obtained from the CFD analysis
under different approaching inflow conditions, as discussed in the following section.

4. Results and Discussions

The full-scale models described above are subjected to various inflow conditions to
obtain the relation between the pressure differences and velocities via CFD simulation.

4.1. Prediction of Pressure Distribution and Wind Field around PSDs with the Full-Scale Model

The cases studied are given in Table 3, with the wind pressure-inflow conditions of
30 Pa, 40 Pa, 50 Pa, 60 Pa and 70 Pa, which are named cases CF1, CF2, CF3, CF4 and CF5,
respectively. The pressure distributions on the PSDs are shown in terms of the pressure
coefficient Cp as:

Cp =
Pt − Pref

0.5ρu2
e

(5)

where Pt is the static pressure on the surface of the PSD, Pref is a reference pressure and
ue is the area-averaged wind velocity at the PSD gaps. The CFD results in Figure 5 show
that the coefficient Cp on the windward surface has a peak at the middle of the surface and
decreases gradually and slowly. Different inflow conditions seem not to have a significant
effect on the pressure distributions on the PSDs.
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Table 3. Full-scale modeling cases results summary.

Cases Average Velocity at PSD Gap
(m/s)

Pressure Difference Between
the Frontal and Rear PSD

Area (Pa)

CF1 −8.81 −137.1
CF2 −9.17 −147.3
CF3 −9.57 −159.7
CF4 −9.84 −166.8
CF5 −10.11 −174.3
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Experimental and numerical investigations [22] have revealed that the entrance losses
and compressibility effects can be neglected when Pf /Pr < 5, where Pf is the pressure in
the frontal area and Pr is the pressure in the rear area. Both of them are shown in Figure 6.
The pressure distributions are similar for the five different inflow conditions. The only
difference is in the frontal area, where the pressure magnitude varies from about 91 Pa to
130 Pa. The corresponding pressure difference generated around the PSD gaps are from
about −137 Pa to about −174 Pa, as given in Table 3.

It can be clearly noted that air is pulled into the platform through the PSD gaps, with
positive pressure occurring in the frontal PSD area, while negative pressure occurs in the
rear area. This pressure difference generates a positive pressure gradient, accelerating the
air flow in the form of a jet flow projecting from the frontal PSD area into the rear area
after passage of the train. That means the surrounding air is sucked into the platform
through the PSD gaps, accompanied by a slow increase in the size of the jet flow domain. A
high-velocity region around the gaps is therefore formed in the rear PSD area.

The flow fields arising from several inflow boundary conditions are discussed below.
A sample region of the flow field is given in Figure 7, showing contours of the wind velocity
and streamlines near the PSD gap region of the flow domain. The leakage air velocity of
the full-scale model ranges from −8.81 m/s to −10.11 m/s, as given in Table 3. Several
recirculating bubble-type separation regions are generated, which reattach to both the
frontal and rear areas of the PSDs. The recirculation region in the rear PSD area becomes
larger as the inflow increases. This is because there exist complicated interactions between
the vortex in the frontal PSD area and the recirculation flow generated in the rear area.
The recirculation area in the rear PSD area extends toward the outflow boundary surface
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with increasing inflow conditions. It can be seen clearly that the flow fields do not vary
significantly with the five different inflow conditions. The maximum velocity occurs in the
rear PSD area within the recirculation bubbles.
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4.2. Prediction of Pressure Distribution and Wind Field around PSDs with the Porous
Media Model

The coefficient α and C2 in Equation (3) are fitted by the CFD results of the full-scale
PSD gap model as:

α ≈ 10, C2 ≈ 283 (6)

By introducing the above coefficients into Equation (3), the pressure difference between
the frontal and rear PSD area, which have constant thickness and width of the PSD gaps, can
be calculated. The leakage air velocity of the porous media model ranges from −6.49 m/s
to −8.03 m/s, as given in Table 4. The corresponding pressure difference generated around
the PSD gaps are from about −70.0 Pa to about −107.7 Pa, as given in Table 4, which are
named cases CP1, CP2, CP3, CP4 and CP5, respectively.

Table 4. Porous media modeling cases results summary.

Cases Average Velocity at PSD Gap
(m/s)

Pressure Difference Between
the Frontal and Rear PSD

Area (Pa)

CP1 −6.49 −70.0
CP2 −6.90 −80.9
CP3 −7.39 −91.4
CP4 −7.75 −102.2
CP5 −8.03 −107.7

To prove the accuracy of this porous media model, a curve-fitting expression from the
data of the full-scale model and the data from the full-scale model are compared with the
data from the porous media model and are presented in Figure 8. Additionally, they are
shown in black, red and blue lines, respectively. It can be seen that the maximum pressure
difference between the porous media model and the full-scale model is around 9.8%. It can
be concluded that the prediction from the porous media model may be considered accurate
enough compared to that from the full-scale model.

The turbulent kinetic energy (TKE) distributions from the porous media model in the
frontal and rear PSD areas are shown in Figure 9. The TKE distributions are also similar to
each other under the five inflow conditions. The TKE in the rear area varies from about
8.2 m2/s2 to 9.8 m2/s2, with a trend similar to that of the pressure distribution. Figure 9
also shows that the TKE gradually increases with the inflow velocity.
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4.3. Prediction of Pressure Difference around PSD Gaps with the Equivalent Model

Substituting coefficients α and C2 into Equation (3), the equivalent model of PSD with
gaps is given as:

∆p = −
( µ

10
u + 142ρu2

)
(7)

This model can be used to estimate the pressure difference in the frontal and rear PSD
area. It is noted from Equation (7) that the inertial forces contribute much more than the
viscous forces. That means the pressure difference is strongly dependent on the inertial
effects due to the air leakage velocity at the PSD gaps when Pf /Pr < 5. The pressure
difference expression can then be approximated as:

∆p ≈ −142ρu2 (8)

Equation (8) provides an equivalent expression to predict the pressure drop in the
frontal and rear PSD areas when train-induced air leakage happens. CFD simulations also
give the leakage air velocity from −8.81 m/s to −10.11 m/s. The corresponding pressure
differences generated around the PSDs are given in Figure 10. The curve-fitting expression
from the data of the full-scale model matches the porous media model well, indicating that
the viscosity force can be neglected.
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5. Conclusions

Both the pressure distributions on PSDs and the air flow through the PSD gaps are
examined. Two different, but related, models are studied, i.e., a full-scale model of the
leakage mass flow rate through the gaps and the porous media model which can be used
to predict air leakage effects simply and accurately. The following observations are noted:

Detailed distributions of the time-averaged velocities, streamlines and pressure coef-
ficients around and on the PSDs under different inflow conditions were developed with
the CFD method. When a train approaches PSDs on the platform, air is pushed out of the
tunnel through the PSD gaps. The air flow is driven directly onto the PSDs, and the thin
jet flow through the gaps is changed into the suction flow. The mass flow rate of air is
pulled into the platform, with the maximum amount in the pedestrian area. Two pairs of
recirculation vortexes are formed in both of the train area and pedestrian area, with the
peak wind velocity and pressure located in the region near the doors.

Generally, the steady RANS CFD simulation matches well with the velocity and
pressure around the PSDs from the full-scale model. The coefficients of the porous media
model are obtained from the CFD results of the full-scale model, of which the maximum
deviation of pressure difference compared to the full-scale PSD gap model is quite small.
Moreover, five other calculation cases show that modeling air leakage effects by the porous
media model is a simple and high-precise method. The maximum difference of fitting
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function is also less than 10%. Moreover, it is found that in the porous media model,
the inertia forces dominate compared to the viscosity forces. Therefore, an equivalent
expression can be proposed, considering only the inertial forces to evaluate the pressure
difference in the rear PSD area.

Darcy–Forchheimer’s law gives better results for the whole range of flow through
PSDs. When the Reynolds number is large, the contribution of the nonlinear term becomes
significant. However, with decreases in the Reynolds number, linear models could be
successfully applied. To achieve reliable pressure-drop values, it is imperative to conduct
enough field measurements of different penetration velocities through the gaps. It is
obvious that the longest possible measurement time period could result in accurate pressure-
drop values. It is also essential to carefully measure pressures, which could give great
emphasis on permeability coefficients. Future work will focus on the development of
more field experiments combined with various gap dimensions and verify the permeability
coefficients of the proposed model.
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