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ABSTRACT

In this study, a numerical simulation of the static leakage of a subway vehicle
was conducted, based on the turbulence model of k- Shear Stress Transport
(SST). The impact of the leak hole thickness and of the slenderness ratio, on the
airtightness of the vehicle is analyzed with a single leak hole, as is the influence
of the number, location, slenderness ratio, and area ratio of leak holes, on the
airtightness of a train with multiple leak holes. The relative errors of the
numerical simulation results are smallest when the leak hole slenderness ratio is
1:16. The relative errors in cases of a single leak hole, and of multiple leak holes
are 4.93% and 3.68%, respectively. The pressure relief time first decreases, and
then increases as the thickness of the leak hole increases, and is the smallest
when the leak is 200 mm in thickness. Keeping the total area of leak holes
unchanged, the location and number of leak holes have little impact on the
pressure relief time. When door and window leak holes have different
thicknesses, changing the area ratio of the door and window leak holes increases
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the pressure relief time, by a maximum of 1.23 seconds.

1. INTRODUCTION

In light of the trend of ever-increasing train operation
speed, the requirements for train safety and comfort are
also becoming increasingly onerous. (Raghunathan et al.,
2002; Wei et al., 2024). When the train is traveling fast
through a tunnel, a strong pressure wave will be generated
(Saiprakash et al., 2019; Wu et al., 2022; Zhou et al.,
2022), which will be transmitted to the interior of the train
through gaps, such as doors and windows, causing
pressure fluctuations in the train. As a train’s service time
increases, the train’s air-tightness performance will
decrease (Nam, 2004; Chen et al., 2021). Changes in
external pressure will cause rapid changes in the internal
pressure of the train, causing passengers to experience
tinnitus, dizziness, and other uncomfortable symptoms
(Gawthorpe, 1994; GlOckle, 1994). To reduce the impact
of pressure waves outside the train, on the air pressure
inside the train, methods such as changing the track line
spacing, changing the tunnel cross-sectional shape, and
improving the airtightness of the train body are often used
(Kobayashi et al., 1998; Hu et al., 2020; Lu et al., 2020).
In order to ensure that the pressure fluctuations in the train

meet requirements, a series of standards related to train
airtightness have been formulated, both domestically and
abroad, which stipulate the pressure change amplitude and
pressure change rate in the train, when transient pressure
changes occur outside the train. Su et al. (2004) presented
the airtightness standards and airtightness test standards of
high-speed trains in various countries, provided an
overview of the current state of train airtightness research
in various countries worldwide, and made a number of
recommendations for our nation's airtightness research.

These days, several nations utilize dynamic and static
airtightness indices, often known simply as airtightness
indices, to assess how airtight a train is. Typically, the
dynamic airtightness index is two or three times higher
than the static airtightness index. In terms of theoretical
and experimental research on train airtightness, Li and
Mei (2009) measured the change curve of the pressure
inside and outside the vehicle, through experimentation,
and then calculated the airtightness constant of the train
through theoretical formulae. They also used the
established analysis program, to verify the test data of the
airtightness of different vehicles. Liu et al. (2017, 2019)
experimentally tested the changes in pressure within the
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NOMENCLATURE
A cross-sectional area of the leak hole
Ai cross-sectional area of each leak hole

pe  air pressure outside the car

pi initial air pressure inside the car

Qm gas mass flow rate
Qmi  gas mass flow rate of each leak hole

R gas constant of air
S slenderness ratio

Te  temperature of the outside air

ts pressure relief time
V volume capacity of the leakage body

v central velocity of the leak hole section
Vi center velocity of each leak hole

N non-dimensional wall distance for a wall-
y bounded flow
non-dimensional wall
bounded flow
flow coefficient of the leakage hole
y specific heat capacity ratio of air
initial pressure difference between the vehicle’s

distance for a wall-

Apy interior and exterior
pressure difference at the end of the pressure
Apz .
relief
1 A coefficient that takes the value of lin the
paper

Pe density of the outside air
Ts static airtightness index

train when it passed through tunnels of different lengths,
and obtained the variation pattern of dynamic airtightness
index, with tunnel length. Xu et al. (2014) monitored the
internal pressure changes of trains running on open lines
under different working conditions. Based on the
airtightness index, they identified the law of dynamic
airtightness index change with running time. Full-scale
testing and wind tunnel testing can better test the
aerodynamic performance parameters of the train (Li et al.,
2023), but the test cost is high, and the test conditions are
limited. Therefore, Numerical simulations are widely used
to study train aerodynamics (Chang et al., 2021; Liang et
al., 2022). Li et al. (2020) derived the train static
airtightness leakage equation, considering the leak hole
flow coefficient. Through numerical simulation analysis,
the impact of the leak hole slenderness ratio and the initial
air pressure within the train, on the static airtightness was
compared. The theoretical formula was compared with the
results of numerical simulation, and it was proven that the
theoretical formula can be used to calculate the static
leakage time of the train. Nam (2016) used the airtightness
index, to numerically calculate the pressure changes inside
the train. The difference between the calculated and
experimental outcomes was small, which shows that
numerical simulation is accurate in calculating train
airtightness. Li et al. (2022) studied the pressure comfort
inside a subway vehicle when it passes through a subway
station, conducted a comparative analysis of different
airtightness indicators of the train, and gave suggestions
for mitigating the pressure changes inside the vehicle,
when it passes through a station. Liu et al. (2020)
employed numerical simulation to investigate the impact
of various factors, including pressure frequency and
amplitude, on the outer surface of the train, the scale of the
model, and equivalent leakage area, on the dynamic
airtightness of the train. They found the relationship
between these parameters, and the dynamic airtightness.
Through fluid-solid coupling simulation, Chen et al. (2022)
established a model of the influence of three factors, being
train deformation, clearance, and air duct opening, on the
airtightness of the car body under tunnel pressure wave
excitation, and validated their model’s applicability. Niu
et al. (2023) established a proxy model of key parameters
of trains and tunnels, and combined it with numerical
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simulation to verify the accuracy of the model, which can
be used to optimize and predict the airtightness parameters
of trains and tunnels, for engineering applications. In
addition to studying the airtightness of trains, through
experiments and numerical simulations, He et al. (2022,
2023) used an iterative learning control (ILC) algorithm to
control the air pressure inside the train when passing
through a tunnel. This method is more suitable for
achieving ride comfort.

At present, relevant research mainly focuses on
evaluating the static airtightness index of trains, from a
theoretical and experimental perspective, while simulation
research involving the static airtightness of trains is
relatively limited. The gap in the train body is a key factor
affecting airtightness. Since the leakage gaps of different
types of trains vary greatly, the theoretical formulae may
have large errors in calculation. Therefore, this paper takes
the static airtightness of subway trains as the research
object, and uses numerical simulation methods to study
the impact of parameters, such as slenderness ratio,
thickness, quantity, and the location of body leak holes, on
the static airtightness of the train. This study enables more
detailed understanding of the impact of different leak hole
parameters on the static airtightness of trains, and provides
theoretical and practical suggestions for improving the
airtightness performance of trains.

2. NUMERICAL INFORMATION

2.1 Calculation Method of Static Airtightness

When testing the static airtightness of trains, the
inflation leakage method is generally used. The method is
to introduce gas to the carriage to reach an initial air
pressure, then release the pressure through the leak hole,
and record the time it takes for the pressure in the carriage
to decrease from the initial pressure difference Api, to Apz,
to obtain the static airtightness index of the train. The
static airtightness index is calculated as follows:

t

T, =——
* Ap, (1)
In(=M
rI(Ap )
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where 7 is the static airtightness index, Aps is the initial
pressure difference between the vehicle’s interior and
exterior, Ap, is the pressure difference between the
vehicle’s interior and the exterior, at the end of pressure
relief, ts is the time it takes for the pressure difference
between the vehicle’s interior and exterior to drop from
Ap1 to Ap2.

Since this formula requires the pressure relief time to
be obtained through experiments or simulation, it is
impossible to directly estimate the static airtightness index
of trains. Therefore, the theoretical calculation Eqg. (2),
based on the box leakage model and taking into account
the leak hole flow coefficient, can be used to directly
calculate the pressure relief time of static leakage (Li etal.,
2020).

. _N2v(/ap, —\/ap,)
: AayRAT, \[p,

where V is the volume capacity of the leakage body, « is
the flow coefficient of the leakage hole, the magnitude of
which is related to the geometric parameters of the leak
hole, y is the specific heat capacity ratio of air, 1.4, R is the
gas constant of air, R=287.06 J/(kg-K), A is the cross-
sectional area of the leak hole, T is the temperature of the
outside air, and pe is the density of the outside air.

@

The coefficient A is related to the specific heat ratio of
air, and to the pressure inside and outside the car. Since
the gas in the leak hole is affected by wall friction and by
viscosity when flowing, the velocity near the edge of the
hole is low, while the velocity at the center of the hole is
high, so the gas flow rate in the cross-section of the leak
hole is large at the center, and small near the edge.
Therefore the theoretical calculation takes into account the
flow coefficient, required to analyze the leak hole. The
calculation formulae of coefficient A and flow coefficient
o are as follows

l:(l—'—]/_lpl_pe)/ 1+1p|_pe (3)
¥ P. VA S
Q
oa=—" 4
A “4)

where pi and p. are the vehicle's internal initial pressure
and external pressure, respectively, Qm is the gas mass
flow rate through the leak hole section, and v is the central
velocity of the leak hole section.

Regarding the research on the static airtightness of
trains, since the value of atmospheric pressure outside the
car is large, the ratio of the pressure difference between
the vehicle’s interior and exterior, to the atmospheric
pressure outside the car is small, so it can be approximated
that 1 = 1.

2.2 Numerical Simulation Model

A single-car model of a subway vehicle is used as the
numerical simulation model. The single-car model is
relatively simple, which significantly reduces the
computational complexity and resource requirements, but
can still provide an in-depth understanding of the impact

350

of leak holes on leakage characteristics. Figure 1(a) shows
the calculation domain. The four sides and the top surface
of the calculation domain are the pressure outlet
boundaries, the outlet pressure is 0, and the ground and the
carriage are both stationary walls. As shown in Fig. 1(b),
the length, width, and height of the carriage are 22.0, 2.8,
and 2.3 m, respectively, and the volume of the interior
domain is 131.4 m®. Fig. 1(c) shows the 2D view of the
computational domain partition of the x = 0 cross-section.
The computational domain was divided into the interior
air and the exterior atmosphere calculation domains. The
interior of the carriage is connected to the outside
atmosphere through the leak hole, and data passing
between the two computational domains is transferred
using the interface. The cross-sectional area of the leak
hole on the cabin is 2638 mm?2. The initial air pressure in
the cabin is 2600 Pa, and the pressure relief time for the
air pressure in the car to drop from the initial pressure to
1000 Pa, is used as the static airtightness evaluation
standard.

The static leaking of the carriage was numerically
simulated using the turbulence model of the k- Shear
Stress Transport (SST) turbulence model, to more
accurately determine the turbulent structure around the
leak hole wall (Li et al., 2019a, b). The Second Order
Upwind format, in discrete format, is used for the
calculation, to ensure accuracy. A time step of 0.002 s was
used for the transient calculation, the number of time steps
was 10000, and the total calculation time was 20 s.

3. NUMERICAL VALIDATION

3.1 Mesh Independence

Figure 2 illustrates the meshing results. Figure 2(a)
shows the surface meshes of the train and the leak hole,
and Fig. 2(b) shows the 2D meshes of the x = 0 cross-
section in the computational domain. A mixed mesh of
tetrahedrons and hexahedrons was used for meshing.
Three refinement zones were divided near the leak hole
and the carriage, and the boundary layer meshes were
divided near the wall of the leak hole. The height of the
first boundary layer was 0.1 mm, and there were 8
boundary layers in total, satisfying the requirement of y*
<<1. A model with a leak hole slenderness ratio of 1:8 was
meshed. Three sets of finite element models with different
mesh numbers were divided, with basic dimensions of
2000 mm, 1800 mm, and 1600 mm, and named Mesh 1~3.
Numerical simulations were performed using these finite
element models, and the pressure relief times, during
which the pressure in the vehicle reduced from 2600 Pa to
1000 Pa, were compared between models. Table 1 lists the
parameters and pressure relief times of the three sets of
meshes. Figure 3 shows the comparison of the in-vehicle
pressure time history curves and the leak hole cross-
section mass flow rate time history curves, of the three sets
of meshes.

The table shows that as the number of meshes
increases, the pressure relief time decreases, to a certain
extent. The pressure relief time of Mesh 2 is reduced by
0.33% compared to Mesh 1, and the pressure relief time
of Mesh 3 is reduced by 0.12% compared to Mesh 2. It can
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Interior

Leak hole

Fig. 1 Numerical simulation model: (a) Computational domain and boundary conditions; (b) Carriage and leak
hole model; (c) 2D view of the computational domain partition of the x = 0 section
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Fig. 2 Mesh of computational domain: (a) 3D view meshes; (b) 2D view meshes for x = 0 section
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Fig. 3 Comparison of leakage characteristics of different meshes: (a) Pressure time history curve inside the
carriage; (b) Mass flow rate curve of the leak hole
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Fig. 4 Comparison of leakage characteristics of different time steps: (a) Pressure time history curve inside the
carriage; (b) Mass flow rate curve of the leak hole

Table 1 Comparison table of mesh independence

validation
Mesh 1 | Mesh2 | Mesh 3
Basic size (mm) 2000 1800 1600
Numbe(rl(())i)meshes 206 256 334
Pressure relief time (s) | 13.32 13.28 13.26
Computation time (h) 50.0 61.1 83.3

be seen that when the number of meshes exceeds 2.56
million, pressure relief time varies very little with the
number of meshes. As shown in Fig. 3, the differences
between the pressure time history curves of the three sets
of meshes, and the mass flow rate curves of the leak hole
cross-section are very small, and the curves are essentially
consistent. The computation times for these three meshes
are about 50.0 h for Mesh 1, 61.1 h for Mesh 2, and 83.3
h for Mesh 3, respectively. As a result, continuing to refine
the mesh will hardly affect the static leakage
characteristics of the train, but will increase the
computation time. Considering the calculation speed and

accuracy, subsequent simulations will use the basic mesh
size of Mesh 2, to mesh and conduct calculations.

3.2 Time Step Independence

In order to validate that differences in time step do not
significantly affect the results, different time steps were
selected for numerical simulation, which were 0.005,
0.002, and 0.001 s. Figure 4 shows the comparison of the
in-vehicle pressure time history curves and the leak hole
cross-section mass flow rate time history curves, using the
different time steps. It can be seen that the differences
between the pressure and mass flow rate profiles at the
three different time steps are very small. The pressure
relief times for time steps of 0.005, 0.002, and 0.001 s
were about 13.34, 13.32, and 13.32 s, respectively, and the
pressure relief times calculated by time steps of 0.002 s
and 0.001 s were almost the same. Therefore, the time step
of 0.002 s was chosen for subsequent calculations.

3.3 Validation of Test

The comparison of the experimental and the
numerical simulation results was used to validate the
accuracy and reliability of the numerical simulation. The
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test used a cabin model with an internal volume of 108 m?2,
It was filled with high-pressure gas, to make the internal
pressure of the cabin 3000 Pa higher than atmospheric
pressure. Then, static pressure relief was performed, and
the curve of the pressure inside the cabin was recorded.
The test data results come from the literature (Li et al.,
2009).

Figure 5 compares the vehicle interior pressure time
history curves from the experiment, and from the
numerical simulation. In the first 20 seconds, the pressure
curves of the numerical simulation and the experiment are
mostly consistent, but as the pressure in the car decreases,
the difference in the pressure curves gradually becomes
larger. This may be because the external atmospheric
pressure set in the numerical simulation is 0, which is an
ideal value. However, the atmospheric pressure of the test
environment is affected by the geographical location. The
atmospheric pressure in the test may be slightly higher
than the atmospheric pressure set by the numerical
simulation. As the pressure difference between the
vehicle's interior and exterior decreases, the error between
the simulation and test results increases. Therefore, when
the pressure difference between the vehicle’s interior and
exterior is greater than a certain value, the results of
numerical simulation are more accurate. In view of the
influence of the pressure difference between the inside and
outside of the train on the results, and the static
airtightness evaluation index of subway vehicles, this
article uses pressure relief time as the evaluation criterion
for the static airtightness of the train. Here, the pressure
relief time is the time during which the pressure difference
between the inside and outside of the train drops from
2600 Pa to 1000 Pa.

4. RESULTS AND DISCUSSION

4.1 Analysis of Influencing Factors on Train
Airtightness Under Single Leak Hole Condition

4.1.1 Slenderness Ratio of Leak Hole

The cross-sectional parameters will affect the flow
coefficient of the leak holes, which in turn affects the static
pressure relief time. Therefore, five rectangular leak hole
models, with different slenderness ratios were established,

1:4 1:8 1:16 1:32 1:48

Fig. 6 Leak holes with different slenderness ratios

-
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Fig. 7 Velocity distribution of leak hole cross-section

13 30

and their slenderness ratios were 1:4, 1:8, 1:16, 1:32, and
1:48, respectively. The cross-sectional area of the leak
hole was 2638 mm?. Numerical simulations were carried
out on the above leak hole model. Due to the different
slenderness ratios of the leak holes, the flow coefficients
of various leak holes are different. The cross-sectional
mass flow rate and cross-sectional center velocity of the
leak holes were obtained through numerical simulation,
and the flow coefficient of each leak hole could be
calculated using Eq. (4). Then, the pressure relief time of
leak holes with different slenderness ratios could be
calculated according to Eq. (2), and compared with the
pressure relief time obtained by simulation. In Eq. (2), Ap:
and Ap. are 2600 Pa and 1000 Pa, respectively, and the
temperature and density of the air outside the car are
288.15 K and 1.225 kg/m3, respectively.

Table 2 shows the comparison of the pressure relief
time of leak holes with different slenderness ratios. As the
slenderness ratio of the leak hole decreases, the flow
coefficient of the leak hole gradually increases,
so the theoretical pressure relief time decreases. Figure 7
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Table 2 Comparison of pressure relief time of leak holes with different slenderness ratios

Slenderness ratio 1:4 1:8 1:16 1:32 1:48
Flow coefficient 0.70 0.74 0.76 0.77 0.77
Theoretical pressure relief time (s) 15.21 14.39 14.01 13.83 13.83
Numerical simulation pressure relief time (s) 13.48 13.28 13.32 12.99 13.13
Relative error 11.37% 7.71% 4.93% 6.07% 5.06%
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Fig. 8 Comparison of leakage characteristics of leak holes with different slenderness ratios: (a) Flow coefficient;
(b) Pressure inside the carriage; (c) Mass flow rate; (d) Central velocity of leak hole

illustrates the velocity distribution of the cross-section of
the leak hole at t = 20 s. As the slenderness ratio of the
leak hole decreases, the central velocity of the leak hole
decreases, resulting in a more uniform velocity
distribution across the cross-section, so the flow
coefficient of the leak hole increases. As the slenderness
ratio decreases from 1:4 to 1:16, the relative error between
the pressure relief times obtained from numerical
simulation and the theoretical time, gradually decreases.
The relative error of the leak hole with a slenderness ratio
of 1:16 is only 4.93%.

By analyzing the numerical relationship between the
flow coefficients and slenderness ratio in Table 2, the
fitting formula between the flow coefficients and
slenderness ratio, as shown in Eqg. (5), was obtained. The
R? of this fitting equation is 0.9999, which indicates the
accuracy of the fitting equation.

o =-0.3199S, +0.7799 )
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where S; is the slenderness ratio.

It is evident from Fig. 8, that the flow coefficient is
less affected by changes in pressure inside the car. As the
leak time increases, the flow coefficient changes little. The
pressure curves in the car with leak hole slenderness ratios
of 1:8 and 1:16 are relatively consistent, indicating that the
simulation results obtained by using the leak hole with the
slenderness ratio of 1:16 are more reliable. The central
velocity and mass flow rate of the leak hole cross-section
(the sign of the mass flow rate indicates the flow direction
of the gas), both decrease with the increase of leak time,
and have a linear relationship with time. The central
velocity of the leak holes, (taken at the same time),
decreases as the slenderness ratio of the leak holes
decreases, corresponding to the velocity distribution
pattern in Fig. 7.
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Fig. 9 Comparison of leakage characteristics of leak
holes with different thicknesses: (a) Pressure relief
time and flow resistance; (b) Pressure inside the
carriage; (c) Mass flow rate

4.1.2  Thickness of Leak Hole

The thickness of the train body is inconsistent, due to
different structures, so the thickness of the leak holes in
the body is also inconsistent. To investigate the impact of
leak hole thickness on the static leakage characteristics of
the train, the short leak hole models (where the thickness
of leak holes are 10 mm, 30 mm, 50 mm, 70 mm, 90 mm,
and 110 mm, respectively), and the long leak hole models
(where the thickness of leak holes are 200 mm, 300 mm,
500 mm, 700 mm, and 1000 mm, respectively), with the
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slenderness ratio of 1:16, were established for numerical
simulation. The thickness of the leak hole in the real car
body will not be very large. The reason why the leak hole
value in this research is larger, is to study the change law
of static leakage characteristics, as the thickness of the
leak hole increases.

Figure 9(a) shows how the pressure relief time, and
the flow channel viscous resistance, change with the
thickness of the leak hole. It can be seen that when the
thickness of the leak holes is less than 200 mm, the
pressure relief time reduces with increases in the thickness
of the leak holes. When the thickness of the leak holes is
greater than 200 mm, the pressure relief time increases
with increases in the thickness of the leak holes. When the
thickness of the leak holes is less than 110 mm, the wall
resistance is small. When the thickness of the leak holes is
greater than 110 mm, the wall resistance of the leak hole
increases almost linearly with the thickness of the leak
holes. Figure 9(b) and (c) show the pressure change curves
inside the cabin, and the mass flow rate curves of leak
holes of sizes less than 110 mm. As the thickness of the
leak holes increases, the leak hole mass flow rate gradually
increases, and the slope of the mass flow rate curves
increases with increases in the thickness of the leak holes,
so that the gas leaks faster. The mass flow rates of the leak
holes with varying thicknesses converge as the leakage
time approaches 17.5 seconds.

Figure 10 shows the longitudinal velocity distribution
of some leak holes at t = 10 s. It is clear that the airflow
velocity in the leak hole channel becomes larger, and the
pressure relief time becomes shorter, as the thickness of
the leak holes increases up to 200 mm. When the thickness
of the leak holes is greater than 200 mm, as the thickness
continues to increase, the airflow speed no longer becomes
larger, but the wall viscosity resistance increases, so the
airflow velocity decreases, and the pressure relief time
increases.

From the above analysis, it can be seen that if the
thickness of the leak holes is too small, the gas will not
have time to accelerate in the flow channel. Therefore, the
increase in the thickness of the leak holes can increase the
airflow velocity, and shorten the pressure relief time.
When the thickness of the leak holes is greater than 200

10 mm 200 mm
< -
' - ——
50 mm 500 mm
_’-‘ B —
. -
90 mm 700 mm
Velocity (m/s) 0- o !0

Fig. 10 Velocity distribution of the longitudinal
section of the leak holes
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mm, the viscous resistance of the flow channel represents
the primary factor influencing the leak time. The increase
in viscous resistance will cause the overall airflow velocity
in the leak holes to decrease, and the pressure relief time
to become longer.

4.2 Analysis of Influencing Factors on Train
Airtightness Under Multiple Leak Hole Condition

421 Number and Location of Leak Holes

The number and location of the leak holes distributed
on a car body will be different. The different distribution
of leak holes on the carriage was simulated, a porous
leakage car body model was established, and the impact of
the number and spatial distribution of leak holes on the
model’s leakage characteristics was studied. The number

and location distribution of different leak holes are shown
in Fig. 11. The leak holes are all symmetrically distributed.
In Fig. 11(a), N1, N2, N4, and N8 depict the cases where
the number of leak holes in the carriage is 1, 2, 4, and 8,
respectively. Except for case N8, which has 4 door leak
holes and 4 window leak holes, other cases only have door
leakage holes. The leak hole areas of the doors and
windows are allocated according to the perimeter ratio of
the doors and the windows. The total area of leak holes in
all different cases is 2638 mm?. The area sizes of the leak
holes for each case are shown in Table 3. The distribution
positions of different leak holes are shown in Fig. 11(b).
N8_V1 and N8_V2 represent the distribution of leak holes
at two different positions in case N8, respectively. The
door leak holes are named D1~D4, and the window leak
holes are named W1~W4.

Table 3 The area of the leak holes in different cases

N1 N2 N4 N8
Type of leak hole door doors doors doors windows
Area of single leak hole (mm?) 2638 1319 659.5 382.7 276.8
Number of leak holes 1 2 4 4 4
Total leakage hole area (mm?) 2638 2638 2638 2638
NI N2
(@) N4 N
| wa P2
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Fig. 11 Distribution of leak holes in different numbers and locations: (a) Different numbers of leak holes; (b)
Different locations of leak holes
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Figure 12 shows the comparison of leakage
characteristics with varying numbers of leak holes. It is
evident from Fig. 12(a) that the different number of leak
holes has little impact on pressure leakage, and the
pressure time history curves are nearly the same. A slight
discrepancy is observed in the mass flow rate curves,
which may be because of the difference in the airflow
velocity in the leak holes, itself due to the different area
sizes of a single leak hole under different cases. The
pressure relief times of cases N1~N8 are 14.04, 13.90,
13.80, and 13.94 seconds, respectively. The maximum
difference in pressure relief times is only 0.24 s. The effect
of the number of leak holes on the pressure relief time is
less than 2%.

Figure 12(c) and Fig. 12(d) compare the mass flow
rate and flow coefficient change curves of each door and
window leak hole, under case N8. It is clear that since the
areas of leak holes of the same type are identical, there is
very little difference in mass flow curves for the same type
of leak hole. It can be seen that the values of the flow
coefficients have specific differences between the four
door leak holes, these vary between 0.84 and 0.87. The
flow coefficients of different window leak holes are
almost the same, about 0.54. Figure 13 shows the velocity

2600
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2200 + SN2
_ N4
g 18001 N8
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2 1400
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© Time (s)

Fig. 12 Comparison of leakage characteristics with different numbers of leak holes: (a) Pressure inside the
carriage; (b) Mass flow rate; (c) Mass flow rate of doors and windows leak holes of case N8; (d) Flow coefficient
of doors and windows leak holes of case N8

distribution of the cross-section, and the longitudinal
section of the leak holes, respectively. It can be seen that
the section velocity distributions of the same leak holes are
identical, and the velocity of the cross-section is
distributed with a large center and small surroundings.
Therefore, the difference in the flow coefficients of the
same leak holes is small, but because the area of the
window leak holes being smaller, their flow coefficients
are smaller.

Figure 14 shows the comparison of leakage
characteristics after changing the distribution position of
door and window leak holes. The time history curves of
the interior pressure of the two different leak hole
positions overlap. Changing the position of the leak holes
will not affect the leakage time. However, a minor
discrepancy is present in the mass flow rate curves of the
same leak holes, after changing the positions. The mass
flow rate of the door leak holes in case V1 is slightly
smaller than that in case V2, and the mass flow rate of the
window leak holes in case V1 is slightly larger than that in
case V2. After changing the positions of the leak holes, the
changes in the mass flow rate of the door and window are
reversed, so it has less impact on the pressure relief time.
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Table 4 Comparison of pressure relief time of leak
holes with different slenderness ratios

Slenderness ratio 1:4 1:8 1:16
Flow coefficient 0.74 0.75 0.80
Theoretlcgl pressure relief 1439 | 1420 | 1331
time (s)
Numerical simulation | 13 o7 | 43 64 | 1380
pressure relief time (s)
Relative error 5.00% | 3.94% | 3.68%

Table 5 Leak hole area for different area ratios

Area ratio Area of door leak Area of window
holes (mm?) leak holes (mm?)
3:1 494.66 164.89
2:1 439.69 219.85
1.38:1 (Original) 382.81 276.73
1:1 329.77 329.77
1:2 219.85 439.69
1:3 164.89 494.66

4.2.2  Slenderness Ratio of Leak Hole

Numerical simulations were conducted on case N8
with leak hole slenderness ratios of 1:4, 1:8, and 1:16,
respectively. The flow coefficients of the leak holes were
calculated using the same method as for single-hole
leakage, and the pressure relief time was compared
between theoretical calculation, and humerical simulation.
The flow coefficient calculation formula for porous
leakage is as follows:

Z Qmi
a==—

D VA
where Qmi is the gas mass flow rate of each leak hole cross-

section, v; is the center velocity of each leak hole cross-
section, Aj is the cross-sectional area of each leak hole.

(6)

It can be seen from Table 4 that the flow coefficient
for the same slenderness ratio with multiple leak holes, is
larger than that with a single leak hole. When there is only
one leak hole in the car, the area of the leak hole is larger,
and the airflow in the center of the hole is less affected by
wall viscosity, so the center velocity is larger. When a
single leak hole is split into multiple leak holes distributed
on the carriage surface, the area of each leak hole
decreases, so the airflow in the center of the hole is more
affected by wall viscosity, and the center velocity is
smaller. Therefore, under the same slenderness ratio, the
hole center velocity in the case of leakage from multiple
leak holes is smaller than that of leakage from a single leak
hole, the theoretical flow rate is smaller, and the flow
coefficient is larger.

As the slenderness ratio of the leak holes decreases,
the flow coefficients of the leak holes gradually increase,
and the difference in pressure relief time obtained by
numerical simulation is small. In the case of porous
leakage, the slenderness ratio of the leak hole has a less
than 2% impact on the pressure relief time. The relative
error in pressure relief time, between the theoretical
calculation and the simulation, decreases as the leak hole
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Fig. 15 Thickness of leak holes in doors and windows:

(a) Different door and window leak hole thickness (b)
Same door and window leak hole thickness

slenderness ratios decrease. When the leak hole
slenderness ratio is 1:16, the relative error is only 3.68%,
smaller than in the case of single hole leakage.

4.2.3  Area Ratio of Doors and Windows Leak
Holes

For different vehicles, the specifications of the doors
and windows are different, so the area ratio of the doors
and windows leak holes is also distinct. The total area of
leak holes was kept unchanged, while the area ratio of
leak holes in doors and windows was varied, to study the
impact on vehicle leakage characteristics. The area sizes
of leak holes with different area ratios are shown in Table
5. Since the thickness of train doors and windows is
inconsistent, the thickness of the leak holes in the doors
and windows is also inconsistent. As a comparison and
verification, we also conducted research on the situations
where the thickness of leak holes in doors and windows is
consistent, and the thickness of leak holes in doors and
windows is inconsistent. The different thicknesses of leak
holes in doors and windows is shown in Fig. 15.

The pressure relief time after changing the door and
window leak hole area ratio at two different thicknesses is
shown in Fig. 16(a). It can be seen that when the thickness
of the door and window leak holes are the same, the
difference in the pressure relief time calculated by
different door and window leak hole area ratios is only 0.3
s, at most. In this case, the impact of the door and window
area ratio on the pressure relief time, is less than 3%.
When the thickness of the door and window leak holes is
different, reducing the area ratio of the door and window
leak holes will increase the pressure relief time. When the
door and window leak hole area ratio is reduced from 3:1
to 1:3, the pressure relief time increases by 1.23 s. Fig.
16(b) shows the pressure time history curves after
changing the door and window leak hole area ratios for
two different thicknesses. As can be seen, when the
thickness of the door and window leak holes are the same,
changing the area ratio of the door and window leak holes
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Fig. 16 Comparison of leakage characteristics when
changing the area ratio of door and window leak
holes: (a) Pressure relief time (b) Same door and

window leak hole thickness (c) Different door and
window leak hole thickness

will not have a big impact on the pressure leakage in the
car, and the difference in the pressure curve will be small.
However, when the thickness of the door and window leak
holes is different, the smaller the area ratio of the door and
window leak holes, the slower the pressure decreases, and
the longer the pressure relief time.
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Due to the different thicknesses of door and window
structures, changing the area ratio of door and window
leak holes will have a certain impact on the static leakage
characteristics of the train. When the area ratio of door
and window leak holes decreases, the area of the smaller-
thickness window leak holes increases, and the area of the
larger-thickness door leak holes decreases. According to
the research results in 4.1.2, the airflow speed is smaller
when passing through a leak hole with a smaller thickness.
Therefore, compared with a leak hole with the same area,
but a larger thickness, the mass flow rate is lower. In
engineering, we can focus on and improve the sealing
performance of thicker parts, such as train doors. When
necessary ventilation holes or drainage holes need to be
arranged on the carriage, we can choose to make holes in
the thinner body parts, which will have less impact on the
static airtightness of the train.

5. CONCLUSION

The influence of parameters of train leak holes on
static airtightness was studied. The accuracy of the
numerical simulation was validated through theoretical
formulae and experimental data. The influence of the
slenderness ratio and thickness of the leak hole on the
airtightness of the train was analyzed in the case of a single
leak hole, as was the influence of the number, location,
slenderness ratio, and area ratio of the multiple leak holes,
on the airtightness of the train. The conclusions reached
are as follows:

(1) The velocity of airflow in the leak hole cross-
section is distributed with a large center and small
surroundings. Therefore, the slenderness ratio of the leak
hole has a greater impact on the flow coefficient, which in
turn affects the theoretical pressure relief time. The
relative error between the pressure relief time obtained by
numerical simulation, and the theoretical pressure relief
time is the smallest. The errors for the case of a single leak
hole and multiple leak holes are 4.93% and 3.68%,
respectively. For numerical simulation, it is more
appropriate to choose a leak hole with a slenderness ratio
of 1:16.

(2) The airflow accelerates in the leak hole flow
channel, as a result of the pressure differential. When the
thickness of the leak holes does not exceed 200 mm, as the
thickness of the leak holes increases, the velocity of
airflow in the flow channel increases, and the pressure
relief time decreases from 16.21 s to 12.98 s. As the
thickness of the leak hole increases beyond 200mm, the
maximum speed of the airflow no longer increases, the
flow channel resistance increases, and the pressure relief
time increases from 12.98 s to 13.47 s.

(3) When the total area of leak holes remains
unchanged, the alteration of the number of leak holes has
a minimal impact on the pressure relief time, and the
maximum difference in pressure relief time is only 0.24 s.
Changing the location of the leak holes does not affect the
pressure relief time, but has a slight effect on the mass
flow rate of the leak holes.

(4) When the thickness of leak holes in doors and
windows is the same, the total area of leak holes remains
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unchanged, and changing the area ratio of leak holes in
doors and windows has an impact on the pressure relief
time of less than 3%. When the door leak holes are thicker
than the window leak holes, the reduction in the area ratio
of the door and window leak holes causes the pressure
relief time to increase by up to 1.23 s.

This study is based on a subway vehicle. Although the
airtightness requirements of on-ground vehicles are
different from those of subway vehicles, the design and
optimization of leak holes are essentially the same. The
results of the study can provide a reference for deciding
the locations and shapes of the openings in the bodies of
subway vehicles and on-ground vehicles. Due to the
higher speed of on-ground vehicles, the pressure
difference between the vehicle’s interior and exterior may
be greater. The results of this paper are not sufficient to
reflect the leakage characteristics of on-ground vehicles,
so follow-up research will be carried out on high-speed
train airtightness.
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