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ABSTRACT

The pressure wave generated by an urban-rail vehicle when passing through a tunnel affects the comfort of pas-
sengers and may even cause damage to the train and related tunnel structures. Therefore, controlling the train
speed in the tunnel is extremely important. In this study, this problem is investigated numerically in the frame-
work of the standard k-ε two-equation turbulence model. In particular, an eight-car urban rail train passing
through a tunnel at different speeds (140, 160, 180 and 200 km/h) is considered. The results show that the max-
imum aerodynamic drag of the head and tail cars is most affected by the running speed. The pressure at selected
measuring points on the windward side of the head car is very high, and the negative pressure at the side window
of the driver’s cab of the tail car is also very large. From the head car to the tail car, the pressure at the same height
gradually decreases. The positive pressure peak at the head car and the negative pressure peak at the tail car are
greatly affected by the speed.
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Nomenclature
A Maximum cross-sectional area of the train
Cd Coefficient of aerodynamic drag
Cp Coefficient of pressure
Fd-max Maximum aerodynamic drag
Lt The length of the tunnel
Lv The length of the vehicle
M Mach number
Tx Tunnel factor
V Train speed
Ρ Air density

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

DOI: 10.32604/fdmp.2024.055389

ARTICLE

echT PressScience

mailto:litian2008@home.swjtu.edu.cn
https://www.techscience.com/journal/FDMP
http://dx.doi.org/10.32604/fdmp.2024.055389
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/fdmp.2024.055389


1 Introduction

The increasing speeds of urban rail vehicles can lead to a reduction in aerodynamic performance, so
many scholars have studied the aerodynamic performance of rail vehicles. Academics at the University of
Birmingham and Politecnico di Milano have performed numerical simulations and experimental studies
of the aerodynamic performance of trains in crosswinds and tunnels [1–4]. The Eindhoven University of
Technology investigated the wind conditions during the passage of trains through underground tunnels
and platforms by using Computational Fluid Dynamics (CFD) [5]. As the running speed increases, the
aerodynamic performance of the vehicle as it passes through the tunnel increases significantly [6]. When
a train enters a tunnel at high speed, it generates a series of continuously propagating pressure waves [7].
The pressure waves cause a sharp change in pressure on the tunnel wall and the train body, which in turn
produces a series of aerodynamic effects. Factors such as train speed [8], head shape [9,10], and tunnel
structural parameters [11,12] have a significant impact on the aerodynamic performance of a train passing
through a tunnel.

At present, the academic and engineering communities have conducted extensive research on the impact
of train speed on aerodynamic performance when a train passes through a tunnel. The main research methods
currently include theoretical investigation, full-scale tests, scaled model experiments, and numerical
simulations [13–16]. Negri et al. [17] investigated the effect of trains air flow speeds through a full-scale
experiment, analyzing the effect of different train parameters and infrastructure parameters on the
slipstream generated by trains passing through tunnels. Zhang et al. [18] used a 1:20 scale model to
analyze the effect of a train’s speed on the peak pressure on the train surface. Compared with
experiments, the use of numerical simulation to study the aerodynamic performance of trains can
significantly reduce time and cost. Currently, Direct Numerical Simulation (DNS), Reynolds-Averaged
Navier-Stokes (RANS), Large-Eddy Simulation (LES), and RANS-LES are mainly used for the numerical
simulation of ground vehicles. Since DNS is not only costly but also has a very long cycle time, it is ill-
suited to solving the complex turbulence problems encountered in engineering. Therefore, RANS and
LES, which can solve these engineering problems more easily, have been used more often. The RANS-
LES method combines the advantages of the RANS and LES methods, and the simulation of the
separated flow effect is much better than that of the RANS method alone [19–22]. Rabani et al. [23]
investigated the effect of train speed on pressure waves, drag, and lateral forces, by using numerical
simulations. Zhou et al. [24] studied the aerodynamic performance of a train passing through a tunnel in
three different speed modes (350 km/h uniform speed, 350–300 km/h uniform deceleration, and 350–
250 km/h uniform deceleration). They found that when a train passes through a tunnel in a uniform
deceleration mode, the peak pressures on the tunnel, and on the train surface were reduced by 15.8% and
12.8%, respectively. Train speed also has a significant impact on the surface pressure characteristics of
tunnels [18,25]. Liu et al. [26] conducted on-site measurements of the surface pressure on a 2812 m
tunnel, and found that as the train speed increased, the position of the maximum value of the peak-to-
peak pressure gradually moved toward the tunnel entrance. When two trains meet in a tunnel, the
influence of train speed on aerodynamic performance is greater than that of track spacing or vehicle size [27].

A large pressure drop inside the vehicle as it passes through the tunnel causes discomfort to the
passengers inside [28,29]. The operating speed of urban rail vehicles will significantly affect the auditory
comfort of passengers. Xiong et al. [30] conducted on-site tests on the effect of subway train speed on
the pressure changes inside and outside the train, and found that the pressure change inside the train is
proportional to the train speed, with a power exponent of 1.5~1.6. Sun et al. [31] studied subway tunnels
in terms of the pressure comfort of passengers, and determined the critical diameter of tunnels at different
operating speeds. Yang et al. [32] used numerical simulation methods to study the differences in
aerodynamic characteristics of subway trains in tunnels, both when they are at a constant speed, and
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when they are accelerating or decelerating. This provides a theoretical basis for wind energy resource
recovery and fan layout, in tunnels.

With the continuous development of urban rail systems, especially high-speed urban rail, higher
requirements have been put in place for aerodynamic performance. Therefore, it is necessary to conduct
specific in-depth research on different vehicles, routes, and operating environments, to select the optimal
operating speed, while ensuring passenger comfort and operational economy. This article aims to analyze
the aerodynamic performance of a certain type of eight-marshaling urban rail vehicle, passing through
tunnels at different speeds. This is to explore the relationship between its aerodynamic force and surface
pressure, and speed, providing the theoretical basis for the design and operation of urban rail vehicles.

2 Numerical Information

2.1 Geometric Model and Boundary Conditions
A specific type of urban rail train is taken as the research object, and its operation in the tunnel is

numerically calculated. The geometric models used for calculation are the train model and the tunnel
model. A whole eight-marshaling train model is used for numerical simulation. The model consists of a
head car and a tail car, 6 middle cars, 7 windshields, and 16 bogies. The head cover and appearance of
the leading and trailing cars are the same. The model of the train is shown in Fig. 1. The length of the
head and tail cars is about 24.50 m, the length of the middle cars is about 22.00 m, the windshield length
is 0.80 m, and the total length of the train is about 186.60 m. The height of the train is about 3.81 m, the
width is about 3.27 m, and the maximum cross-sectional area of the train body is about 11.78 m2.

The aerodynamic performance of a train passing through a tunnel is related to the length of the tunnel.
There is a most unfavorable tunnel length, which causes undesirable aerodynamic performance when the
train passes through. The formula for the most unfavorable tunnel length is as follows [33]:

Lt ¼ Lvð1þMÞ
2Mð1�MÞ (1)

where, Lt and Lv are the lengths of the tunnel and the train, respectively, andM is the operating Mach number.

According to Eq. (1), the most unfavorable tunnel length is about 1026 m when the train passes through
at 140 km/h. The most unfavorable tunnel lengths calculated at 160, 180, and 200 km/h are smaller than those
calculated at 140 km/h, so the tunnel model with a length of 1026 m is used in the numerical simulation. As
shown in Fig. 2a, the atmospheric environment before and after the tunnel is simulated using a rectangular
cross-section of an external flow field region with a length of 350 m, a width of 60 m, and a height of 40 m. At

Figure 1: Train model
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the starting point, the nose of the train is 80 m away from the entrance of the tunnel, which provides a certain
amount of space for the development of turbulence before the train reaches the entrance of the tunnel. Fig. 2b
shows the boundary conditions when the train passes through the tunnel, and the boundary conditions of the
two outer computational domains are set to be exactly the same. The two side and top faces are set as
symmetric surfaces, and the rest of the faces and the tunnel walls are set as no-slip walls. A standard wall
roughness model was used, with a roughness height of 0, and a roughness constant of 0.5.

The slip grid is used to simulate the relative movement of the train and the tunnel area. The whole flow
field area grid is divided into a moving region and a static region, the grid around the train slips at the train’s
running speed, the static region includes the tunnel area and the external flow field area of the tunnel, and the
grid information of the static region and the moving region is transferred through the interface. Fig. 3 shows
the schematic diagram of the computational area partition and boundary condition settings, for when the
high-speed train passes through the tunnel.

2.2 Numerical Method
In this paper, the commercial software Fluent is used for numerical calculations. The flow field near the

wall is simulated using the standard wall function approximation. Numerical calculation modeling using the

Figure 2: Tunnel Model and boundary conditions

Figure 3: Schematic diagram of tunnel flow zones
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standard k-ε two-equation turbulence model, in conjunction with the standard wall function, can give more
accurate results [34,35]. For numerical calculations, the residual tolerance is 10−3 for the continuity equation,
10−6 for the energy equation, 10−3 for the velocity equation, and 10−3 for both k and ε. The Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) algorithm is used to solve the flow field and pressure.

3 Numerical Validation

3.1 Mesh Independence
The ICEM CFD software is used to mesh the fixed and moving regions of the flow field, with a body

mesh size of 3000 mm for the fixed region, 750 mm for the moving region, and a maximum mesh of 80 mm
for the train surface, all of which are meshed by tetrahedral meshes. A total of eight boundary layer meshes
are used near the train surface, with the first layer having a height of 1 mm and a growth rate of 1.2, to satisfy
y+ in the range of 30 to 300. The number of meshes in the static region is about 7 million, the number of
meshes in the moving region is about 24.39 million, and the overall number of meshes is about
31.39 million. In addition, to validate the effect of the number of meshes on the simulation results, two
other finite element models with different numbers of meshes were divided, with mesh numbers of
22.34 million and 48.34 million, respectively. The three sets of meshes are named Mesh 1, Mesh 2, and
Mesh 3, in descending order of mesh quantity. The computational meshes are shown in Fig. 4.

Fig. 5 shows the train drag and pressure curves obtained by simulation, with different numbers of
meshes. It can be seen that as the number of meshes increases, the curve differences between different
meshes gradually decrease, and the pressure curves between Mesh 2 and Mesh 3 are essentially the same.
Table 1 gives the comparison results of the drag peak and pressure peak for different numbers of meshes.
The peak difference between Mesh 1 and Mesh 2 is given in the Mesh 2 column in the table, and the
peak difference between Mesh 2 and Mesh 3 is given in the Mesh 3 column. As the number of meshes
gradually increases, the peak difference gradually decreases. As this occurs, the difference between the
drag peaks decreases from 4.18% to 1.31%, the difference between the minimum pressure values
decreases from 3.28% to 1.85%, and the difference in the maximum pressure value increases slightly, but

(a) Train surface meshes (b) Tunnel and ground meshes

(c) Computational domain and boundary layer meshes

Figure 4: Computational meshes
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does not exceed 3%. It can be seen that the results calculated by Mesh 2 and Mesh 3 are relatively accurate.
Considering the need for both calculation accuracy and calculation speed, the mesh size of Mesh 2 is used for
mesh division in subsequent calculations.

3.2 Validation of Experiment
Since the train used in this paper has not been tested on a railway line, and there is no experimental data

to validate the numerical simulation, numerical simulation is carried out using a train model from the
literature [36], and compared with the experimental values, to verify the reliability of the numerical
simulation. A comparison of the pressure results of the pressure measurement point at the middle point of
the second car of the train, with the results of the scaled model test from the literature, is shown in
Table 2 and Fig. 6.

It can be seen that the numerical simulation and test of the pressure curve change rule are essentially the
same and that only the pressure size is different. The maximum relative error between the numerical
simulation and the test results is only 2.31%, and the difference in peak-to-peak values is less than 1%,
which is within the acceptable error tolerance of numerical calculation. The deviation in the peak time may
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Figure 5: Comparison of results with different numbers of meshes

Table 1: Comparison of drag and pressure peaks for different numbers of meshes

Mesh 1 Mesh 2 Mesh 3

Drag peak/N −44729.95 −46601.72 4.18% −47213.01 1.31%

Maximum pressure/Pa 830.43 851.05 2.48% 876.50 2.99%

Minimum pressure/Pa −1214.10 −1174.23 −3.28% −1152.53 −1.85%

Table 2: Pressure comparison between numerical simulation and experimental results (unit: Pa)

Maximum positive pressure Maximum negative pressure Peak-to-peak value

Experiment 580 −554 1134

Simulation 586.39 1.10% −541.18 −2.31% 1127.57 −0.57%
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be due to a slight variation in test speed and higher temperature, present in the experiment. The above findings
demonstrate the accuracy of the numerical method in this paper, which can be used for subsequent research.

4 Analysis of Results

This paper mainly studies the effect of running speed on the aerodynamic performance of the train
passing through the tunnel, for which, numerical simulations of the train running at speeds of 140, 160,
180, and 200 km/h were carried out. The influence of running speed on aerodynamic performance is
analyzed in terms of the change rules of train aerodynamic force and of surface pressure.

4.1 Aerodynamic Force
The aerodynamic force on the train passing through the tunnel is calculated based on an area-integrated

approach to determining the pressure on the outer surface of the train. The train runs in the +x direction, so the
numerically calculated resistance is along the −x direction, and is therefore negative. The aerodynamic drag
of the train is affected by the compression wave and expansion wave, under which the aerodynamic drag
increases and decreases. Fig. 7 shows the corresponding relationship between the change of drag of the
head car and the propagation of the Mach wave, when the train passes through the tunnel at 140 km/h.
The red line in the graph represents a compression wave, leading to an increase in resistance, and the
blue line represents an expansion wave, leading to a decrease in resistance. The number symbols in
the graph represent the moment in time when the head car meets the pressure wave. It can be seen that
the head car generates a compression wave at the moment ① (as it enters the tunnel), resulting in an
increase in the resistance of the head car. This compression wave returns, to generate an expansion wave
when it reaches the tunnel exit. Since the tunnel length is exactly that of the most unfavorable tunnel
length for the train at that speed, this expansion wave is superimposed with the expansion wave
generated when the tail car enters the tunnel at the moment ②, which leads to a decrease in the drag of
the head car. Subsequently, due to the back-and-forth propagation of the compression wave and the
expansion wave, the drag of the head car is caused to rise and fall.

Table 3 gives the variation of aerodynamic drag as the train passes through the tunnel at a speed of
160 km/h. When the train is running outside the tunnel, the drag of the head car is −4179.34 N, the drag
of the tail car is −3259.19 N, and the drag of the whole train is −16136.16 N. When the train is running
in the tunnel, the peak aerodynamic drag of the head car is −15146.23 N, and the average drag is
−7260.76 N. The peak aerodynamic drag of the tail car is −10661.00 N, and the average drag
is −6002.74 N. The peak aerodynamic drag of the whole car is −46601.72 N, and the average drag is
−25232.94 N.
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Figure 6: Comparison of pressure curves at the carriage measurement point
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Table 4 shows the factor of aerodynamic drag increase when the train runs in the tunnel. After the train
enters the tunnel, the peak aerodynamic drag of the whole car increases by about 2.89 times, with the head car
having the largest peak drag value, being 3.62, followed by the tail car, at 3.27. The average drag of the whole
car increases by about 1.56 times, with the tail car having the largest average drag at 1.84, followed by the
head car at 1.74. It can be seen from the table that the drag of the head car accounts for the largest proportion
of the whole car, followed by the tail car, and considering that the head and tail car have a larger increase in
drag after entering the tunnel, the head and tail car should be focused upon.
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Figure 7: Correspondence between drag variation and Mach wave propagation for head car

Table 3: Aerodynamic drag of the train passing through the tunnel (speed: 160 km/h; unit: N)

Part Aerodynamic drag outside
the tunnel

Peak aerodynamic drag inside
the tunnel

Average aerodynamic drag inside
the tunnel

Head car −4179.34 −15146.23 −7260.76

Mid car1 −1586.35 −4435.30 −2325.20

Mid car2 −1460.80 −3548.76 −2133.86

Mid car3 −1453.60 −3499.50 −2022.03

Mid car4 −1416.25 −4324.55 −2177.89

Mid car5 −1389.82 −4511.18 −2347.36

Mid car6 −1409.81 −4448.84 −2366.41

Tail car −3259.19 −10661.00 −6002.74

Total −16136.16 −46601.72 −25232.94
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Fig. 8 shows the variation of aerodynamic drag of trains at different speeds. As can be seen, the change
rule of aerodynamic force for the train passing through the tunnel is fairly consistent for different speeds. Due
to the aerodynamic drag changing at different times, when passing through the tunnel at different operating
speeds, the peak drag appears at different moments. Overall, the aerodynamic force generated is greater when
the train passes through the tunnel at a higher speed.

Table 4: The factor of the changes in aerodynamic drag

Part Peak aerodynamic drag Average aerodynamic drag

Head car 3.62 1.74

Mid car1 2.80 1.47

Mid car2 2.43 1.46

Mid car3 2.41 1.39

Mid car4 3.05 1.54

Mid car5 3.25 1.69

Mid car6 3.16 1.68

Tail car 3.27 1.84

Total 2.89 1.56
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Figure 8: Variation of aerodynamic drag of trains at different speeds
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Table 5 shows the variation of peak aerodynamic drag of the train at different speeds. Compared to the
whole car drag at an operating speed of 140 km/h, the whole car drag increases by 32.16%, 61.60%, and
99.66%, at operating speeds of 160, 180, and 200 km/h, respectively. It can be concluded from the
analysis that the peak drag is proportional to the square of the speed magnitude when the train is running
at different speeds. Therefore, the maximum drag Fd-max (unit: N) of the head and tail car, a typical mid
car, and the whole car, is fitted to the relationship with the speed of the car V. The fitted function
coefficients shown in Table 6 are obtained by fitting using Eq. (2). These R2 of the fitted equations for the
peak drag of the head car, mid car and the whole car are above 0.99, which indicates the reasonableness
of the fitted equations.

Fd-max ¼ 1

2
TxqAV

2Cd (2)

where, Tx is the tunnel factor, ρ is the air density (1.205 kg/m
3), A is the maximum cross-sectional area of the

train (11.78 m2), V is the running speed of the train, and Cd is the coefficient of aerodynamic drag of the train
when it is running in the open air.

Fig. 9 gives the variation of aerodynamic lift of the head and tail car as the train passes through the
tunnel. It can be seen that at the moment when the train enters, and the moment when the train leaves the
tunnel, the lift of the head car changes significantly, and the original downward aerodynamic lift
decreases and then increases. When the train is running in the tunnel, changes in the lift of the head car
are small, and the lift is negative throughout tunnel passage. The aerodynamic lift of the tail car increases
sharply and then decreases, after entering the tunnel, and there are also large fluctuations in the
aerodynamic lift during operation, but the general trend of the change in the lift of the tail car is a gradual

Table 5: Comparison of the effect of speed on the maximum aerodynamic drag (unit: N)

Part Speed

140 km/h 160 km/h 180 km/h 200 km/h

Head car −11560.77 −15146.23 −19032.47 −23616.16

Mid car1 −3433.03 −4435.30 −5660.42 −6974.17

Mid car6 −3497.278 −4448.84 −5675.45 −6989.73

Tail car −7840.23 −10661.00 −14278.40 −17314.64

Total −35261.34 −46601.72 −56981.35 −70403.14

Table 6: Coefficients of maximum aerodynamic drag as a function of vehicle speed (speed range: 140~200 km/h)

Part Cd Tx R2

Head car 0.2981 3.6122 0.9999

Mid car1 0.1132 2.8123 0.9998

Mid car6 0.1006 3.1779 0.9991

Tail car 0.2325 3.3677 0.9885

Total 1.1510 2.8152 0.9967
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decrease. The aerodynamic lift change rules of the train passing through the tunnel with different running
speeds are essentially the same, and only the change of aerodynamic force is different in timing and size.
The larger the running speed of the train, the larger the aerodynamic lift and the lift amplitude generated
when passing through the tunnel, and the more obvious the aerodynamic performance.

4.2 Surface Pressure
To study the relationship between the pressure changes on the surface of the car body when the train

passes through the tunnel, the streamlined hood and body of the head and tail car, and the body of the
mid car of the train calculation model are taken respectively as the pressure measurement points in
Fig. 10. The streamlined hood sections of both the head and tail car are each equipped with five
measurement points. In the head car, these are located at the hood (HP-CG), the nose (HP-NT), the front
glass of the driver’s compartment (HP-NW1), and the left and right side windows of the driver’s
compartment (HP-NW2, HP-NW3). Seven measurement points are arranged in the body cross-section,
numbered HP-B1~7. The tail car measurement points are located in corresponding locations and are
numbered with the prefix TP. There are a total of six mid cars, each having a cross-sectional arrangement
of seven measurement points, numbered MP#-B1~7.
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Figure 9: Variation of aerodynamic lift of trains with different speeds

Figure 10: Schematic layout of pressure measurement points
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Fig. 11 shows the pressure changes at different locations on the train surface when the train passes
through the tunnel at 160 km/h. This is used as an example, to analyze the pressure distribution law at
different locations on the train surface. Typical measurement points are selected to analyze the pressure
changes at different operating speeds.
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Figure 11: Changes in pressure patterns at surface measurement points
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It can be seen from Fig. 11, that, as the windward side of the train, the head car hood has the largest
positive pressure amplitude, followed by the nose of the head car, and the driver’s room windshield. The
driver’s room left and right side windows pressure change laws, and the size of the changes, are
essentially the same. In the body section, due to the air conditioning unit causing the airflow separation
and then reattachment to the top of the body, the pressure on the top of the body is greater than the
pressure on other parts of the body. The position of the symmetry of the body pressure curve is
essentially the same. Due to the attachment of the airflow, the positive pressure on the windshield of the
driver’s compartment of the tail car is the largest, the pressure change rule of the windows on both sides
is the same, and the negative pressure peak of the side window of the tail car is the largest, due to the
fact that the side window of the tail car is located in the transition part of the streamline, where the
airflow forms a larger separating vortex. Therefore, in the design and operation of the vehicle, we need to
pay attention to the driver’s cab front window of the head car, and the driver’s cab side window of the
tail car.

Fig. 12 shows the change rule of pressure at the measurement point on the left side of the train body
along the running direction and studies the change rule of body pressure from the head car to the tail car.
It can be seen that, along the direction of the head car to the tail car, the value of the pressure at the same
height of the body gradually decreases, the positive pressure value of the body of the head car is the
largest, while the negative pressure value of the body of the tail car is the largest. The pressure value of
the body of the head car increases the fastest during the period from the moment t1, when the
compression wave is encountered, to t2, when the expansion wave is encountered, and that the rate of
change of the pressure value decreases in the direction from the head car to the tail car.

Some typical measurement points on the surface of the hood and body were selected, to analyze the
influence of running speed on the surface pressure when the train passes through the tunnel, and the
pressure change process of typical measurement points on the surface of the train under different speed
conditions is shown in Fig. 13.

As can be seen from Fig. 13, when the train passes through the tunnel at different speeds, the change law
of the train surface is essentially the same, such that only the moment of pressure change and pressure
amplitude are different. The higher the train speed, the more significant the tunnel aerodynamic effect,
and the higher the amplitude of the train surface pressure. The peak positive pressure at the nose tip of
the head car varies significantly with speed, while the change in negative pressure is relatively
insignificant, and the peak positive and negative pressures at points HP-NW2 and HP-B4 vary more

Figure 12: Train single-side pressure along the running direction change law
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significantly with speed. The peak negative pressure at the measurement point of the tail car varies
considerably with speed, and the change in positive pressure is relatively insignificant.

To further illustrate the effect of running speed on the magnitude of train surface pressures, Tables 7 and
8 give the variation of maximum and minimum pressures at typical measurement points on the surface of the
head and tail cars of the train, as the train passes through the tunnel at different speeds. As can be seen from
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Figure 13: Comparison of the pressure at the measurement points when the train passes through the tunnel
at different speeds
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Tables 7 and 8, the amplitude of both positive and negative pressures at the measurement points on the car
body increases with increasing speed, but the minimum pressure value at the nose tip of the head car and the
maximum pressure value of the tail car is less affected by the speed, and the changes are relatively
insignificant. Compared to the pressure at the measurement points at a running speed of 140 km/h, the
positive pressure amplitudes at the nose tip measurement point with the largest positive pressure values
are increased by 29.85%, 62.77%, and 102.34%, respectively, and the negative pressure amplitudes at the
tail car view window measurement point with the largest negative pressure values are increased by
35.41%, 86.28%, and 128.15%, respectively.

For the above typical measurement points, it can be found that the peak positive pressure of the head car
at different speeds is proportional to the square of the velocity. The relationship between the maximum
pressure Pmax (unit: Pa) at the measurement points of the head car, and the velocity V, was fitted, and the
fitted function coefficients as shown in Table 9 were obtained by fitting by Eq. (3). These R2 values of
the fitted equations for the peak positive pressure at the nose and body of the head car in the table are
above 0.99, which indicates the reasonableness of the fitted equations.

Pmax ¼ 1

2
TxqV

2Cp (3)

where, Cp is the pressure coefficient of the measuring points when the train is running in the open air.

Table 7: Comparison of the effect of train speed on maximum pressure (unit: Pa)

Measuring point Speed

140 km/h 160 km/h 180 km/h 200 km/h

HP-NT 1751.47 2274.2 2850.94 3543.88

HP-NW2 382.43 543.4 700.90 930.31

HP-B4 732.74 979.54 1255.27 1580.84

TP-B4 78.60 155.63 241.08 349.41

TP-NW1 191.42 345.8 452.23 194.68

TP-NW2 −202.84 −207.51 −267.36 205.65

Table 8: Comparison of the effect of train speed on minimum pressure (unit: Pa)

Measuring point Speed

140 km/h 160 km/h 180 km/h 200 km/h

HP-NT 28.53 −185.41 −232.16 −231.52

HP-NW2 −898.76 −1386.43 −1711.85 −2170.49

HP-B4 −632.24 −1084.82 −1337.34 −1579.87

TP-B4 −1039.20 −1392.69 −1968.50 −2455.13

TP-NW1 −924.79 −1265.72 −1771.88 −2203.29

TP-NW2 −1401.52 −1897.85 −2610.73 −3197.56
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5 Conclusions

This study investigates the aerodynamic characteristics of urban rail trains passing through tunnels at
different speeds. It analyzes how running speed affects train aerodynamic force and surface pressure, and
provides surface pressure characteristics at typical positions. The study derives relationship equations for
train aerodynamic drag, maximum surface pressure on the head car, and running speed. The main
conclusions are as follows:

1. At 160 km/h, the train’s peak aerodynamic drag increases by about 2.89 times, with the head car’s
peak drag increasing by 3.62 times, and the tail car by 3.27 times. The average drag increases by
1.56 times, with the tail car seeing the largest increase (1.84 times), followed by the head car
(1.74 times). Compared to 140 km/h, the whole car drag increases by 32.16%, 61.60%, and 99.66%, at
speeds of 160, 180, and 200 km/h, respectively.

2. The head car hood, being on the windward side, has the largest positive pressure amplitude, followed
by the nose and the driver’s roomwindshield. In the same body section, the top pressure is larger than in other
places, and symmetrical positions have similar pressure curves. The tail car’s driver’s room windshield has
the highest pressure, and the side windows’ negative pressure peak is the largest.

3. As speed increases, the positive and negative pressure amplitudes at measurement points increase, but
the minimum pressure at the head car nose tip, and the maximum pressure at the tail car change
insignificantly. Compared to 140 km/h, the positive pressure amplitude at the nose tip increases by
29.85%, 62.77%, and 102.34%, and the negative pressure amplitude at the tail car window increases by
35.41%, 86.28%, and 128.15% at speeds of 160, 180, and 200 km/h, respectively.

4. Train aerodynamic drag and maximum surface pressure on the head car are proportional to the square
of the speed, with R² values of the fitted equations for drag and peak positive pressure all being greater
than 0.99.

Due to the limitations of computational resources, only the standard k-ε model is used for numerical
calculations in this paper. Compared with other models, the standard k-ε model has many shortcomings in
predicting the characteristics of complex flow fields. More improved models, such as LES, RANS-LES,
and other improved k-ε models, will be used in subsequent studies.
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