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13  Abstract: Tropical storms pose a great threat to the traffic safety of tunnel-
14 embankment transition sections in coastal areas, especially when two trains are
15  meeting. A series of 3D computational fluid dynamics numerical simulations of wind-
16  rain-tunnel-embankment-train are established using the Eulerian multiphase and the
17 Shear-Stress Transport k- models. The numerical model’s reliability is verified by
18  wind tunnel tests using rainfall simulation technology. The differences in the train’s
19  aerodynamic performance before and during the meeting under different wind-rain
20  conditions are analyzed. The rain phase’s impact mechanism on the flow field is
21  revealed. Results show that: Before the meeting, the rain phase will worsen the train’s
22 aerodynamic performance. When the wind speed and rainfall intensity is 20 m/s and
23 400 mm/h, the head train’s average lift force (C,), yawing and pitching moments (Cn. )
24  increase by 6.25%, 9.68% and 10.31%, respectively. The rain phase increases the
25  wind-rain load amplitude during the meeting, and the head train’s pitching moment

26  increases by 10.7%. The moment is more worthy of attention than that of force under
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a rainy day, and the change rate of C.. is 4.9 times of that of C,. The amplification
effect of rain on wind-rain loads may endanger the driving safety of trains at the
tunnel entrance.

Key words: strong wind-rain environment; tunnel-embankment section; two high-

speed trains meeting; Eulerian multiphase model; transient aerodynamic performance

1. Introduction

There have been a number of train accidents in strong winds around the world
(Andersson et al., 2004). Now, global warming has led to increased damage to
infrastructure by tropical storms along the coasts of eastern Asia and western Europe
(Jian et al., 2022). According to the statistical study conducted by Liu et al. (2021),
there were about 975 railway disasters caused by heavy rainfall in China during 1981-
2016. Therefore, extreme natural weather, such as strong winds and heavy rain caused
by tropical storms, has become a major source of risk affecting the safe operation of
high-speed trains (HST) (Montenegro et al., 2020(a); Mohebbi et al., 2013, 2018a;
Ottar et al., 2023). The tunnel-embankment transition section is in the weak zone of
the operation environment due to the rapid change in the infrastructure structure. This
leads to dramatic changes in the train's wind-rain loads in a very short period of time.
Therefore, it is of great significance to grasp the change law of the wind-rain loads of
the carriage under the coupling of wind-rain phases and the spatial distribution law of
wind-rain phases around the train to ensure the safe operation of high-speed trains.

At present, in the study of aerodynamic performance of HST under crosswind
environments (Mohebbi et al., 2021, 2022), some researchers pay attention to the
energy dissipation shielding effect of anti-wind structure on incoming flow on the
windward side of trains (Mohebbi et al., 2017, 2018b). Many scholars are currently

studying the aerodynamic characteristics of trains under pure crosswinds (Li et al.,
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2023; Liang et al., 2023), which are reflected in wind tunnel tests or numerical
simulations of flat ground, embankments and bridges (Chen et al., 2018; Noguchi et
al., 2019; Montenegro et al., 2020(b)). Some researchers have also found that
differences in wind models can also significantly affect the aerodynamic
characteristics of trains. Neto et al. (2021) systematically studied the regularity of
different wind directions on the safety of trains, and the wind contour line was
generated based on the Chinese cap model. The results showed that vertical wind
direction is the greatest threat to the safe operation of trains. Han et al. (2020)
compared the effects of steady and unsteady aerodynamic loads on the dynamic
response index of trains running on bridges and found that considering the pulsating
components in the crosswind flow is more conducive to evaluating the operational
safety of trains. Yang et al. (2022a) also compared the difference in flow fields around
trains under reconstructed natural wind and steady wind conditions in the tunnel-
bridge section. It can be seen that great progress has been made in the relevant
research, considering pure crosswind simulation methods and different infrastructure
factors.

Wind-driven rain (WDR) are raindrops that obtain horizontal speed when driven
by wind power. For wind-rain two-phase flow, researchers mainly use the
computational fluid dynamics (CFD) technique using the Eulerian multiphase (EM)
model and the wind tunnel test method using the spray device (Zeng et al., 2023). In
the current wind-rain numerical simulation techniques, due to the randomness of the
initial conditions of raindrops, a large number of calculations are required on the
raindrop trajectories to obtain the distribution of capture rates. Jiang et al. (2016)
proposed a new method to obtain the capture rate distribution by the finite surface

element method, which reduced the computational amount of raindrop trajectories and
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the randomness of the capture rate distribution. In order to more accurately predict the
influence of wind-rain on the wetness distribution of the fagde of buildings, Kubilay
et al. (2015) proposed a method to achieve turbulent diffusion in the EM model.
Wind-rain simulation is mainly used in the study of rainwater intrusion into the
external walls of buildings and the dynamic response of raindrops impacting
structures in a typhoon environment (Huang et al., 2012; 2019). However, some
researchers have carried out related studies on the train’s aerodynamic characteristics
in heavy wind-rain cases. Shao et al. (2011) studied the wind-rain loads under wind-
rain environments based on the EM model and concluded that the train’s resistance,
lateral and lift forces are greater under rainy conditions than under rainless conditions,
and the difference increases with the incoming flow speed. Li et al. (2019)
investigated the train’s aerodynamic performance under the wind-rain coupling based
on the Euler-Lagrangian method, and the findings revealed that the raindrops
accelerate the airflow around the train while inhibiting the vortex degeneration, which
will lead to an increase in fluid flow velocity around the train with the increase in
rainfall. Some researchers have begun to pay attention to the influence of raindrop
simulation methods on the aerodynamic coefficients of trains. For example, Yu et al.
(2021) discussed the usefulness of the raindrop shape hypothesis. The team also
studied the train’s aerodynamic coefficients using the non-spherical raindrop model,
and the results indicated that the density of raindrops around the train is positively
correlated with the rainfall intensity (Yu et al., 2022). On the basis of researching the
aerodynamic load of trains, Gou et al. (2021) further addressed the impact of wind-
rain on the train-track-bridge dynamic response system. The findings indicate that the
rainfall intensity has significant effect on the dynamic response of the train.

Although the above researchers have carried out different degrees of research on



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

the train’s aerodynamic characteristics under the coupling of wind-rain and achieved
certain results, there are still some problems that need to be solved. First of all, their
research subject is mainly a train, and the complex aerodynamic characteristics of
trains meeting are overlooked (\Wang et al., 2019; Yang et al., 2022b). Secondly, under
the coupling of wind-rain, the rain phase will affect the incoming flow’s velocity and
turbulence intensity (Zeng et al., 2023), but the above studies are based on the steady-
state or quasi-steady-state assumption, that is, the train is stationary or only uses the
simulation method of ground or bridge deck movement, and the results are relatively
conservative (Krajnovic™ et al., 2012; Dorigatti et al., 2015). In fact, in the study of
the transient aerodynamic effect of HSTs under a pure crosswind environment, some
researchers based on wind tunnel tests and CFD simulations revealed that there is an
acceleration effect on crosswinds at the tunnel entrance and high-speed trains
traveling through tunnel openings produce complex aerodynamic abrupt behavior
(Wang, et al., 2021; Zhou, et al., 2021; Yang et al., 2022c). In addition, the train’s
aerodynamic change behavior is aggravated by the pulsating impact of two trains
traveling in opposite directions. As a result, it is especially important to investigate the
aerodynamic characteristics of trains passing each other and the spatial evolution rule
of two-phase around the train in a wind-rain environment at the tunnel entrance,
which is also one of the purposes of this study.

In this study, a series of 3D wind-rain-tunnel-embankment-train CFD numerical
dynamic models are established based on the EM and Shear-Stress Transport (SST) k-
o turbulence models. Firstly, the turbulence model’s accuracy and the multiphase
flow model using raindrop grouping are verified by wind tunnel tests. Secondly, the
transient aerodynamic differences in the meeting process under different wind speed

and rainfall intensity conditions are analyzed, including the average wind-rain loads
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and its amplitude. The temporal and spatial distribution laws of the two phases around
the train body with the change of rainfall intensity and wind speed are studied, and the
rain phase’s impact mechanism on the wind-rain loads and separation vortex is
revealed by the flow field. The structure of the article is arranged as follows: The
second section introduces the geometric model, boundary conditions, mesh method,
rain phase model and working condition arrangement. The third section mainly
analyzes the differences in aerodynamic characteristics under different rainfall
intensity and wind speed conditions, displays the spatial distribution law of the two
phases by the flow field, and reveals the mechanism of aerodynamic load differences.
This paper’s primary contribution is to reveal the aerodynamic characteristics and
time-varying characteristics of the rain phase when two trains meet under strong

wind-rain environments.

2. Numerical model methods

2.1. Wind-rain phase model

At present, there are two main numerical methods for simulating wind-rain
environment: the discrete particle model (DPM) and the EM model. Due to the huge
CPU resource consumption and computing memory space, DPM is difficult to use in
large engineering numerical models. Therefore, the EM model is used in the paper,
which has been used by some researchers to research the train’s aerodynamic
performance under wind-rain conditions (Shao et al., 2011). Under the action of
crosswind, the tracks of raindrops with different particle sizes are different (Zeng et
al., 2023), so their effects on the aerodynamic performance of the carriage are also
different. Therefore, rain phases with different particle sizes should be considered in
the model. In the EM model, both the air and rain phases are treated as independent

parts of the continuum. Considering that raindrops tend to break into small raindrops
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in the air after reaching 6 mm in diameter, the particle size of the rain phase is divided
into 6 groups, and the intermediate particle size of each group is used as a

representative value. For example, the particle size in the first group is D, =05 mm,

and the particle size range is 0~1 mm. The mass and momentum equations for the rain
phase are shown in Egs. 1 and 2 (Kubilay et al., 2013). The relation between the
volume fraction of wind phase and rain phase is shown in Eq. 3. Based on the Navier-

Stokes equations, the governing equation of wind phase is shown in Egs. 4-7.
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where «, represents the volume fraction of kth rain phase; «,represents the volume

fraction of air; x represent the dynamic viscosity; u,., u,; represent the velocity of

i
the i and j directions in the kth phase, respectively; p, represents the raindrop’s
density; g represents the gravitational acceleration; C, and Re, represent the drag

coefficient and the relative Reynolds number, respectively. s, represent the

momentum contribution of rain to air.
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The volume fraction of raindrops with different diameters is different under
different rainfall intensity. The distribution function of Marshall-Palme (M-P) is an
earlier proposed raindrop spectrum, but it has some problems that lead to its limited
range of use. Another widely used raindrop spectrum is the Gamma distribution,
which is essentially a correction of the M-P distribution. In order to simulate the rain
phase more accurately, the modified Gamma distribution form is used, and its
functions are shown in Egs. 8 and 9 (Wolf D., 2001; Huang et al., 2012).

N (D)=N,D** exp(-5.381 ***D), (8)
N, =1.98x107°1 %% 9)
where, | denotes the rain intensity.

Rainfall intensity (1), volume fraction («, ), and rain phase fall speed v, (D) are the

key parameters of wind and rain simulation. Considering the coastal typhoon-prone
areas, heavy rainfall can even reach 400 mm/h in a short period of time (Yang et al.,
2021). Therefore, the rainfall intensity in this paper is 100 mm/h, 200 mm/h, 300
mm/h and 400 mm/h. After determining the rainfall intensity, the volume fraction of
raindrops with different diameters can be obtained by Eqs. 10 and 11, and the final

falling speed of raindrops can be determined by Eq. 12 (Gunn and Kinzer, 1949).

If (1, D)x107
%=V, (D)=3600 ’ (10)
DN(I, D)V, (D
(1,0 DNA.DVO) )
jo DN(I, D)V, (D)dD
0; D<0.03mm
V,(D) =44.323(D -0.03);0.03 mm < D <0.6 mm, (12)

9.65-10.3e%°:D > 0.6 mm

2.2. Turbulence model

Researchers often use four turbulence models, such as the Renormalization
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Group (RNG k-¢), SST k-w, improved delayed detached eddy simulation (IDDES)
and large eddy simulation (LES), to study the train’s aerodynamic performance.
Among them, the IDDES and LES models are often used for scaled models because
of their extremely high requirements for the grid size of train walls and large
computing resources. Although the computational accuracy of the RNG k-¢ turbulence
(Rezvani et al., 2014) model can meet the needs of engineers, its ability to simulate
separated flows is weak, and it is not suitable for observing the development and
change of separation vortices around the train. The SST k- turbulence model can
meet this point well, and the computing resource consumption is within an acceptable
range. This turbulence model is also used by researchers to study the development of
flow around the train (Li et al., 2019) and wind and rain simulation (Yu et al., 2021).
Therefore, the separation and distribution of wind and rain phases around the train are
researched using the SST k- model. It is expressed in the following form (Menter,
1994).

oku) o ok
=—(Tk—)+Gx—Yk,
OXi 8Xj( k@Xj)+ o (13)

o(wl) 0 ow
L ( = — (r(u
OXi OXi OXj

)+Gw—Ya)+ Do, (14)

where k represents turbulent flow energy; « represents turbulence frequency; I«
represents the dissipating rate of k ; T'. is the dissipating rate of »; G« and G. are a
turbulence generation term; Y« and Y. are the turbulence dissipating term; D.
represents the cross- dissipating term.
2.3. Geometry model and boundary conditions

The geometric information about the tunnel-embankment-train model and the
settings of the boundary condition are given in Fig. 1. Using the CRH380B train as

the research object, in order to facilitate modeling and mesh generation, the bogies,
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pantographs and other components are ignored, and the train is only composed of
three carriages. The actual length of the three carriages is 25.85 m, 24.83 m and 25.85
m, respectively. The actual width and height of the three carriages are 3.27 m and 3.89
m, respectively. The corresponding length, width and height of the head train are
expressed in dimensionless forms such as L, W and H. In the numerical model, train A
is located on the windward side track and moves in the positive direction of X; train B
is located on the leeward side track and moves in the negative direction of X; trains A
and B both run at speeds of 350 km/h. Under the action of the wind phase, the rain
phase not only has a vertical falling velocity but also has a horizontal velocity along
the incoming flow’s direction (Uir). The overall width of the calculation domain is set
to 54.7 W to guarantee that the rain phase can impact the train's windward side. The
length and height of the calculated domain are 13.1 L and 10.3 H, respectively, and
the specific geometric parameters of the embankment are shown in Fig. 1(b). The side
surface for simulating incoming flow and the top surface of the computational domain
in Fig. 1(c) are set to Velocity-inlet boundary conditions to control the wind and rain
phases; the ground, embankment, train wall, and tunnel wall are used. No-slip Wall
boundary conditions and other computational domain boundary conditions are set to

Pressure-outlet.
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Fig. 1. Information about the geometric model: (a) the simplified train model; (b)

Section Ain Fig.1(c); (c) calculate domain and boundary conditions.
2.4. Grid method

The specific mesh details of the numerical model are shown in Fig. 2. The
dynamic grid method used to realize the meeting of two trains at the tunnel entrance
under a wind and rain environment is adopted in this paper. Yang et al., 2022b
provides a detailed description of the moving grid approach. The information
transmission through Interface is realized by the dynamic grid and the surrounding
static grid region. Taking into account the intricate alterations to the flow field at the
tunnel’s entrance during the meeting, the grid refined area is set around it. The refined
area’s grid size is restricted to no more than 4x107° L, and the range size is 2.3 Lx5.7
Wx2.3 H. The spatial distribution of the two phases around the train is one of our
concerns, so the grid area around trains needs to be further refined to meet the

requirements of the turbulence model. In this paper, the surface of the train and tunnel



238  adopts a polygonal grid with a grid size of 8x10*and 1x102 L, respectively. A ten-
239  layer boundary layer grid is set on the train wall, with a first grid thickness of 8x10* L
240  (the value of y+ is close 30), and the growth rate is 1.2. The total mesh of the model is
241 42 million cells, and the SST k- model in Fluent software is employed for transient
242  solving. The solution mode uses the second order, with a time step of 0.001 s (Courant
243  number less than 1). The computing device is a supercomputer with a 120-core

244  processor for a week’s calculations.

245

246 Fig. 2. Overview of the grid.

247  2.5. Model validation

248  2.5.1. Grid independence validation

249 In the numerical model, the setting scheme of grid size at different locations is
250 related to the accuracy of the train's aerodynamic loads. A crucial part of the entire

251 calculation process is played by the static grid refined area of the tunnel entry and the
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dynamic grid refined area surrounding the train. Three boundary layer schemes are
shown in Fig. 3(a), with total grid quantities of 34, 42 and 50 million, respectively.
Taking a wind speed of 20 m/s and rainfall intensity of 0 mm/h (Uiro and lo) and a
wind speed of 30 m/s and 400 mm/h (Uitso and la0) as examples, Figs. 3(b) and (c)
show the rolling moment’s time history curves corresponding to the three grid
schemes. As can be seen, a change in the number of boundary layers has a significant
influence on the value but has little effect on the train’s rolling moment change law in
Fig. 3(b) and (c), and the main impact area is in the embankment and the tunnel
entrance sections. In Uiro and lo and Uito and lsoo, the difference in magnitude
between scenarios 1 and 2 is 7.6% and 17.9%. Compared with scheme 1, the
amplitude of the rolling moment of scheme 2 and scheme 3 is closer; the difference is
only 3.3% and 2.5%, but the calculation time and data file storage space of scheme 3
are basically 1.5 times that of scheme 2. Therefore, schemes 1 and 3 are discarded due
to their poor calculation accuracy and computational efficiency, respectively, and the

scheme of 10 boundary layers is selected.
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Fig. 3. Grid independence validation: (a) schemes about the boundary layer number;
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(b) rolling moment in Uiro and lo; (c) rolling moment in Uitso and l4oo.
2.5.2. Validation of two trains meeting

The aerodynamic loads of the carriage will change drastically due to the head
wave and wake wave during the meeting of the two trains. The sudden peak of the
aerodynamic loads is directly related to the degree of deterioration of the aerodynamic
performance during the meeting. As a result, it is necessary to compare the turbulence
model and associated boundary setting scheme used in this study with a wind tunnel
test involving two trains colliding. The wind tunnel test (Hu et al., 2022) is given in
Fig. 4(a), and the train is a 1:20 scale model. The wind velocity is 8 m/s, the train
velocity is 5.6 m/s, and the two trains are meeting at the bridge. Since the train model
goes through the acceleration, constant speed and deceleration stages, respectively.
The speed of the acceleration and deceleration stages is unstable, and the aerodynamic
coefficient is subject to many uncontrollable factors. Therefore, only the train’s
aerodynamic coefficient in the stable section is verified. A numerical model is built
with reference to the wind tunnel test, and boundary condition type and the turbulence
model used are consistent with the working conditions in this paper. From the analysis
of Fig. 4(c), the results obtained by the numerical model and the wind tunnel test have
a great agreement. The amplitude errors of the C; and Cmx are 6.9% and 4.5%,
respectively. Fluctuations in vehicle speed during the test and interference from some
factors, such as surface roughness of numerical models and scaled models, may be the
main reasons for the difference in results. Hence, the dynamic mesh simulation

scheme adopted in this paper can be considered reasonable.
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294 Fig. 4. Validation of two trains meeting: (a) calculate domain and train model; (b)
295 lateral force coefficient; (c) rolling moment coefficient.

296  2.6. Introduction of working conditions and data processing

297 In order to analyze the of train’s aerodynamic performance during meeting under
298  different rainfall intensity and wind speed conditions and reveal the spatial
299  distribution law and evolution mechanism of the rain phase during under correspond
300 conditions. The combination of three wind speed classes (20, 25 and 30 m/s) and five
301 rainfall intensity classes (0, 100, 200, 300 and 400 mm/h) is considered, and six
302 different calculation scenarios are listed in Table 1 for analysis. The analysis focused
303 on train A, which enters the tunnel from outside the tunnel on the windward line.
304  Train B exits the tunnel from the leeward line. Four feature positions are chosen for
305 analysis to help with the comparison of flow field differences between various

306  working conditions. The feature position is selected based on the distance between the
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train A’s nose tip and the tunnel entrance, which is X=-1 L, X=0 L, X=1.5L and X=3 L,
respectively. The wind-rain load time history curves are obtained by a User-defined
Function (Yang et al., 2022b). This paper focuses on the analysis of the lift, lateral
forces, rolling, yawing and pitching moments, which are dimensionless according to
the specification (BS EN, 2006), and the specific treatment formula is shown in Yang
et al. (2022b).

Table 1 Introduction to working condition parameters.

Cases Schemes Speed of train  Speed of incoming flow  Rainfall intensity
Uirzoand lo Wind 350 km/h 20 m/s 0 mm/h
Uiroand l200  Wind and rain 350 km/h 20 m/s 200 mm/h
Uiroand lzopo0  Wind and rain 350 km/h 20 m/s 300 mm/h
Uiroand lsco  Wind and rain 350 km/h 20 m/s 400 mm/h
Uirzsand laopo Wind and rain 350 km/h 25 m/s 400 mm/h
Uirsoand laopo  Wind and rain 350 km/h 30 m/s 400 mm/h

3. Results and analysis

3.1. Wind-rain loads

The three carriages’ wind-rain loads under four conditions are shown in Fig. 5,
and the analysis of wind-rain loads is helpful to master the stress state of the train in
the whole process of operation so as to design the wind-resistant structure. Three
feature positions have been marked in the Fig. 5 with black lines for ease of analysis.
The entire calculation process can be divided into three stages. The first stage is for
train A to run alone on the embankment (X<0 L). The second stage is for train A to
meet at the entrance of the tunnel (0 L<X<3.0 L). The third stage is for train A to fully
enter the tunnel (X>3.0 L). In the first stage, the focus is on the effect of rain on the
train’s average aerodynamic loads. In the second stage, the focus is on the influence of
| and Uir on the amplitude of aerodynamic loads during two trains meeting. In order to
eliminate the fluctuation of single time-node data and the influence of the acceleration
effect on trains at tunnel entrance and to achieve the research objectives of the first
stage, the average aerodynamic loads of train A at 0-0.2 s are selected for comparison.

In order to quantitatively compare the difference in the train’s wind-rain load
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amplitudes between different cases and analyze its relationship with rainfall intensity,
the amplitude of wind-rain load coefficient (AC) is introduced in Eq. 15, and the value
range is 0.2-1.4 s.

AC=C,, -C,. (15)

max

where, C,_ and C_ represents the positive and negative peak values of the wind-rain

loads. Fig. 6 shows the normalization results of the train’s AC, and the working
condition with a wind speed of 20 m/s and a rainfall intensity of 400 mm/h is used as
the reference working condition. Table 2 shows the average wind-rain load
coefficients under Uiro and lo and Uiro and lso When train A runs alone on the
embankment section.

Based on the analysis of Fig. 5, Fig. 6 and Table 2, it can be seen that the
variation rule of the wind-rain load coefficients is basically consistent in the four
working conditions. In the early stages of the first phase, the train is subjected to a
steady wind or wind-rain load. In the late stage of the first stage, only the head train is
affected by the acceleration effect from crosswinds near the tunnel entrance, and the
Cy, C; and C; of the lead train increased by 67.7%, 6.9% and 13.3%, respectively. In
the second stage, the train is mainly affected by the pulsating impact generated by the
meeting. In the third stage, the loads of the train are basically equal because it
completely driven into the tunnel and not affected by the meeting. This is followed by
a detailed analysis of the first and second phases, respectively.

In the first stage, the average wind-rain loads of the trains in Uiro and lso are
higher than those of Uiroand lo (except for the tail train’s lateral force and the middle
train’s rolling moment), and the influence degree from rain phase on different
carriages is significantly different in Fig. 5. This shows that under the action of wind-

rain, the rain has an impact force on the train’s surface. Under the same wind speed,
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the rain phase has an additional contribution to the aerodynamic loads on the train
body. In addition, the rain phase exhibits different aerodynamic effects due to the
difference in the flow field around different carriages. The C., Cny and Cn. of the
head train in the Uiro and lsgo are higher than those of the middle and tail trains. For
example, the C.of the head train is about three times that of the middle train, and the
Cny is about two times that of the tail train. This indicates that the lateral swing,
serpentine movement and pitching motion posture of the head train are more complex
than those of the middle and tail trains under the influence of wind-rain, which is
basically consistent with the research conclusion under pure crosswinds (Ouyang et
al., 2023). For the head train, the degree of influence of rain on various load indicators
also differs. The effect of rain on the head train’s C. and Cn is small, and the C.
only increased by 2.12%. However, the C,, Cn, and Cn. of the head train can be
increased by 6.25%, 9.68% and 10.31%, respectively. This indicates that the impact of
rain phase on the lateral force is weaker than that of rain phase on the flow field
around the roof. There are two reasons for this difference may be that the water film
attached to the roof of the train increases the flow velocity, leading to the increase of
lift and yaw moment, while the rain phase leads to the increase of negative pressure
on the leeside of the train, leading to the increase of lateral force. It also shows that it
is unreasonable to consider only the wind load when analyzing the dynamic response
index of the train and the driving safety under wind-rain conditions, and the rain load
on the train must also be considered.

In the second stage, the influence of the rain phase on the amplitude of the wind-
rain load is first analyzed. It can be seen from the time history curve that during the
meeting at the tunnel entrance, the mutual aerodynamic impact generated by the

relative movement of the two trains dominates the wind-rain forces of the carriage,
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and the rain phase has the amplification effect relative to part of the wind-rain loads,
but it is obviously weaker than the influence of wind speed. The impact of rain on ACy
and AC; is limited, and the corresponding difference does not exceed 5%. The ACn; of
the head, middle and tail trains under the Uiroand lsoo are 10.7%, 10.1% and 13.7%
higher than those under the Uiroand lo, respectively. It is worth noting that when the
train is in a critical wind speed environment, the amplification effect of rain on
aerodynamic loads may cause the train’s dynamic response index to exceed the limit,
which needs the attention of researchers. Additionally, the track surface will appear
both dry and wet states for the tunnel shielding, and the wheel-rail will experience dry
and wet contact conversion during the vehicle's entry and exit from the tunnel. This
could further exacerbate the deterioration of the wheel-rail relationship and result in
the train derailing (Chen et al., 2020; Wu et al., 2022).

Next, the relationship between the wind-rain load amplitudes of the three
carriages and the Ui is analyzed under the condition of a constant rain phase. The
aerodynamic amplitudes of the three carriages are basically positively correlated with
the Uir. This is because the influence of crosswind speed on aerodynamic amplitude
dominates throughout operation. It is worth noting that in the head and tail trains, the
ACnmyx is negatively correlated with the Ui, while the ACnx of the middle train has no
obvious linear relationship with the Ui. This is because wind speed not only increases
the rolling moment value of the train before the meeting, but also changes the pulse
peak generated by the train during the meeting, which leads to the fact that the
amplitude of the rolling moment of different carriages is not significantly related to

the change in wind speed.
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represent the corresponding head, middle and tail trains, respectively.

Table 2 Comparison of wind-rain load coefficients under Uiso and loand Uigo and lago.

Uirzoand lo Uirzo and 1400
Head train  Middle train__ Tail train Head train Middle train Tail train
|Cy| 0.064 0.088 0.061 0.068(6.25%) 0.088(0.00%) 0.061(0.00%)
CZ 0.189 0.061 0.013 0.193(2.12%) 0.065(6.56%) 0.009(-30.77%)
o 0.001 0.003 0.002 0.001(0.00%) 0.004(33.33%) 0.003(50.00%)
C., 0.248 0.010 0.124 0.272(9.68%) 0.019(90.00%) 0.143(15.32%)
C... 0.194 0.033 0.012 0.214(10.31%)  0.031(-6.06%) 0.021(75.00%)
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Fig. 6. Normalized wind-rain loads amplitude: (a) head train; (b) middle train; (c) tail

train.
3.2. Characteristic surface of the wind-rain loads

To further analyze the impact of rainfall intensity and wind speed on the C and
AC of the train in the first and second stages. Considering that during the entire
operation, the wind-rain load of the head train is generally higher than those of the
middle and tail trains. Fig. 7 shows the average wind-rain loads and its amplitude
characteristic surfaces of the head train at wind speeds of 20 m/s, 25 m/s and 30 m/s,
respectively, when the rainfall intensity is 0, 100, 200, 300 and 400 mm/h,

respectively. The feature surface is fitted using a 3D plane equation (z=a+bl +cU,),

and when the coefficients b and c are positive or negative, it means that the wind-rain
loads are positively or negatively related to | and Ui, respectively. The magnitudes of
b and c represent the strength of the wind-rain loads affected by rainfall intensity and
wind speed. The gray lines in the figure represent contour lines. Based on this, the

wind-rain characteristic surface given in Fig. 7 can provide a reference value for
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engineering builders and subsequent researchers who study wind-rain loads.
According to the analysis of Fig. 7, the average wind-rain loads and their
amplitude have a significant linear correlation with Ui and |. Analyzing the
relationship between wind-rain loads (including average value and amplitude) and
rainfall intensity, it can be seen that the average wind-rain loads are positively
correlated with rainfall intensity because the increase in the volume fraction of the
rain phase leads to an increase in the impact of the wind-rain loads on the train. ACy,
AC;, ACn; are positively correlated with rainfall intensity, while ACnx and ACny are
negatively correlated with rainfall intensity, which may be due to the influence of the
water film attached to the train body on the pulse force generated during the meeting.
It is worth noting that with the increase in rainfall intensity, the average wind-rain
moments are faster than the change rate of wind-rain forces, and the change rate of
Cny reaches 2.3 times that of C., and the change rate of C.. reaches 4.9 times that of
Cy; the amplitude of wind-rain loads also shows this phenomenon, and the change
rate of AC,, reaches 4.8 times that of AC,. This shows that the rain phase has a higher
degree of deterioration than the yawing and pitching attitude of the train when
running on the embankment and the pitching attitude at the meeting. As the intensity
of rainfall increases, wind-rain moments deserve more attention than wind-rain forces.
Analyzing the relationship between wind-rain loads (including average value and
amplitude) and wind speed, it can be seen that the average wind-rain loads and its
amplitude are positively correlated with wind speed (except for ACmy). It is worth
noting that as wind speed increases, the change rate of the average wind-rain forces is
higher than that of the wind-rain moments; the change rate of C,reaches 3.4 times
that of C..; a similar phenomenon is not found in the change law of the amplitude of

the wind-rain loads and wind speed, which may be caused by the influence of the
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meeting. Finally, comparing the influence of Uit and I on wind-rain loads (including
average value and amplitude), it can be seen that the average wind-rain loads and their
amplitude are significantly more affected by wind speed than rainfall intensity. For
example, for the average lift force and its amplitude, ¢ is 1248.8 and 1420.9 times that
of b, respectively. This is mainly because the volume fraction of the rain phase is
small, and the increase in | has a weak effect on the aerodynamic loads of the train

compared to the increase in Uit.
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Fig. 7. Characteristic surface of the wind-rain loads (including average value and
amplitude) with wind speed and rainfall intensity: (a-e) represent the Cy, Cz, Cmx, Crmy
and Cnm; of the head train, respectively. Subscript 1 and 2 represent before and during

the meeting, respectively.

4. Discussion about the flow field mechanism
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4.1. One train running on the embankment

4.1.1. Distribution of pressure coefficient

The distribution of pressure is an aspect that reflects the train’s aerodynamic
performance. In the second stage, the wind-rain force of the carriage is mainly
dominated by the pulsating impact of the train, so the pressure coefficient at a single
moment in this stage is not suitable for analyzing the difference between working
conditions. In the first stage, the wind-rain loads of the train are basically stable with
time, and the distribution law of the pressure coefficient is basically stable, which can
help better analyze the difference between different cases. Therefore, the pressure
coefficients of the horizontal plane and the cross section at the time of t=0.2 s are used
as representatives to compare the difference in the distribution of pressure coefficients
between different cases. The horizontal distribution of pressure coefficients in Uifo
and lo, Uiro and lao, Uirs and lao and Uiro and lago is shown in Fig. 8 in order to
analyze the influence of the rain phase on the pressure coefficient and its distribution
law with the Uis under wind-rain environments. The horizontal contour line is 0.5 H
from the underbody, starting from the tail train’s nose tip (O1), passing through the
windward side body to the head train’ nose tip (O2) and then returning to the O:
through the leeward side body. The pressure coefficient’s cross-sectional distribution
in the four cases is shown in Fig. 9, and subscript 1, 2, 3 corresponds to sections S1,
S2 and S3, respectively. Each carriage set three cross-sections, and the cross-sections
of the head train are named H-S1, H-S2, H-S3 respectively; the cross-sections of the
middle train are named M-S1, M-S2, M-S3; the cross-sections of the tail train are
named T-S1, T-S2, and T-S3, and the specific location of the cross-section is shown in

Fig. 9. The calculation formula of pressure coefficient is showed in Eq. 16.
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where C, represents the pressure coefficient, P, represents the pressure of the train

wall, P, represents the reference pressure in the calculation domain, p represents the
air density, v, represents the couple velocity between the train and incoming flow.

0.8

(o} Windward 0, Leeward 0,

Middle Tail

Fig. 8. Horizontal distribution of pressure coefficient around the train A.
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Fig. 9. Cross-sectional distribution of pressure coefficient around the train A: (a) head
train of the train A; (b) middle train of the train A; (c) tail train of the train A.
Subscript 1, 2 and 3 represent the S1, S2 and S3 slices of the corresponding carriages,
respectively.

As can be seen from the analysis in Fig. 8, the difference between the with or
without rain phase is mainly reflected in the head and tail train’s nose tips, while there
is no significant difference in the constant section body. Under rainy conditions, the
positive and negative pressure at the head train’s nose tip is about 2% higher than that
pure crosswind, and the positive and negative pressure at the tail train’s nose tip is
about 12.5% and 6% lower than that of pure crosswinds. This reason is mainly
because the windward side of the head train’s nose tip is affected by the impact of the
rain phase and the pressure increases, and the negative pressure on the leeward side
increases due to the around flow’s acceleration. But, the development of the vortex
structure is interfered with by the rain phase around the tail train’s nose tip. This
further explains the effect of the rain on the head and tail train’s lateral forces in Fig. 5.
When the wind speed changes, the windward side’s pressure coefficient distribution is
close, and the leeward side’s pressure coefficient distribution is quite different. This is
caused by the acceleration of the incoming flow through the train body and the
instability of the vortex structure that is constantly evolving on the train body’s
leeward side. This is also the primary cause of the small difference in the positive

pressure region in the ring pressure coefficient in Fig. 9, and the large difference in
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the negative pressure region.

In the cross-sectional distribution of the pressure coefficient, the difference in
rain phase is mainly reflected in H-S1 and T-S2, and there is no significant difference
in other cross-sectional positions. For example, in the H-S1 section, the head train’s
windward roof can be found to be 38.8% greater in rainy conditions than in a pure
crosswind. This difference gradually disappeared as the contour line reaches the
windward side, and no significant differences caused by the rain phase are found on
the train’s windward side or the underside, but the difference in the rain phase
reappeared on the train’s leeward side. This indicates that the rain phase affects the
flow around the roof at the variable section and the strength of the vortex structure
corresponding to the leeward side. Further explanation is as follows: the rain phase
causes the roof to accelerate around the flow, and then the negative pressure increases,
and the lift force increases; considering the lateral impact effect of rain phase, it is
finally manifested as the phenomenon of increased lateral force. In addition, it can be
found that the degree of pressure coefficient fluctuation at the variable section of the
head and tail trains in these four cases is significantly more severe than that at the
equal section, mainly because the variable section not only has accelerated around
flow but also has uneven shear of the longitudinal velocity of the fluid caused by
longitudinal geometric asymmetry. This shows that the head and tail trains’
aerodynamic performance is more susceptible to wind-rain deterioration than the
middle train, especially the variable section. Except for the head and tail trains’
variable sections, the difference on the windward side’ pressure coefficient of other
sections decreases as wind speed increases, whereas it increases on the underbody,
leeward side and roof. This demonstrates that as wind speed increases, the winding of

the roof and the development and shedding of the train's leeward vortex structure



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

become more important in the study of the train's aerodynamic performance.
4.1.2. Spatial distribution of rain phase

In order to analyze the spatial distribution differences of rain phase under
different rainfall intensities and wind speeds, Fig. 10 shows the rain phase’s volume
fraction around the train under the cases in Table 1 at the time of t=0.2 s. Since the
rain phase is not added to Uiro and lo, it is not considered in Fig. 10. Each case uses
three slices, located in the middle of the three carriages.

According to the analysis of Fig. 10, the spatial distribution difference of the rain
phase between various cases is primarily represented in the head train’s leeward side,
with no significant difference between the middle and tail train. For middle and tail
trains, when the wind speed is constant and the rainfall intensity increases, there is no
significant difference in the distribution of rain phase. When the rainfall intensity
remained constant and the wind speed increases, the spatial distribution area of the
rain phase on the leeward side of the roof gradually increases. Furthermore, in the
same case, the head train’s leeward side has a higher rain phase volume fraction than
the middle and tail trains. This reveals the reason for the difference in the distinction
of the head train’s pressure coefficient caused by the rain phase in Section 4.1.1. To
facilitate analysis, the head train’s leeward area is simply divided into four zones (z1,
z2, z3 and z4) according to the difference in volume fraction. Among them, the z1
area is close to the leeward side wall of the train, and its volume fraction is at least
close to 0 due to the blocking of the train body and the carrying effect of the wind on
the rain phase; z2 is the area with the highest volume fraction of the rain phase on the
train’s leeward side, which is greatly affected by rainfall intensity and wind speed. An
interesting phenomenon occurs in area z3; that is, although the height of z3 is close to

the roof of the train, its volume fraction is smaller than that of areas z2 and z4 on both
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sides. The reason for this phenomenon may be that: because the density of the rain
phase is much higher than that of the air, after the incoming flow bypasses the roof,
the rain phase is affected by gravity and moves downward, and the wind phase
maintains the original movement trend, which in turn leads to the diversion
phenomenon between the rain and wind phases. z4 region represents the volume
fraction in the domain environment, which is mainly affected by the intensity of
rainfall. Under the condition of constant wind speed, the slope of the dividing line of
z2 and z3 is roughly the same, while the slope of the dividing line of z2 and z3
gradually decreases under the condition of increasing wind speed. It can be speculated
that the slope of the dividing line between z2 and z3 has a high correlation with the
incoming wind speed. The red area in the z2 region expands with the increase of I,
while the area in the z1 region is continuously compressed. This means that the
influence range and intensity of rain relative to the flow field on the leeside of the
train increase, which is also the reason why the lateral force of the train increases with
the intensity of rain. With an increase in wind speed and constant volume of rain
phase, the area of z1 continues to grow, the area of z2 continues to decrease and
gradually moves towards the roof, and z3 gradually moves away from the train and
downstream. Since the volume fraction of rain phase in z1 region is almost 0 under
these working conditions, it can be inferred that if the rainfall intensity is unchanged,
the increase of wind speed will weaken the influence of rain on the flow field on the
train’s leeward side.

In order to reveal the mechanism of the influence of rain phase on the turbulent
intensity of the wind phase, the cross-sectional slices in Uiro and lo and Uiro and lago
are shown in Fig. 11, and the slice position is the same as in Fig. 10, colored by

turbulence intensity, which describes the fluctuation of wind speed. It is clear from the
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analysis of Fig. 11 that the turbulence intensity is significantly influenced by the rain
phase. First, the rain phase will increase the fluid’s turbulence intensity on the head
train’s leeward side. For example, the red area on the head train’s leeward side in Uiro
and lago is significantly larger than the corresponding position in Uiro and lg, and this
difference position corresponds to the region with a higher volume fraction of the rain
phase in Fig. 10. The reason for this phenomenon may be that the rain phase is
separated by gravity with the wind phase on the train’s leeward side, which leads to a
difference in flow velocity between the area with a high rain volume fraction and the
area with a low rain volume fraction, thereby promoting the development of
turbulence intensity. In addition, the water film adhering to the train body’ surface
also affects the flow speed of the wind phase around the train. The phenomenon of
increasing turbulence intensity in the rain phase is also reflected in slices 2 and 3 in
Fig. 11, while the turbulence intensity on the corresponding carriage’s leeward side
does not increase significantly. This is mainly because the rain phase near the middle
and tail trains in the Uiro and lso is mainly distributed in the roof position, while the

rain phase’s volume fraction in the corresponding leeward side position is almost 0.
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618 Fig. 11. Comparison of turbulence intensity with or without rain phase.
619 4.2. Evaluation of wind-rain field during the meeting

620 In order to reveal the spatiotemporal evolution mechanism of the wind-rain field

621  during the meeting. Fig. 12 shows the horizontal pressure cloud around the train at
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different characteristic locations in Uiro and lo, Uiro and lago and Uiro and lago. Figs.
13 and 15 show the spatial transient distribution of pressure and rain phase at different
carriage cross-sections at three feature positions, and the position of the carriage
cross-section is consistent with the position of the section in Fig. 10. In the analysis
process, the rainfall intensities of 0 mm/h and 400 mm/h are selected as
representatives to analyze the difference in rain phase on the pressure field, and the
incoming flow velocities of 20 m/s and 30 m/s are chosen to analyze the influence of
wind velocity on the pressure field.

Based on the distribution characteristics of rain phase in Section 4.1, the train’s
leeward side is still the focus area. From the red oval area in Fig. 12(a), it can be seen
that the leeward side’s negative pressure of under the conditions of Uiro and lago is
higher than that of Uiro and lo. The reason for this phenomenon may be that the rain
phase sandwiched in the wind phase and the water film attached to the roof of the
train cause the roof flow to accelerate, and the acceleration of the roof flow causes the
train’s leeward vortex structure to move away from the body and the negative
pressure to increases. Therefore, compared with pure crosswinds, the pressure
difference between the two sides of the train body under wind-rain conditions
increases, and the lateral deflection attitude of the train body becomes more
significant.

In addition, under the premise of unchanged rainfall intensity, the windward
side’s positive pressure and the leeward side’s negative pressure gradually increase as
the wind velocity increases, and the aerodynamic performance of the train body will
further deteriorate. The phenomenon of an additional increase in negative pressure on
the train’s leeward side caused by wind-rain phases is also reflected in Fig. 12(b).

It is worth noting that this phenomenon gradually weakens as the train meeting
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progresses. The cause of the wind-rain load fluctuation during the meeting can be
found in the four different characteristic positions in Fig. 12. The pressure in the small
gap between the two trains is essentially unaffected by the rain phase during the
meeting, and the wind-rain loads are primarily controlled by pulsating impacts. The
pulsating impacts comes from the head and wake waves of train B. The aerodynamic
force of train A’s head train stabilizes near zero as it enters the tunnel. Furthermore, as
seen in the red elliptical region of Fig. 12(d), train A's wake vortex interacts with the
flow field surrounding train B as it enters the tunnel. Under rainy conditions, rain
phase will be carried into the wake vortex, and when the wake vortex of train A and
the incoming flow are coupled, the volume fraction of the rain in the tail vortex may
be much higher than the incoming flow, which might have a more significant impact

on train B's aerodynamic efficiency.
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Fig. 12. Horizontal pressure field at different characteristic positions of the meeting
process: (a) X=0L; (b) X=1L; (c) Xx=1.5L; (d) X=3 L.

According to the analysis of Figs. 13~15, it can be further known that the
windward side of the train body belongs to the positive pressure area under wind-rain
environments. At the junction between the windward side and the train roof, the
pressure changes from positive pressure to negative pressure, which is caused by the
acceleration of the incoming flow on the top of the train. At the junction between the
roof and the leeward side, although the pressure is still negative, its negative pressure
strength weakens to a certain extent. In addition, from the head train to the tail train, it
can be found that the center of negative pressure on the leeward side is constantly
moving away from the body.

The difference in the three working conditions is not only reflected in the
leeward side’s negative pressure area, but also has an obvious impact on the windward
side’s positive pressure area. For a single case, the pressure in the positive pressure
zone of three carriages outside the tunnel decreases sequentially, and the leeward
side’s negative pressure increases sequentially. It is challenging to understand why the
head train’s lateral force is the greatest and the tail train’s lateral force is the smallest
in the time history curve when only the cross-sectional pressure is taken into account.
This can be achieved by combining the pressure coefficient curve in Fig. 8 with the
horizontal pressure cloud plot in Fig. 12(a). The vortex structure of the leeward side
of the head train’s cross-sectional section is less developed than that of the middle
train, and its negative pressure value around the head train is slightly lower than that
of the middle train. However, the high positive pressure on the windward side of the
head train’s nose tip and the leeward side’s high negative pressure are the dominant

factors that lead to the huge pressure difference of the head train. The head train’s



686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

lateral force is therefore larger than the middle train’s under the influence of the
incoming flow. Due to the wake flow, which is the opposite of the aerodynamic effect
of the head train's nose tip, the tail train experiences negative pressure on its
windward side and positive pressure on its leeward side, resulting in a lower lateral
force than the middle train.

For the cross-sectional pressure difference of different working conditions, it can
be clearly observed from the figure that the rain phase increase the pressure value in
the positive pressure area. The main reason for this phenomenon is that the falling
rain phase is affected by the incoming flow to give it a horizontal speed. When the
rain phase impacts on the train’s windward side, part of the energy of the rain phase is
lost and part of it increases the positive pressure due to momentum exchange (Yu et
al., 2021). In addition, combined with the spatial distribution of rain phase and the
pressure cloud map in Fig. 13, it can be found that the rain phase concentrated on the
head train’s leeward side increases the negative pressure value at the corresponding
position. The rain phase distributed in the head train’s leeward side increases the
negative pressure intensity in the corresponding position, while the volume fraction of
rain phase in the middle and tail trains’ leeward sides is close to zero, but the vortex
structure in the corresponding position is affected by the around flow, and the
negative pressure increases.

It can be found that the volume fraction of the rain phase distributed in the head
train’s leeward side gradually decreases under the meeting, and it is difficult to
observe a significant rain phase distribution at the X=1.5 L position. This is mainly
because the head train entering the tunnel is not replenished by the rain phase, and the
rain phase that was originally attached to the train body under the action of the

slipstream gradually separates from the train. It is worth noting that in slice 2 of Figs.



711 14 and 15, it can be found that the rain phase’s volume fraction around the train B at a
712  wind speed of 30 m/s has increased significantly, mainly because the tunnel entrance’s
713  obstruction of the incoming flow causes a rise in flow near the entrance, which raises
714  the volume fraction of the rain phase. When the train enters and leaves the tunnel in
715  wind-rain environments, this phenomenon can further worsen the train’s aerodynamic

716  performance.

717

718 Fig. 13. Cross-sectional pressure and volume fraction at X=0 L: (a) pressure field at

719 different slices; (b) the rain phase’s volume fraction at different slices.
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721 Fig. 14. Cross-sectional pressure and volume fraction at X=1 L: (a) pressure field at

722 different slices; (b) the rain phase’s volume fraction at different slices.
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Fig. 15. Cross-sectional pressure and volume fraction at X=1.5 L: (a) pressure field at

different slices; (b) the rain phase’s volume fraction at different slices.

5. Conclusions and future works

This paper focuses on the aerodynamic characteristic of trains meeting at tunnel-
embankment section under different rainfall intensities and wind speed conditions by
the Eulerian multiphase and SST k-@ models. The rain phase’s spatial distribution
around the train under different cases and the influence mechanism of the rain phase
on the pressure field around the train are revealed by the flow field. The main
conclusions are as follows:

1. When the train runs alone on the embankment, the average wind-rain loads of
the train are higher than those in the pure crosswind (except for the tail train’s lateral
force and the middle train’s rolling moment). For head train, the C,, Cw and Cu
increased by 6.25%, 9.68% and 10.31%, respectively, under Uiro and laoo.

2. The pulsating pressure between the two trains dominates the train’s wind-rain
loads under wind-rain environments, and the rain phase has a certain amplification
effect on the amplitude of some wind-rain loads. The ACn, of the head, middle and
tail trains increased by 10.7%, 10.1% and 13.7%, respectively. When the train is in a

critical wind speed environment, the amplification effect of the rain phase on wind-
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rain loads may cause the train’s dynamic response index to exceed the limit.
3. Moment is more sensitive than force with the increase of rainfall intensity, the

change rate of C.. reaches 4.9 times that of C,, the change rate of ac__ is 4.8 times

that of AC, ; the average wind-rain force change rate is higher than that of wind-rain

moment with a rise in wind speed, the change rate of C, reaches 3.4 times that of C. ;
no similar law is found in the change law of wind-rain amplitude and wind speed,
which may be caused by the influence of the meeting.

4. The distinction in the rain phase’s spatial distribution between various wind
speed and rainfall intensity conditions is mainly reflected on the head train’s leeward
side, and there is no significant difference between the middle and tail trains. The rain
phase on the head train’s leeward side can be divided into four regions according to
the difference of volume fraction.

5. The rain phase increases the positive pressure on the head train’s windward
side and the leeward side’s negative pressure and turbulence intensity, which
promotes the vortex structure of the middle and tail trains away from the carriage.

In this paper, the spatial distribution of rain phase around the train and the
influence mechanism of rain on the flow field around the train are determined, and the
sensitivity of different wind-rain loads to the increase of wind speed and rainfall
intensity under different operating conditions (one vehicle or two trains meeting) is
analyzed. But the current research work is that there is still some room for further
exploration.

1. In the process of rainfall, the rain phase is composed of raindrop with different
particle sizes, so determining the spatial distribution of raindrops with different
particle sizes around the train and their contribution to the aerodynamic force of the

train can provide guidance for subsequent researchers in the selection of rain phase.
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2. This paper only discusses and analyzes the transient aerodynamic performance
of trains under different wind speed and rainfall intensity. The next work we need to
do is the dynamic response index and driving safety under wind and rain environment.
This is conducive to the safety evaluation of high-speed train running in rainy days at
the tunnel entrance.

3. Under wind and rain environment, a water film will be attached to the track
surface. For the operation scenarios such as tunnel and embankment, dry rail surface
inside the tunnel and wet rail surface outside the tunnel are bound to occur. The
existence of water medium between wheel and rail will affect the creep force and
other indicators. Therefore, it has a broad prospect to study the influence of wheel-rail
dry and wet conversion conditions on vehicle running safety at tunnel entrance.
CRediT authorship contribution statement

De-Hui Ouyang: Software, Writing—original draft, Data processing. E Deng:
Methodology, Data curation, Writing—review & editing, Supervision, Funding
acquisition, Project administration. Yi-Qing Ni: Resources, Writing—review & editing,
Funding acquisition. Wei-Chao Yang: Conceptualization, Writing—review & editing.
Zheng-Wei Chen: Writing—-review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this
paper.

Data availability
Data will be made available on request.

Acknowledgment

This work was funded by the National Natural Science Foundation of China



792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

[grant numbers 51978670], the Research Grants Council, University Grants
Committee of the Hong Kong Special Administrative Region (SAR), China [grant
number R-5020-18], the Innovation and Technology Commission of the Hong Kong
SAR Government [grant number K-BBY1] and The Hong Kong Polytechnic
University's Postdoc Matching Fund Scheme [grant number 1-W21Q]. The work
described in this paper was supported by a grant from the Guangdong Basic and
Applied Basic Research Fund for Guangdong-Hong Kong-Macao Research Team
Project (Grant N0.2021B1515130006).

References

Andersson, E., H&gstram, J., Sima, M., Stichel, S., 2004. Assessment of train-
overturning risk due to strong cross-winds. Proc. Inst. Mech. Eng. Part F-J. Rail
Rapid Transit 218(3), 213-223.

BS EN, 2013. Railway applications - aerodynamics-Part5: requirements and test
procedures for aerodynamics in tunnels. BS EN 14067-4, 21-22.

Bocciolone, M., Cheli, F.,, Corradi, R., Muggiasca, S., Tomasini, G., 2008. Crosswind
action on rail vehicles: Wind tunnel experimental analyses. J. Wind Eng. Ind.
Aerodyn. 96(5), 584—610.

Chen, ZW.,, Liu, T.H., Jiang, Z.H., Guo, Z.J., Zhang, J., 2018. Comparative analysis
of the effect of different nose lengths on train aerodynamic performance under
crosswind. J. Fluids Struct. 78, 69-85.

Chen, H., Furuya, T., Fukagai, S., Saga, S., Ikoma, J., Kimura, K., Suzumura, J., 2020.
Wheel slip/Slide and low adhesion caused by fallen leaves. Wear. 446-447,
203187.

Dorigatti, F., Sterling, M., Baker, C.J., Quinn, A.D., 2015. Crosswind effects on the

stability of a model passenger train—A comparison of static and moving



817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

experiments. J. Wind Eng. Ind. Aerodyn. 138, 36-51.

Gou, H.Y., Li, W.H., Zhou, S.Q., Bao, Y., Zhao, T.Q., Han, B., Pu, Q.H., 2021.
Dynamic Response of High-Speed Train-Track-Bridge Coupling System Subjected
to Simultaneous Wind and Rain. Int. J. Struct. Stab. Dyn. 21 (11), 2150161.

Gunn, R., Kinzer, G.D., 1949. The terminal velocity of fall for water droplets in

stagnant air. Journal of Meteorology 6, 243-248.

Kubilay, A., Derome, D., Blocken, B., Carmeliet, J., 2015. Wind-driven rain on two
parallel wide buildings: Field measurements and CFD simulations. J. Wind Eng. Ind.
Aerodyn. 146, 11-28.

Hu, H., Xiang, H.Y., Liu, K.H., Zhu, J., Li, Y.L., 2022. Aerody-namic characteristics
of moving vehicles of two trains passing each other on bridge under crosswinds. J.
Cent. South Univ. 29, 2558-2573.

Huang, S.H., Li, Q.S., 2012. Large Eddy Simulations of Wind-Driven Rain on Tall
Building Facades. J. Struct. Eng. 138, 967-983.

Huang, S.H., Li, Q.S., Liu, M., Chen, F.B., Liu, S., 2019. Numerical Simulation of
Wind-Driven Rain on a Long-Span Bridge. Int. J. Struct. Stab. Dyn. 19(12),
1950149.

Han, Y., Liu, Y., Hu, P, Cai, C.S., Xu, G.J.,, Huang, J.Y., 2020. Effect of unsteady
aerodynamic loads on driving safety and comfort of trains running on bridges.
Adv. Struct. Eng. 23(13), 2898-2910.

Krajnovic™, S., Ringgvist, P., Nakade, K., Basara, B., 2012. Large eddy simulation of
the flow around a simplified train moving through a crosswind flow. J. Wind Eng.
Ind. Aerodyn. 110, 86-99.

Kubilay, A., Derome, D., Blocken, B., Carmeliet, J., 2013. CFD simulation and

validation of wind-driven rain on a building facade with an Eulerian multiphase



842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

model. Build. Environ. 61, 69-81.

Li, T., Zhang, J., Rashidi, M., Yu, M., 2019. On the Reynolds-Averaged Navier-Stokes
Modelling of the Flow around a Simplified Train in Crosswinds. J. Appl. Fluid
Mech. 12 (2), 551-563.

Liu, K., Wang, M., Zhou, T.J., 2021. Increasing costs to Chinese railway infrastructure
by extreme precipitation in a warmer world. Transportation Research Part D., 93
(2021) 102797.

Li, T., Liang, H., Zhang, J., Zhang, J., 2023. Numerical Study on Aerodynamic
Resistance Reduction of High-speed Train Using Vortex Generator. Eng. Appl.
Comp. Fluid Mech. 17(1), 9-20.

Liang, H., Sun, Y.C., Li, T., Zhang, J.Y., 2023. Influence of marshalling length on
aerodynamic characteristics of urban EMUs under crosswind. J. Appl. Fluid
Mech. 16(1), 9-20.

Jiang, C. W,, Xu, C. H., Gao, Z. X., Lee, C. H., 2016. Finite panel method for the
simulation of wind—driven rain. Build. Environ. 2016, 105: 358—-368.

Jian, Z.M., Wang, Y., Dang, H.W., Mohtadi, M., Rosenthal, Y., Lea, D.W.,, Liu, Z.F,,
Jin, H.Y,, Ye, L.M., Kuhnt, W., Wang, X.X., 2022. Warm pool ocean heat content
regulates ocean—continent moisture transport. Nature. 612, 92-99.

Menter, F.R., 1994. Two-equation Eddy-viscosity turbulence model for engineering
applications. AIAA J. 32, 1598-1605.

Montenegro, P.A., Heleno, R., Carvalho, H., Calcada, R., Baker, C.J., 2020(a). A
comparative study on the running safety of trains subjected to crosswinds
simulated with different wind models. J. Wind Eng. Ind. Aerod. 207, 104398.

Montenegro, P.A., Cal@da, R., Carvalho, H., Bolkovoy, A., Chebykin I., 2020(b).

Stability of a train running over the Volga river high-speed railway bridge during



867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

crosswinds. Struct. Infrastruct. Eng. 16(8), 1121-1137.

Mohebbi, M., Baboli M.A.R., 2013. Numerical Calculations of Aerodynamic
Performance an Regional Passenger Train at Crosswind Conditions. Int. J.
\ehicle Structures & Systems 5(2), 68-74.

Mohebbi, M., Rezvani, M.A., 2017. Two-dimensional analysis of the influence of
windbreaks on airflow over a high-speed train under crosswind by using Lattice
Boltzmann Method. Proc. Inst. Mech. Eng. Part F-J. Rail Rapid Transit 232(3),
863-872.

Mohebbi, M., Rezvani, M.A., 2018a. Multi objective optimization of aerodynamic
design of high speed railway windbreaks using lattice boltzmann method and
wind tunnel test results. Int. J. Rail Transp. 6(3), 183-201.

Mohebbi, M., Rezvani, M.A., 2018b. The Impact of Air Fences Geometry on Air
Flow around an ICE3 High Speed Train on a Double Line Railway Track with
exposure to Crosswinds. J. Appl. Fluid Mech. 11(3), 743-754.

Mohebbi, M., Rezvani, M.A., 2021. 2D and 3D numerical and experimental analyses
of the aerodynamic effects of air fences on a high-speed train. Wind Struct. 32(6),
539-550.

Mohebbi, M., Safaee, A.M., 2022. The optimum model determination of porous
barriers in high-speed tracks. Proc. Inst. Mech. Eng. Part F-J. Rail Rapid Transit
236(1), 15-25.

Noguchi, Y., Suzuki, M., Baker, C., Nakade, K., 2019. Numerical and experimental
study on the aerodynamic force coefficients of railway vehicles on an
embankment in crosswind. J. Wind Eng. Ind. Aerod. 184, 90-105.

Neto, J., Montenegro, P.A., Vale, C., Calda, R., 2021. Evaluation of the train

running safety under crosswinds - a numerical study on the influence of the wind



892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

speed and orientation considering the normative Chinese Hat Model. Int. J. Rail
Transp. 9(3), 204-231.
Ottar, T., Egle, S., Kristiina, R., Jaak, J., Toomas, T., 2023. The intensification of
short-duration rainfall extremes due to climate change — Need for a frequent update
of intensity—duration—frequency curves. Climate Services. 30, 100349.
Ouyang, D.H., Yang, W.C., Deng, E, Wang, Y.W., He, X.H., Tang, L.B., 2023.
Comparison of aerodynamic performance of moving train model at bridge—tunnel
section in wind tunnel with or without tunnel portal. Tunn. Undergr. Space Technol.
135, 105030.
Rezvani, M.A., Mohebbi, M., 2014. Numerical calculations of aerodynamic
performance an atm train at crosswind conditions. Wind Struct. 18(5), 529-548.

Shao, X.M., Wan, J., Chen, D.W., Xiong, H.B., 2011. Aerodynamic modeling and
stability analysis of a high-speed train under strong rain and crosswind
conditions. J. Zhejiang Univ. Sci. A. 12, 964-970.

Wolf, D., 2001. On the Laws-Parsons distribution of raindrop size. Radio Scienc. 36
(4), 639-642.

Wang, X., Qian, Y.H., Chen, Z.S., Zhou, X., Huang, H.L., 2019. Numerical studies on
aerodynamics of high-speed railway train subjected to strong crosswind. Adv. Mech.
Eng. 11 (11), 1-12.

Wang, L., Luo, J.J., Li, FL., Guo, D.L., Gao, L.P., Wang, D.K., 2021. Aerodynamic
performance and flow evolution of a high-speed train exiting a tunnel with
crosswinds. J. Wind Eng. Ind. Aerodyn. 218, 104786.

Wu, B., Xiao, G.W.,, An, B.Y., Wu, T., Shen, Q., 2022. Numerical study of wheel/rail

dynamic interactions for high-speed rail vehicles under low adhesion conditions

during traction. Eng. Fail. Anal. 137, 106266.



917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

Yu, M.G., Liu, J.L., Dai, Z.Y., 2021. Aerodynamic characteristics of a high-speed
train exposed to heavy rain envioronment based on non-spherical raindrop. J.
Wind Eng. Ind. Aerod. 211, 104532.

Yu, M.G., Sheng, X.G., Liu, J.L., Huo, W,, Li, M.X., 2022. Effects of wind-rain
coupling on the aerodynamic characteristics of a high-speed train. J. Wind Eng.
Ind. Aerod. 231, 105213.

Yang, X.M., Wang, X.X., Cai, Z.Y., Cao, W.M., 2021. Detecting spatiotemporal
variations of maximum rainfall intensities at various time intervals across Virginia
in the past half century. Atmospheric Research. 255, 105534.

Yang, W.C., Liu, Y.K., Deng, E. Wang, Y.W., He, X.H., Lei, M.F., Zou, Y.F., 2022a.
Field test and numerical reconstitution of natural winds at the tunnel entrance
section of high-speed railway. Int. J. Numer. Methods Heat Fluid Flow. 33(2),
617-647.

Yang, W.C., Ouyang, D.H., Deng, E., Wang, Y.W., Chen, Z.W., He, X.H., Huang.
Y.M., 2022b. Deterioration of aerodynamic performance of a train driving through
noise barriers under crosswinds. J. Wind Eng. Ind. Aerod. 231, 105241.

Yang, W.C., Liu, Y.K., Deng, E., Wang, Y.W., He, X.H., Lei, M.F., 2022c.
Measurement. 202, 111806.

Zhou, L., Liu, T.H., Chen, Z.W., Li, W.H., Guo, ZJ., He, X.H., Wang, Y.W., 2021.
Comparison study of the effect of bridge-tunnel transition on train aerodynamic
performance with or without crosswind. Wind Struct. 32(6), 597-612.

Zeng, G.Z., Li, ZW.,, Huang, S., Chen, ZW., 2023. Influence of wind and rain

environment on operational safety of intercity train running on the viaduct. Int. J.

Numer. Methods Heat Fluid Flow 33(4), 1584-1608.





