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Abstract Increasing velocity combined with decreasing
mass of modern high-speed trains poses a question about
the influence of strong crosswinds on its aerodynamics.
Strong crosswinds may affect the running stability of high-
speed trains via the amplified aerodynamic forces and
moments. In this study, a simulation of turbulent crosswind
flows over the leading and end cars of ICE-2 high-speed
train was performed at different yaw angles in static and
moving ground case scenarios. Since the train aerodynamic
problems are closely associated with the flows occurring
around train, the flow around the train was considered as
incompressible and was obtained by solving the incom-
pressible form of the unsteady Reynolds-averaged Navier—
Stokes (RANS) equations combined with the realizable
k-epsilon turbulence model. Important aerodynamic coef-
ficients such as the side force and rolling moment coeffi-
cients were calculated for yaw angles ranging from —30° to
60° and compared with the results obtained from wind
tunnel test. The dependence of the flow structure on yaw
angle was also presented. The nature of the flow field and
its structure depicted by contours of velocity magnitude
and streamline patterns along the train’s cross-section were
presented for different yaw angles. In addition, the pressure
coefficient around the circumference of the train at dif-
ferent locations along its length was computed for yaw
angles of 30° and 60°. The computed aerodynamic coef-
ficient outcomes using the realizable k-epsilon turbulence
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model were in good agreement with the wind tunnel data.
Both the side force coefficient and rolling moment coeffi-
cients increase steadily with yaw angle till about 50° before
starting to exhibit an asymptotic behavior. Contours of
velocity magnitude were also computed at different cross-
sections of the train along its length for different yaw
angles. The result showed that magnitude of rotating vortex
in the lee ward side increased with increasing yaw angle,
which leads to the creation of a low-pressure region in the
lee ward side of the train causing high side force and roll
moment. Generally, this study shows that unsteady CFD-
RANS methods combined with an appropriate turbulence
model can present an important means of assessing the
crucial aerodynamic forces and moments of a high-speed
train under strong crosswind conditions.

Keywords Crosswind - High-speed trains -
Computational fluid dynamics - Reynolds-averaged
Navier—Stokes equations - k-Epsilon turbulence model -
Numerical analysis

1 Introduction

Rail transport system brings enormous benefits to society
by providing access and mobility that are essential for
modern societies and economic growth and hence is a
major form of passenger and freight transport in many
countries [1]. In October 1964, the first high-speed rail in
the world was put into operation with the highest speed of
210 km/h in Japan [2]. Since then, the last decades has
witnessed the rapid development of high-speed rail system
in many countries such as Germany (Fig. 1 shows a ICE-2
high-speed train made by Germany), France, Italy, Spain,
China, and South Korea. Other emerging countries like
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Turkey and Brazil are also constructing high-speed rail
networks to connect their major cities; some African
countries such as Morocco, Algeria, and South Africa also
proposed to build high-speed rail corridors in recent years.

Many of the current generation high-speed trains such as
the Spanish AVE class 103, the German ICE-3, the French
TGV Duplex, the South Korean KTX-II, the Chinese CHR
C, and the Japanese Shinkansen E6 reach speeds of
300 km/h in regular operation. At these speeds, aerody-
namic forces and moments are becoming more and more
important for the running performance of the train. Strong
crosswind may affect the running stability and riding
comfort of the vehicles.

The increases of the aerodynamic forces and moments
due to crosswinds may deteriorate the train operating safety
and cause the train to overturn. The stability of trains in
crosswinds is of concern to a number of countries with
high-speed rail networks [3]. Crosswind stability of rail
vehicles has been a research topic during the last decades,
mainly motivated by overturning accidents. Some cross-
wind-related accidents are shown in Fig. 2 [4, 5]. There
have been 29 wind-induced accidents of vehicles since
transport service was started in 1872 in Japan. Most of
these accidents happened on narrow gage (1,067 mm) lines
[6]. Therefore, understanding of crosswind stability for rail
vehicles has to be a topic of recognized safety issues in the
railway community of every country. Recently, the aero-
dynamics of a train under the influence of crosswinds has
been taken as a safety relevant topic and covered in
national standards of UK [7], Italy [8], and Germany [9], as
well as in the European Community legislation and norm
[10, 11] (Fig. 3).

The risk of crosswind-induced overturning depends on
both the line infrastructure and vehicles’ aerodynamic
characteristics [12]. On the infrastructure side, sites
with tall viaducts and high embankments call for attention.
The combination of modern light weight and high speed
leads to an increased concern regarding the stability

Fig. 1 ICE-2 high-speed train
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of high-speed trains, especially when traveling on high
embankments exposed to crosswinds and sudden, powerful
wind gusts. Therefore, acquiring detailed and correct data
on these scenarios is quite important due to the involved
risks of accidents such as a train overturning.

Fig. 2 Crosswind related accidents in Austria in 2002 (a) and
Switzerland in 2007 (b) [3, 4]

Cross wind

Fig. 3 Flow behind a train in a crosswind
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On the vehicles side, the topic of train overturning due
to crosswind exposure is closely linked to the crosswind
sensitivity of the leading car of the train set, which is often
the most sensitive part. This is because the front end of a
railway car is usually subjected to the largest acrodynamic
loads per unit length [13, 14].

The crosswind stability against overturning is a major
design criterion for high speed railway vehicles and has
been an experimental and/or numerical research topic for a
number of scholars [15-22]. The experimental study allows
to have a higher confidence in the absolute values of the
measured aerodynamic forces where the numerical calcu-
lations allow to obtain a more detailed information of the
flow field around the vehicle.

Among the experimental investigators, Orellano and
Schober [18] have conducted a wind tunnel experiments on
the aerodynamic performance of a generic high-speed train.
The wind tunnel model used was a simplified 1:10 scaled
ICE-2 train with and without simplified bogies. The model
is known as aerodynamic train model (ATM). The study
was confined to the aerodynamic loads on the stationary
first car of the ATM for flat ground scenario, when exposed
to yaw angles ranging from —30° to 60°. The flow speed
was 70 m/s, which corresponds to Reynolds numbers of
1.4 x 10° based on the approximate model width of the
train (0.3 m). In this experiment, the results have been
presented through aerodynamic coefficients.

The objective of this study is to conduct a numerical
investigation using unsteady Reynolds-averaged Navier—
Stokes (RANS) method combined with the k-epsilon tur-
bulence model on the aerodynamic characteristics of the
leading and end cars of ICE-2 high-speed train subjected to
a crosswind in static and moving ground case scenarios.
The width, length, and height of the modeled train are 3.0,
29.3, and 3.9 m, respectively. For the static ground case,
the numerical simulation scenario consists of a stationary
train model exposed to a constant crosswind of 70 m/s at
different yaw angles ranging from —30° to 60° in a similar
way to the wind tunnel test performed by Orellano and
Schober [18]. For the moving ground case, the numerical
simulation scenario consists of a moving train exposed to
effective crosswind (relative wind speed) of 70 m/s at
different yaw angles ranging from —30° to 60°. The results
were compared to the wind tunnel experimental data.

At present, feasible modeling technologies for turbulent
flows are steady and unsteady RANS methods, large eddy
simulation (LES), and detached eddy simulation (DES).
Because of its relatively low computational cost, the
unsteady RANS method was used in the simulations of this
study. The aim is to assess the predicting capability of the
unsteady RANS method by examining the behavior of the
vehicle’s aerodynamic coefficients numerically and com-
paring to the wind tunnel results.
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2 Governing equations

The equations which govern the flow over the train are the
continuity and Navier—Stokes equations [23-25]. The flow
around the train in our particular problem is assumed to be
incompressible. Hence, for turbulent flow, the incom-
pressible unsteady RANS equations can be written as
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where i and p represent the mean (time averaged) velocity
and pressure, respectively; p is the density of air, u is the

molecular viscosity, and the last nonlinear term u:u; is the
turbulent stress tensor.

2.1 Turbulence model

To model the turbulent stress tensor, the last nonlinear term
in Eq. (2) and hence provide closure of the above open set
of governing equations, the realizable k-epsilon turbulence
model [26, 27] is used in our particular problem.

The k-epsilon model takes mainly into consideration
how the turbulent kinetic energy is affected. In this model,
turbulent viscosity is modeled as y, = pC ,k°/e, where C,, is
the eddy viscosity coefficient, k is the turbulent kinetic
energy, and ¢ is the rate of dissipation of turbulent kinetic
energy. The realizable k-epsilon model has been widely
used in various types of flow simulation. The transport
equations for realizable k-epsilon model can be expressed
as follows:
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In these equations, Py represents the generation of turbu-
lence kinetic energy due to the mean velocity gradients; u
and y, represent the molecular viscosity and eddy (turbu-
lent) viscosity, respectively; S is the modulus of the mean
rate-of-strain tensor; v denotes the kinematic viscosity; oy,
0., and C, are model constants with default value of 1.0,
1.2, and 1.9, respectively.

Py =
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The terms on left hand side of Egs. (3) and (4) present
the local rate of change of k and ¢ and transport of k and ¢
by convection, respectively. Whereas, the terms on the
right hand side present the transport of k and ¢ by diffusion,
rate of production of k and ¢, and rate of destruction of
k and e, respectively.

2.2 Atmospheric boundary layer

According to Robinson and Baker [28], when a train
moves, the inclusion of an atmospheric boundary layer
(ABL) simulation is necessary for producing accurate flow
physics. That is when the train moves, simulation of ABL
is required. In particular, the train motion induces a skewed
oncoming crosswind velocity profile (see Fig. 4). For the k-
epsilon model, the vertical profiles for the mean wind
speed i, turbulent kinetic energy k, and turbulence dissi-
pation rate ¢ in the ABL can be expressed as follows:

% * *3
u(z)zu;ln(zz)zo>7k(Z)= b2 =

ut = kuref (%)’ (8)
(

where z is the height above the ground, z, is aerodynamic
roughness length (ground roughness), u" is the ABL fric-
tion velocity, x is the von Karman constant, C,, is a model
constant of the realizable k-epsilon model, and u is the
reference velocity measured at the reference height z;. In
the implementation of the wind alarm system, u.f would be
the wind speed measured at the nearest weather station at a
railway line. These profiles given in Eq. (7) are commonly
used as inlet profiles for computational fluid dynamics
(CFD) simulations, when measured profiles are not
available.

Outlet plane

Inlet flow

i
Inlet plane

Fig. 4 Computational domain with a train model for CFD simulation
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3 Numerical simulation method

The experimental investigation by Orellano and Schober
[18] was done only for a stationary train model on the flat
ground influenced by a constant crosswind of 70 m/s at
different yaw angles. However, in this paper, the numerical
simulation scenario consists of static and moving trains
exposed to a crosswind at different yaw angles. In a similar
fashion to the experimental set up, the numerical simula-
tion for static ground case scenario consists of a stationary
train exposed to a constant crosswind of 70 m/s at different
yaw angles ranging from —30° to 60°. When a crosswind
of speed V,, impinges on a train of speed V;, the yaw angle
f, the prevailing wind angle o, and the resultant relative
wind speed Vi are as shown in Fig. 5.

On the other hand, to simulate the moving train, it is
possible to consider the train static and move the ground
with a speed of the train in opposite direction (— V). In the
moving case, a relative wind speed (effective crosswind
speed) was set to be 70 m/s for all yaw angles considered.
Then, the speed of the vehicle was determined for each
yaw angle using the relative wind speed. Once the speed of
the vehicle was known, the motion of the ground was
simulated by presetting the longitudinal velocity compo-
nent to the speed of travel. The Reynolds number based on
the effective crosswind speed, and the width of train model
is 1.4 x 10. The commercial CFD software FLUENT was
used for the numerical simulations.

According to the coordinate system given in Fig. 5, the
non-dimensionalized aerodynamic side force coefficient
(Cs) and rolling moment coefficient (Cy,) can be calcu-
lated as follows:

F,
Cy = —5—, 9
0.5pu2,A ©)

M,
Cow = ——5—» 10
0.5pu>, AL (10)

where F) is the force in the y direction, M, is the moment
about x-axis, p is the air density, u, denotes the
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Fig. 5 Definition of yaw angle (f8)
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approaching air speed, A represents a fixed reference area,
and L represents a fixed reference length.

3.1 Description of model geometry

Real trains are often not used for aerodynamic studies
owing to their geometrical complexities; instead, simpli-
fied, shortened models are used. Performing numerical
simulation for a complete train with a length of about
205 m requires more advanced computational resources
than those available. In addition, since the flow structure
downstream of a certain distance from the nose of the train
(less than one coach length) is more or less constant, a
decrease in length does not alter the essential physical
features of the flow [29].

The model studied in this work is a more realistic ver-
sion of the ICE-2 high-speed train which consists of the
leading car, an end car, and inter car gap. The model
geometry has total length of 29.3 m, width of 3 m, and
height of 3.9 m. The model has been created without bo-
gies as shown in Fig. 6. The moment reference point is set
to be located at ground level in the midway of the train
length. The coefficients for the aerodynamic forces and
moments have been obtained using a fixed reference area
of 11.6 m? which corresponds to the cross-sectional area of
the train model, and reference length of 3 m which presents
the width of the train model.

3.2 Computational domain and mesh

After the basic shape of the train has been created, a par-
allelepiped computational domain (see Fig. 4) with height
of 50 m, width of 100 m, and length of 150 m is created
for the numerical wind tunnel. In the computational
domain, the model can be rotated about the z-axis by the
required yaw angle for simulation. The distance between
nose of vehicle and the inlet boundary is around 50 m,
which is large enough to ensure that the velocity and
pressure fields are uniform at the inlet and to allow the flow
to develop by the time it reaches the train. The model is
also sufficiently far from the top and side walls to minimize

Fig. 6 Leading and end car model without bogies used in the
numerical simulation
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near wall effects. The clearance between the train and the
flat ground (the computational domain floor) is set to be
0.15 times the height of the train.

The mesh of the computational domain was generated
using a tetrahedron patch conforming method. Mesh
refinement has been done on the train surfaces and sur-
rounding areas. The generated mesh consists of about 3
million elements. The mesh resolution at the wall is very
important and needs to be quantified. For standard or non-
equilibrium wall functions, each wall-adjacent cell’s cen-
troid should be located within the log-law layer, 30 < y*"<
300. In the generated meshes, five prismatic cell layers of
constant thickness were made on the train walls, and the
first cell adjacent to the walls of the train was adjusted to
meet the requirements of y*. The cross-section of the
meshes with refinement on the modeled train surfaces and
surrounding areas are shown in Fig. 7.

3.3 Boundary condition

For stationary case, the flow enters the domain with a
uniform velocity of 70 m/s. No-slip boundary conditions
were used on the train surface and the ground floor. For
moving case, a relative wind speed (effective crosswind
speed) of 70 m/s was used as velocity inlet. The Reynolds
number based on the effective crosswind speed and the
width of train model is 1.4 x 10”. Symmetry boundary
conditions were used on the top and side walls. On the
outlet, a homogeneous Neumann boundary condition is
applied, meaning that the pressure gradient equal to zero.
This will let the flow pass through the outlet without
affecting the upstream flow, provided that the upstream
distance to the aerodynamic body is large enough. No-slip
boundary conditions were used on the train surface and the
ground floor. The realizable k-epsilon model was adapted
for the turbulence closure. The inflow turbulence intensity
and length scale were set to be 3 % and 0.3 m, respec-
tively. On the ground and solid surfaces, the non-equilib-
rium wall functions were used to determine the boundary
turbulence quantities. All runs were performed in a tran-
sient mode with a time step of 0.08 s. The conventional

Fig. 7 Cross-section of the mesh showing elements
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SIMPLE algorithm was used to solve the coupled equa-
tions, where several iterations are performed in each time
step to ensure convergence.

4 Results and discussions

The computed mean force and rolling moment coefficients
were compared with experimental data and shown in
Figs. 8 and 9, respectively. As can be seen in the graphs,
the computed side force and rolling moment coefficients
are in good agreement with the experimental data. How-
ever, at yaw angles of 50° and 60°, CFD slightly over-
predicts the rolling moment. This may be due to the effect
of end car and inter car gap that was included in the CFD
model.

The nature of the flow field and its structure are depicted
by contours of velocity magnitude and streamline patterns
along the train’s cross-section are presented in Figs. 10, 11,
12, and 13. As expected, for large yaw angles, large flow
separation zone exists on the leeward side of the train. The
pressure coefficient (Cp) around the circumference of the
train at different locations along its length is plotted in
Figs. 14 and 16.

4.1 Side force coefficient

As can be seen from Fig. 8, the side force coefficient
increases steadily with yaw angle till about 50° before it
starts to exhibit an asymptotic behavior. For both cases, the
computed side force coefficients are in a good agreement
with the experiment. Side force is mainly caused by the
pressure difference on the two sides of the train. The side
force increases the wheel-track load on the leeward side

[e ¢}

)

B
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30 20 10 20 30 40 50 60

Side force coefficient

—&—CFD-stationary train

—s— CFD-moving train

S

——Experiment

[« )}

Yaw angle (°)

Fig. 8 Side force coefficient versus yaw angle
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and the wheel-rail contact force. Large side forces worsen
the wear of the wheel and rail, and may cause train
derailment, or even overturning.

4.2 Rolling moment coefficient

As can be seen from Fig. 9, the rolling moment coefficient
varies in a similar fashion to the side force, and the results
are in a good agreement with the experiment for both cases
for lower yaw angles. However, at yaw angles of 50° and
60° CFD slightly over-predicts the rolling moment. This
may be due to the effect of lift force and inter car gap that
was included in the CFD model. The rolling moment is the
result of both the lift and side forces with the side force
being the main contributor. The rolling moment is
responsible for the overloading of wheel-track on the lee-
ward side and is found to be one of the most important
aerodynamic coefficients regarding crosswind stability.

4.3 Flow structure

The flow structure for different yaw angles is shown in
detail by the two-dimensional streamlines at different
locations along the train length (see Figs. 10, 11). As can
be seen from Figs. 10 and 11, on the lower and upper
leeward edges of the train, a vortex is generated and
grows steadily in the axial direction. This is in agreement
with Fig. 3. The vortex distribution depends on the yaw
angle. An increase in the yaw angle results in an advance
of the formation and breakdown of vortex. Generally, the
recirculation region caused by the vortex flow starts being
adjacent to the walls of the train, and then it slowly drifts
away from the surface as the flow develops further toward

RN

—=— CFD-stationary train P
—*— CFD-moving train

1
/

U

—— Experiment

S

Rolling moment coefficient

1
AR
o

[I8)

Yaw angle ()
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o

g. 9 Rolling moment coefficient versus yaw angle
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Fig. 10 Streamlines along the train’s cross-section at 6 m from the nose of the train

Fig. 11 Streamlines along the train’s cross-section at 14 m from the nose of the train

the wake. The flow separation takes place on both the  locations along its length has been computed for yaw
lower and upper leeward edges. The pressure coefficient  angles of 30° and 60° and is shown in Figs. 14, 15, and
around the circumference of the train at different  16. Obviously, the pressure distribution on the surface
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Fig. 12 Contours of velocity magnitude along the train’s cross-section at 6 m from the nose of the train
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Fig. 13 Contours of velocity magnitude along the train’s cross-section at 14 m from the nose of the train

depends on the yaw angle. However, it does not change
much along the train length except in a small region close
to the nose as can be seen from Figs. 14 and 15. This

@ Springer

shows that the pressure distribution around a high-speed
train at higher yaw angles is almost independent on the
axial position.
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Fig. 15 Pressure coefficient along the train’s cross-section at differ-
ent distance (L) from the nose of the train for yaw angle of 60°

Contours of velocity magnitude have been computed at a
cross-section of 6 m and 14 m from the nose of the train
along its length for different yaw angles (see Figs. 12, 13).
Wind direction has greater influence on flow structure in the
rear wake. As can be seen from Figs. 12 and 13, in the
absence of side wind (yaw angle 0°), symmetric condition
existed. For yaw angles greater than 0 degree, more vortexes
evolved on leeward side. The magnitude of rotating vortex in
the lee ward side increased with increasing yaw angle. This
leads to the creation of a low-pressure region in the lee ward
side of the train causing high side force and rolling moment.

The pressure coefficient around the circumference of the
train at different locations along its length is plotted in
Figs. 14 and 15 for yaw angle of 30° and 60° for static

J. Mod. Transport. (2014) 22(4):225-234

Curve length (m)

Fig. 16 Pressure coefficient along the train’s cross-section at differ-
ent distance (L) from the nose of the train for yaw angle of 30°

ground case scenario. Obviously, the pressure distribution
on the surface depends on the yaw angle. However, it does
not change much along the train length except in a small
region close to the nose (at L = 6 m from the nose). This
shows that the pressure distribution around a high-speed
train at higher yaw angles is almost independent on the
axial position. Similar observations were reported in the
experimental works of Robinson and Baker [28]. Figure 16
shows the pressure coefficient around the circumference of
the train at different locations for both static and moving
cases. As can be seen from the figure, the moving ground
creates a little bit more negative pressure, which implies a
little bit more lift.

5 Conclusion

The flow of turbulent crosswind over a more realistic ICE-
2 high-speed train model has been simulated numerically
by solving the unsteady three-dimensional RANS equa-
tions. The simulation has been done in static and moving
ground case scenarios for different yaw angles ranging
from —30° to 60°. The computed aerodynamic coefficient
outcomes using the realizable k-epsilon turbulence model
were in good agreement with the wind tunnel data. Both
the side force coefficient and rolling moment coefficients
increase steadily with yaw angle till about 50° before
starting to exhibit an asymptotic behavior.

The nature of the flow field and its structure depict by
contours of velocity magnitude and streamline patterns
along the train’s cross-section has been also presented for
different yaw angles. As can be seen from the stream line
patterns along the train’s cross-section, on the lower and
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upper leeward edges of the train a vortex is generated and
grows steadily in the axial direction. An increase in the yaw
angle results in an advance of the formation and breakdown
of vortex on the leeward edges. Contours of velocity mag-
nitude were also computed at different cross-sections of the
train along its length for different yaw angles. The result
showed that magnitude of rotating vortex in the lee ward
side pronounced with increasing yaw angle which leads to
the creation of a low-pressure region in the lee ward side of
the train causing high side force and roll moment.

The pressure coefficient around the circumference of the
train at different locations along its length has been com-
puted for yaw angles of 30° and 60°. Obviously, the pressure
distribution on the surface depends on the yaw angle.
However, it does not change much along the train length
except in a small region close to the nose. This shows that
the pressure distribution around a high-speed train at higher
yaw angles is almost independent on the axial position.

Generally, this study shows that unsteady CFD-RANS
methods combined with an appropriate turbulence model
can present an important means of assessing the crucial
aerodynamic forces and moments of a high-speed train
under strong crosswind conditions. Since the observed
variations between some of the CFD and wind tunnel
results may be due to the turbulence parameters such as
turbulence intensity and length scale; study on the influ-
ence of those parameters using advanced modeling like
LES is vital. The aerodynamic data obtained from this
study can be used for comparison with future studies such
as the influence of turbulent crosswinds on the aerody-
namic coefficients of high-speed train moving in dangerous
scenarios such as high embankments.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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