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The development of Next-Generation Trains (NGT) made of lightweight materials is a
challenging task for the transport industry. It reduces axle loads, which saves money
by lowering rail track maintenance costs and the amount of energy needed to drive
vehicles. However, the increasing speed and decreasing mass of high-speed trains, on
the other hand, raises concerns about the effects of strong crosswinds on their
aerodynamics and train stability. As a result, the purpose of this research is to
investigate the unsteady flow structure around an NGT in crosswind using a
Computational Fluid Dynamics (CFD) technique known as Unsteady Reynolds Averaged
Navier-Stokes (URANS). Based on the height of the train model and the velocity, the
Reynolds number for the simulation used was 1.3 x 10°. The simulation run in four
different crosswind angles: 5°, 10°, 15°, and 20°. The simulation results were compared
with experimental results. The findings revealed that a larger yaw angle, which is
primarily determined by the incoming wind velocity, can lead to higher flow separation
and a more complex three-dimensional flow around the train. Additionally, when the
wind angle is small, separation of flow and wakes is limited to the train's end; however,
as the wind angle increases, separation of flow occurs from the train's upper and lower
corners, indicating that the vortices formed as a result of the flow passing over the roof
top and underbody. Finally, the study's findings will contribute to a better
understanding of the flow characteristics around an NGT in crosswinds, which is simply
impossible to achieve through full-scale testing due to the cost, resources, and
accuracy.

1. Introduction

In many countries around the world, high-speed trains are regarded as a quick, safe, and
comfortable mode of transportation. High-speed rail would be far more efficient and cost-effective
than air or automobile for trips of 100-1000 km, yielding significant cost, fuel, and time savings.
Consequently, the demand for this mode of transportation has been increasing rapidly in recent
years. Currently, the development of Next-Generation Trains (NGT) made of lightweight materials is
a challenging issue for the train transportation industry. Lightweight trains minimize axle loads, which
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saves money by lowering rail track maintenance costs and the energy required to drive vehicles [1,
2]. As a result, travel time can be significantly reduced, and the train can operate at optimum
efficiency [3]. Aside from train weight, the aerodynamics of the train is a crucial consideration for
engineers in designing NGT. Knowledge of unsteady flow structures and the associated acting forces
on the surface of the trains is required to prevent potential failures [4]. Aerodynamic drag, flow
around the train, aerodynamic noise, and vibration in extremely unsteady conditions are all common
in high-speed trains. It is especially significant when there is a strong crosswind [5].

Crosswinds are caused by wind velocities of varying magnitudes operating in a relative angular
direction from the moving train's side. With greater crosswind velocity and lighter material in the
next generation high-speed train, the effects of crosswinds on train aerodynamics cannot be avoided.
Crosswinds, in principle, could disrupt the vehicle's running stability since aerodynamic forces and
moments are magnified. Fig. 1. illustrates component velocity vectors in relation to a moving train
subjected to crosswinds (Uw). 8 is the natural wind direction determined by the train axis, whereas
W is the wind direction relative to the train (i.e. the yaw angle), which is a parameter used to address
the various crosswind conditions.

: Train speed

: Wind velocity relative to train
: Natural wind velocity

: yaw angle

: Natural wind direction

Ut
Fig. 1. Natural wind relative to a moving train

Wind criteria, such as natural wind velocity and wind direction, have been determined to be
significantly important in evaluating the safety standards of a moving train [6]. In actuality, the wind
angle operating on the vehicle in a crosswind is not necessarily constant as it impacts the side of the
railway at a yaw angle [7]. This produces forces (aerodynamic loads) that act on the moving train.
Aerodynamic loads can have a serious influence on vehicle performance. Crosswind aerodynamic
forces provide a crucial wind load that, in extreme situations, can overturn a vehicle. Furthermore,
crosswinds can have an impact on the train's running stability and reducing passenger comfort [8].

There are several techniques available for understanding the aerodynamic performance of a high-
speed train, including full-scale experiments, computational approaches using computers, and
physical modeling. Each method has advantages and disadvantages. In specific, the Computational
Fluid Dynamics (CFD) technique has gained popularity in recent years due to its ability to calculate
full fluid flow around the train, velocities, and pressures. Despite shortcomings in modeling the
transient crosswind condition of train, it is anticipated that CFD capabilities will reach a level of
reliability sufficient to eliminate the need for physical model tests in many areas. There are currently
a number of suitable modeling approaches available, including steady and unsteady Reynolds-
Averaged Navier—Stokes (RANS) techniques, Large Eddy Simulation (LES), and Detached Eddy
Simulation (DES). RANS models are widely used in train aerodynamics to study a variety of problems,
but they are unable to calculate where there is a very large unsteady condition [9]. The flow patterns
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in large-scale separated flows, in particular, will be time-averaged patterns that do not fully represent
the conditions found at full scale. However, due to its simplicity and low computational cost, this
method has become popular in recent years for solving train aerodynamics problems [10].

In this study, a simplified model of the high-speed concept train Next-Generation Train (NGT) of
the German Aerospace Center (DLR) is shown in Fig. 2. The train's three distinguishing features are
that it is a very high-speed train running at a maximum of 400 km/hours, with a double-deck
configuration and a lightweight design. Nonetheless, this train concept has been proposed because
it achieves goals such as low energy consumption and low life-cycle costs per passenger, even with
shorter travel times.

Fig. 2 The Next Generation Train (NGT)

Kin et al., [11] have conducted an experiment with straight and side flow over a simplified model
of the DLR Next Generation High-Speed Train. The flow fields and aerodynamic forces predicted using
these two distinct approaches are compared for the validation instances of the flow through a sphere
and the flow around the generic train model. They were primarily concerned with the two prediction
methods, so the realistic train model was absent. Furthermore, it does not include the specifics of
the acting force coefficients. In the study by Fragner et al., [12], they considered a train model of NGT
with a front car and a partial section of the middle car, which is not realistic. They investigated the
train's side-wind stability using a different numerical technique. Furthermore, they confirmed the
formation of a large vortex system on the train's leeward side, which primarily drives the train's
overturning force and moment.

From the standpoint of simulation, the cross-wind stability of a new high-speed train is already
taken into account in the early design phase through the use of computational fluid dynamics (CFD).
Schiffer and Wagner [13] performed Large Eddy Simulations (LES) of the flow around a simplified
concept high-speed train model. Based on the free stream velocity and train width, simulations were
run for a Reynolds number of 2 X 10°. The simulations predicted that the laminar flow near the
train's nose would transition to a fully turbulent flow in the wake region. The numerical analysis was
restricted to the train's nose. As can be seen, very little research has been conducted on the
mentioned train, which is being developed by DLR. A comprehensive study is required, which will
include both a detailed flow field around the train body in crosswinds. Thus, the overall aim of the
study is to investigate the flow structure around a next-generation train subjected to strong
crosswind conditions using CFD analysis. The numerical study was carried out using URANS on a
simplified NGT model with three coaches (front, middle, and rear) in order to compare it to the
original version of the train.

2. Methodology
2.1 3D Model of Next Generation Train

A 1/25%™ scale model of Next Generation High-Speed Train (NG-HST) was used in the simulations.
The original train model was designed by the German Aerospace Centre (DLR) [14]. The model
dimensions are shown in Fig. 3. SolidWorks software was used to create the train model. The original
front, middle, and rear dimensions of the car are 21m, 20m, and 21m, respectively [15]. As previously
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stated, this study used a simplified model; as a result, the 3d model of the NGT maintained the overall
size of the original train. However, the train's details have been ignored. In the current study, a 1/25th
scale model and three cars (front, middle, and rear) were used to reduce computation costs and
achieve optimal simulation performance. This scale model is commonly used in physical scale model
testing and CFD simulation. A number of previous researches used this scale model to minimize the
computational resource [16-18].

122mm

Fig. 3. Simplified next generation train model (1/25" scale)
2.2 Simulation Setup and Boundary Conditions

The computational investigations on the train aerodynamics have been performed using ANSYS
FLUENT 2019 software, which is based on a finite volume scheme, and have been performed by
solving the governing equations of fluid. In this study, the SIMPLE algorithm is used for pressure—
velocity coupling in a pressure-based solver with second-order equations, which makes equation
convergence difficult but increases solution precision. The k—w SST turbulence model and scalable
wall function are used. The k—w SST turbulence model predicts flow separation better and can solve
turbulence parameters near the wall region [19]. Furthermore, transient simulation mode with 0.02
time steps was used to understand time-dependent flow physics around the train. Each simulation
lasts 4 seconds. The non-slip condition is employed with a moving wall boundary condition at the
equal speed of the wind with train for the floor surface because this model has a consistent velocity
profile and a realistic simulation of the floor. As the symmetry boundary condition, the roof of the
encloser is specified.

Fig. 4 illustrates the computational domain dimensions used in the simulations where L is equal
to the length of the train. Previously published works used a variety of encloser sizes. It is well
understood that there are no specific rules for determining encloser size. However, the encloser must
be large enough to capture the flow field around the train. In the current study, we consider [20] for
determining the computational domain size. Thus, the distance from the front boundary to the front
nose was 1L, while the distance from the end nose to the end boundary was 2L. The distance from
the boundary was 1L measured from the train's left and right sides. The height of rail tracks was
represented by the distance between the train wheel and the floor of 0.076L. Furthermore, the train
height is considered as the characteristic length. Thus, the Reynolds number was 1.3 X 10°. During
simulation, the train speed was 97.22 m/s, while the inlet velocity, which is considered crosswind
velocity, was 20 m/s. The pressure outlet was set to zero, referring to atmospheric pressure.
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Furthermore, the speed of the train is considered as incompressible flow as the Mach number is less
than 0.3 which is 0.28.

T
L. Outlet

. \ Inlet _.f"

Fig. 4. Boundary conditions used in the simulations
3. Grid Independence Study

In this study, an advanced meshing option in ANSYS FLUENT is used to generate different types
of grids with different mesh numbers and mesh quality. Coarse, medium, and fine meshes are
generated by varying the number of mesh cells, incorporating a multi-zone meshing technique, and
adjusting other mesh refinement options (refer to Table 1). In the computational domain, a cut cells
approach is used to generate a structured mesh. It is found that structural mesh provides better
results [21]. On the surface of the model train, a 5 layer inflation of prism mesh was introduced to
enhance better convergence. Furthermore, the mesh elements are hexahedral, polyhedral, and
wedge in shape.

Table 1

Meshing parameters descriptions
Quality Coarse Medium Fine
Maximum cell size 256 mm 256 mm 128 mm
Total cell number 329,737 665,740 1,206,633
Inflation layer 5 5 5
Growth rate 1.2 1.2 1.15
Refinement box 1 n/a 15mm 10 mm
Refinement box 2 n/a n/a 20 mm

The coarse meshing had a growth rate of 1.2 with a total of 5 layers. There was no refinement
box used in this case. The refinement box used was very close to the train model, which had elements
that were 15mm in size. Aside from that, the meshing parameters remain unchanged. The drag
coefficient values are influenced by the performance of medium meshing quality.

Fig. 5 illustrates the detail fine meshing with a two refinement box surrounding the train model.
Normally, the mesh refinement near the train regions provides better results [22]. The elements in
the first refinement box were 10mm in size, while the elements in the second were 20mm in size.
Mesh refinement in Fig. 5(a) yields good results in terms of mesh quality between car gaps. In addition
to the previous meshing, a 5 layer inflation layer was added (Fig. 5(b)). However, the growth rate was
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reduced to 1.15 percent. Fig. 5 (c) demonstrates a high-quality mesh at the train's nose. The average
y-plus value on the train surface was 48, which is within the acceptable range as stated in previous
literature [23].

Fig. 5. Details of fine mesh; (a) train body surface, (b) inflation
layers in the middle car's surface, and (c) end car nose

The experimental data from the wind tunnel for this model train is not available in the literature.
As a result, the authors look for cases that are similar to validate the simulation results. The authors
are aware that, even though it will not reflect the exact results, it will contribute to the validation of
the current study's model. The current study was validated using the experimental results of Sun et
al., [24]. Table 2 shows that the simulation result is primarily in good agreement with the
experimental results. The maximum relative error was 5.4%.

Table 2
Comparison between simulation and experimental result by Sun et al., [24]
. (o]
Condition : ) -
Head Middle Tail Total Relative error (%)
Coarse 0.1054 0.0955 0.1502 0.3512 1.007
Medium 0.0989 0.0939 0.1438 0.3367 3.164
Fine 0.0957 0.0938 0.1393 0.3289 5.407

Experiment by Sunetal., (2021) 0.1346 0.0808 0.1323 0.3477

4. Results
4.1 Surface Streamlines

The flow pattern on the train's surface is performed by surface streamlines at crosswind angles
of 5°,10°, 15°, and 20°. Fig. 6 shows how the flow starts to separate from the nose of the first coach
to the end nose of the train. As the train approaches to expose in 5° to 10° crosswind angles, a larger
separation angle appears on the top of the train, demonstrating that three-dimensional features
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describe the flow around the train. This is mostly due to a result of natural and train-induced wind
on the train's nose area. Specifically, as crosswind angles increased, flow separation increased
significantly as shown in Fig. 6(c). Furthermore, flow separation on the leeward side is slightly
different when the train is exposed to a 15° yaw angle. The flow that separates from the windward
roof top corner is redirected at an angle along the train axis as it passes over the train head. It can be
concluded that a larger yaw angle, which is mostly determined by the incoming wind velocity, can
lead to higher flow separation and a more complicated three-dimensional flow around the train [25].
Fig. 6(d) shows the evidence of higher flow separation at larger yaw angles.

-T656 -4583 -1531 J532 4595 TBST
Pressure [Fa]

E—————— ¢ - -  —
_—————— ————————

Fig. 6. Surface streamlines on train surface; (a) windward, (b) leeward, (c) roof top and (d) underbody

4.2 Iso-surface of the Instantaneous Velocity

Fig. 7 depicts the vortex formed on the train's leeward side. Following vortex generated on the
train from different areas:

V1: vortex origin from the front bottom leeward side of the front car
V2: vortex origin from the front top leeward side of the front car

V3: vortex origin from the front center side of the middle car

V4: vortex origin from the rear top side of the middle car

At a 5° yaw angle, a small vortex denoted by V1 formed on the leeward side, which began to
develop from the middle car and began to dissipate at the tail of the train as shown in Fig. 7(a).
Furthermore, V2 formed at the nose of front car and disappeared very soon. Fig. 7(b) shows two large
vortices V1 and V2 for a yaw angle of 10°. The vortex began to separate from the end of the first
coach and continued until the tail and beyond. Furthermore, those two vortices formed, one from
the upper part of the leeward side and another from the bottom part, indicating that the vortices
formed as a result of the flow passed over the roof top and underbody, respectively.

At the 15° yaw angle condition, a number of vortex can be observed. Among them, V1, formed
from the rear bottom side of front car and continued parallel with the train. Same goes for the vortex
V2, however, which is started left top edge of front car. Interestingly vortex V3 formed near front
nose and bottom edge of leeward side and move further and go away from the train model in the
leeward-rear direction (see Fig. 7(c)).
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V1 developed from the lower-left edge of the front car and continued to move further until front
of the middle car of the train shown in Fig. 7(d). V2 is a vortex formed by the left upper side of the
front car. V3 vortex formed near the bottom of the leeward side and moved away from the train
model in the leeward-rear direction. Vortex V4 evolved from the rear end of the middle car and was
combined with a tailing vortex. A comparison of flow streamlines at different wind angles
demonstrates that when the wind angle is low, the separation of flow and wakes is limited to the end
of the train. However, when the wind angle increases, flow separation develops from the top and
lower corners of the train and similar results reported by Ezoji et al., [26]. In addition, a number of
tailing vortices can be seen in all the different yaw angles. It is understandable from Fig. 7(c) and Fig.
6 that the flow separation is large when the train is exposed to larger yaw angles. As a result, it is
demonstrated that surface streamlines produce similar results in this regard.

i] 29 58 as "7 145

I

Velcity [m 5%-1]

a

0 0.600 0.000 ¢m)
— Ve——— 3
0 200 0 600

Fig. 7. Iso-surface of velocity for different yaw angles; (a) 5°, (b) 10°, (c) 15°, and (d) 20°

4.3 Pressure Coefficient

The aerodynamic force is calculated by integrating the surface pressure coefficient, which has a
direct influence on the train's aerodynamic forces. The non-dimensional pressure value is presented
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along with the train's centerline in Fig. 8. Because of the stagnation pressure, there is a substantial
increase in static pressure on the train's nose, followed by a significant drop surrounding the nose
when the velocity of air increases in this location. With the exception of the car gaps, when static
pressure increases, the pressure along the train length and within the slip-stream boundary layer is
typically slightly lower than the upstream pressure. There is also a drop in static pressure at the train's
tail. Pressure rises in the circulation region behind the train, while pressure increases in the near
wake region. As the yaw angle increases, so the negative pressure is increased [27]. It can be seen
that the pressure curves for the 10° and 15° yaw angles are nearly identical. The curve for the 20°
yaw angle, on the other hand, is slightly different. This could be the cause of the increasing complexity
in flow separation seen in Fig. 7(d). On the other hand, the situation can be described for the 5° yaw
angle, where the pressure coefficient value is slightly higher than others, possibly due to the
simplicity of the flow around the train.

1.00
- 50
--10°
--15°
0.50 -20°

Pressure Coefficient
[—]
>
>

-0.50

-1.00
0 1 2 3 4 5
Curve length(m)
Fig. 8. Pressure coefficient along with the curve length of train in different yaw angles

5. Conclusions

CFD analysis was used in this study to investigate the flow structure around a Next-Generation
Train in the presence of a strong crosswind at low yaw angles. This is one of the first studies in which
a full train model, including the front, middle, and rear cars of a next-generation train, is used for CFD
analysis. For various yaw angles, time-average surface streamlines, the iso-surface of the
instantaneous velocity, and the pressure coefficient are presented.

A larger yaw angle, which is primarily determined by the incoming wind velocity, can lead to
higher flow separation and a more complex three-dimensional flow around the train. On the other
hand, a comparison of iso-surface and flow streamlines at different wind angles reveals that when
the wind angle is small, separation of flow and wakes is limited to the end of the train, but as the
wind angle increases, separation of flow occurs from the upper and bottom corners of the train,
indicating that the vortices formed as a result of the flow passing over the roof top and underbody.
In addition, at 20° yaw angle, the pressure coefficient curve is slightly different than others. This could
be the cause of the increasing complexity in flow separation caused by the large wind angle.
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