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Available online: 30 June 2025 length. As a result, this study aims to investigate the effect of different

lengths of the Next-Generation High-Speed Trains (NG-HST) model
when traveling under various crosswind conditions in terms of
aerodynamic loads and flow structure formation with a Computational
aerodynamic characteristics, ANSYS  Fluid Dynamics (CFD) technique known as Reynold-Averaged Navier

Keywords

fluent, crosswind, Computational Stokes (RANS) combined with the k-epsilon (k-¢) turbulence model.
Fluid Dynamics (CFD), flow Based on the train model's height and speed, the Reynolds number used
structures, high-speed train is 1.3 x 106. The two aerodynamic performance characteristics,

aerodynamic loads and flow structure formation, were analyzed using
different train lengths: Case 1 (1 middle coach), Case 2 (3 middle
coaches), and Case 3 (5 middle coaches) and varied crosswind yaw
angles: 0°, 15° 30° 45° and 60°. The findings indicate that as the
crosswind yaw angle and train model’s length increase, more flow
comes into contact with the train model's surface on the windward side,
resulting in a huge area of the high-pressure region and low-pressure
region on the windward and leeward sides, respectively. In addition,
the side force coefficient increases for the 60° crosswind yaw angle by
about 12% for Case 3 (train with 5 middle coaches) compared to Case
1 (1 middle coach). Therefore, it can be concluded that the longer the
train, the more pronounced the aerodynamic forces under high
crosswind conditions, which may negatively impact stability and
operational safety.

1. Introduction

In crosswinds, a high-speed train is surrounded by a very complicated flow field that will increase aerodynamic
loads on the train, considerably reducing running safety and raising the chance of an overturn. In the context of
rail transit, the public's knowledge of safety hazards, notably vehicle crosswind stability, has improved
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considerably [1]. When a train is traveling under strong crosswind conditions, the aerodynamic performance of
trains deteriorates, and air drag, lift, and lateral forces borne by trains quickly increase, which has an influence on
the lateral stability of trains and even leads to overturning the train [2], [3]. When analyzing the train's lateral
stability (rolling over or overturning) in crosswinds, the side force, lift force, and rolling moment are crucial
aerodynamic loads to consider [4], [5], [6], [7], [8]- Besides, the lengths of the high-speed trains will also have
some impact on the aerodynamic performance of the trains, since the fluctuation in the drag force is only observed
when the number of coaches is less than five [9].

Riccoa et al. [10] found that the pressure caused by a long train running through a tunnel was greater and
lasted longer than the pressure caused by a shorter train in a moving model test. This was due to the large surface
area of the long train's body making contact with the wind flow from the surrounding region. Furthermore, Mao
et al. [11] also analyze the influence of train formation on the aerodynamic characteristics of high-speed trains
under crosswind and find that although the number of cars has less influence on the drag force coefficient, lift
force coefficient, lateral force coefficient, and overturning moment coefficient of the head car, it has a greater
influence on those of the tail car. Many efforts have been undertaken to enhance the aerodynamic performance of
high-speed trains; for instance, modifications to the streamlined head length or other train parts have been
discovered to have an impact on the pressure waves that occur during train rendezvous, as well as lift and steady-
state aerodynamic pressure on the train surface [12].

Some research has shown that lower drag coefficients were found for train models that were stretched in the
center by adding additional carriages [13]. Therefore, there has been some research about the effect of a train’s
length on its aerodynamic performance that has been conducted. Chen et al. [14] analyzed the distribution region
and intensity of velocity fluctuation with different train lengths and discussed the streamwise velocity, the
pressure, the drag and lift coefficient, and the mean and instantaneous slipstream velocities with different train
lengths. The study shows that the drag force coefficient increases by about 0.382 for case 3 compared to case 1.
Additionally, longer trains exhibited increased velocity fluctuations and higher aerodynamic forces, which could
compromise stability. They reported that slipstream effects intensified with train length, influencing drag and lift
forces. Niu et al. [15] investigate the aerodynamic performance of trains of different lengths under a crosswind
with or without a windbreak. The train's design directly influences its aerodynamic performance, which includes
aerodynamic forces, slipstream, and wake flow, as the train's speed increases [16]. As the yaw angle of the
crosswind increases, there might have been an incident of train overturning happening [17]. Based on the
research of Arafat et al. [18], the result indicates 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. While previous studies have examined aerodynamic forces on high-speed trains under crosswind
conditions, limited research has focused on the combined effects of train length and yaw angle on aerodynamic
performance.

Therefore, this study focuses on investigating the aerodynamic performance of the Next-Generation High-
Speed Train (NG-HST) of different lengths under a crosswind. In this study, computational fluid dynamics (CFD)
combined with the unsteady Reynolds-averaged Navier-Stokes equation (URANS) will be applied as the numerical
simulation.

2. Related Work

Fig. 1 shows the research flow chart of CFD analysis. In this research, the NG-HST train model is simplified for the
computational train model, as shown in Fig. 2. Three lengths (13.33 H, 21.94 H, and 30.54 H) are used for the train
model to study the effect of the length on the aerodynamic performance of the train. This represents the three
types of train models with case 1, case 2, and case 3, as shown in Fig. 2(a). The width (W) and height (H) of the
computational train model are 0.122 m and 0.186 m, as shown in Fig. 2(b).
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Fig. 2 Train model: (a) different lengths of the train; (b) train cross-section

Based on available wind tunnel data, a length of 7.74 H, consisting of the front coach and a half section of the
middle coach, was used for validation. Then, the computational validation study will proceed with the grid
independence study and validation with previous research. After obtaining the validation study results, the
simulation setup proceeded with the k-epsilon (k-¢) turbulence model and Reynolds number of 1.3 x 106 for three
cases, which were cases 1, 2, and 3, and different crosswind yaw angles, which were 0°, 15°, 30°, 45°, and 60°. The
yaw angles were chosen to cover common crosswind scenarios encountered by high-speed trains, ensuring a
comprehensive aerodynamic assessment. The Reynolds number was used to determine whether the flow of fluid
was laminar or turbulent [19]. Further, the simulation proceeds with case condition setup, and each of the cases
will be tested under different crosswind yaw angles. Finally, the discussion and conclusion will be given for the
analysis of the effect of aerodynamic loads and flow structure formation around the train with different lengths
under different crosswind conditions.

3. Methodology

a. Boundary Conditions

The computational domain must be discretized into a computational grid in order to solve the discretized
equations of fluid flows (or mesh). Fig. 3 shows the enclosure condition for the computational domain, following
Ref. [20], ensuring that boundary effects were minimized. There is a gap between the train model and the ground
surface, and the distance between them is 0.025 m (distance between the upper surface of the track and the
bottom surface of the train, as shown in Fig. 3(b). The distance between the train model and the back is 3 m, while
the distance between the train model and the front is 1.5 m. The distance between the train model and the side is
also 1.5 m, as shown in Fig. 3(a). These dimensions ensured sufficient space for flow development and vortex
dissipation. The boundary condition of the models includes elements such as velocity inlet boundary, pressure
outlet boundary, and symmetry boundaries, as shown in Fig. 4. The velocity inlet and pressure outlet boundaries
were applied to the surface of the enclosure. The arrows in Fig. 4 indicate the boundary surfaces and do not
represent flow direction. This setup ensured proper flow development without artificial constraints.
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Fig. 3 (a) size of the enclosure from the top view; (b) size of the enclosure from the side view; (c) isometric view of
the enclosure
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Fig. 4 Boundary conditions

b. Mesh Technique

Meshing is the method of discretizing a model into several elements [21], and the mesh efficiency can help to
determine the accuracy of the results [22], [23]. The mesh generation employed a polyhedral meshing technique,
which offers enhanced accuracy for complex geometries. The meshing parameter with coarse, medium, and fine
mesh conditions and meshing structure conditions for the validation study have been shown in Table 1 and Fig. 5,
respectively.

Fig. 5 Meshing conditions: (a) Coarse; (b) Medium; (c) Fine

Table 1 Meshing parameter

Cases Elementsize  Face size Affected Total nodes Total element

(mm) (mm) diameter (mm) mesh
Coarse 256.0 20.0 2.0 276,932 234,049
Medium 128.0 7.0 8.0 364,767 314,284
Fine 64.0 4.0 12.0 775,713 688,740

¢. Grid Independent Test

The CFD results based on the ANSYS software for the validation study are validated through the drag force
coefficient (Ca) obtained from the simulation of different meshes. In addition, the simulation results were
compared with experimental data from [24], showing good agreement in terms of aerodynamic force coefficients,
confirming the reliability of the numerical approach. The results of Cq4 for the current research and previous
research [24] for the different cases of mesh resolutions are presented in Table 2. Since the differences between
the medium mesh case and experimental mesh case are not more than 1.0 %, it indicates that the medium mesh
case with a Cq of 0.182 and the number of nodes of 364,767 is the most suitable for the validation of the study. The
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medium and fine mesh showed a difference of 0.028%, well below the commonly accepted 1% threshold for
engineering applications [25]. While adopting a 0.001% threshold for highly sensitive cases, such as biomedical
and aerospace, our analysis demonstrated that further refinement beyond the fine mesh led to negligible changes,
validating the mesh selection.

Table 2 Drag force coefficient (Ca) for the current research and previous research with train models in different

cases
Cases Ca

Coarse 0.188
Medium 0.182
Fine 0.182
Experimental 0.180

4. Results and Discussion

The results and discussion section presents data and analysis of the study for the quantitative and qualitative
aerodynamics results, such as aerodynamic loads and flow structure around the train model. Quantitative results
include the coefficients of aerodynamic forces such as drag (Ca), lift (C1), side (Cs), rolling moment (Cr.), yawing
moment (Cva), and pitching moment (Crr). Qualitative results include the streamline superimposed on the pressure
contour and vortex core surrounding the train model.

a. Quantitative Results

Fig. 6 shows the results of the comparison of drag force (Ca), lift force (Ci), and side force coefficient (Cs) with
respect to different lengths of NG-HST models when traveling under various crosswind conditions. From the
results of the Cy, it shows that the overall trend for the Cq value for Cases 1, 2, and 3 was decreasing as the yaw
angle increased from ¥ = 0° until ¥ = 60°. Besides that, the absolute percentage differences between ¥ =0° and ¥
= 60° for the Cq value of Cases 1, 2, and 3 were 81.21%, 72.91%, and 69.74%, respectively (Fig. 6a). From the
comparison of the €, it shows that the overall trend for the C; value of Cases 1, 2, and 3 was increasing as the yaw
angles increased from ¥ = 0° until ¥ = 60°. Besides that, the absolute percentage differences between ¥ = 0° and
Y = 60° for the C; value of Cases 1, 2, and 3 were 930.55%, 1470.73%, and 2047.08%, respectively (Fig. 6b). The
comparison of the Cs shows that the Cs value of Cases 1, 2, and 3 was increasing as the yaw angle was increased
from ¥ = 0° until ¥ = 60°. The absolute percentage differences between ¥ = 0° and ¥ = 60° for the Cs value of Cases
1, 2, and 3 were 1323.57%, 1935.89%, and 2550.76%, respectively (Fig. 6¢c). Therefore, the result indicates that
Case 3 has the worst results since the Cq, Cj, and Cs values were higher compared to Cases 1 and 2. Similar results
in terms of drag force coefficients can be found in reference [14]. It is notable that the negative values in Fig. 6 and
Fig. 7 indicate flow reversal, which occurs due to vortex shedding in the wake region. This phenomenon is
commonly observed at high yaw angles and contributes to unsteady aerodynamic forces.

Next, Fig. 7 shows the results of the comparison of the rolling moment (Cr.), yawing moment (Cv4), and
pitching moment (Cr) with respect to different lengths of NG-HST models when travelling under various
crosswind conditions. From the results of the Cri, it shows that the overall trend for the Cr. value for cases 1, 2,
and 3 decreased as the yaw angle increased from ¥ = 0° until ¥ = 60°. Besides that, the absolute percentage
differences between ¥ = 0° and ¥ = 60° for the Cr. value of Cases 1, 2, and 3 were 165.97%, 52.72%, and 73.83%,
respectively. From the comparison of Cya, it shows that the overall trend for the Cva value of Cases 1, 2, and 3 was
increasing as the yaw angles increased from ¥ = 0° until ¥ = 60°. Besides that, the absolute percentage differences
between ¥ = 0° and ¥ = 60° for the Cva value of Cases 1, 2, and 3 were 2658.70%, 1156.13%, and 1856.02%,
respectively. The comparison of the Cr shows that the overall trend for the Cr value of cases 1, 2, and 3 was
decreasing as the yaw angle was increasing from ¥ = 0° until ¥ = 60°. However, the trend pattern of the Cp; value
of Case 3 fluctuated as shown in Fig. 7. The absolute percentage differences between ¥ = 0° and ¥ = 60° for the Cp
value of Cases 1, 2, and 3 were 645.41%, 313.00%, and 580.72%. Thus, it demonstrates that only the Cr, Cv4, and
Crrwere impacted by a crosswind on the train model for Case 2.

Relatively, in terms of aerodynamic loads, each of the cases obtained different results of aerodynamic load
parameters. However, the trend pattern for the results for each of the cases was similar. For the Case 1 condition,
the Cq, C, Cs, Cre, and Cpy values were lower compared to Cases 2 and 3, while the Cv4 value was higher compared
to Cases 2 and 3. This demonstrates that the impact of crosswind on the aerodynamic load characteristics of the
train model of Case 1 was minor. Moreover, for the condition of Case 2, the Cr. and Cr values were higher
compared to Cases 1 and 3, while the Cva value was higher compared to Cases 1 and 3. It demonstrates that only
the Cri, Cva, and Cp; were impacted by a crosswind on the train model for Case 2. Furthermore, for the Case 3
condition, the Cq4, C;, and Csvalues were higher compared to Cases 2 and 3. In general, there will be more impact of
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crosswind on the aerodynamic load characteristics on the train model of Case 3 due to more surface contact with
the crosswind at the windward side of the train model as the crosswind yaw angle increases.

—a—Case 1
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Fig. 6 Comparison of the (a) drag force (Ca); (b) lift force (C1); and (c) side force coefficient (Cs) with respect to
different lengths of NG-HST models when travelling under various crosswind conditions
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Fig. 7 Comparison of the (a) rolling moment; (Crw), (b) yawing moment (Cva); and (c) pitching moment coefficient
(Cr1) with respect to different lengths of NG-HST models when travelling under various crosswind conditions

b. Qualitative Results

Fig. 8 shows the top view of the streamline flowing through the train model from the left side of the train model.
It shows that the region of the high-pressure contour on the windward side and the low-pressure contour on the
leeward side was expanding as the crosswind angle increased. The expansion of the low-pressure region suggests
an increase in aerodynamic drag and side forces, which could negatively impact the train's stability. Previous
studies [26] have shown that these pressure variations play a crucial role in determining side force coefficients,
which influence train overturning moments under crosswind conditions. Fig. 9 shows the planes 1, 2, and 3
created at the midpoint of the middle car of the train model for cases 1, 2, and 3, respectively, and the streamline
flow through the midpoint of the middle car from the left side of the train model. As the flow hit the windward
surface of the train model, the flow was separated into two directions, which were towards the roof surface and
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the bottom surface of the train model. A vortex was produced as the result of the flow separation at the leeward
side of the middle car of the train model. For all the cases, it is similar that the number of vortices produced
increased as the crosswind angle increased. At the same time, the radius of the vortex was also increasing as the
crosswind angle increased. Besides that, the radius of the vortex near the rear car of the trained model was smaller
than the radius of the vortex far away from the rear car of the train model. As the crosswind angle increased, the
area of low-pressure contour was increasing at the leeward side of the midpoint of the middle car of the train
model for each of the cases.

Case 1

Case 2

Case 3

. W RN : LN s
Fig. 8 Streamlines superimposed on the pressure contour for different lengths of the NG-HST models from the top
view under different crosswind angles

Plane | (x =6.67H)

Plane 2 (x = 10.97H)

Plane_ I(x= 15.27
450

Case 1

Pressure

Hmﬂﬂ
500

Case 2

Case 3

Fig. 9 Planes created at the midpoint of the middle car of the trains: Plane 1 = 6.67 H, Plane 2 = 10.97 H, and Plane
3=15.27 H, and streamlines are superimposed on the pressure contour from the front view under different
crosswind angles

Fig. 10 illustrates the vortex core structures for different train lengths under varying crosswind angles. The
results show that the vortex generation at the leeward side increased as the crosswind yaw angle increased,
leading to stronger wake interactions. This phenomenon is primarily attributed to the increased pressure
difference between the windward and leeward sides, which intensifies flow separation. Additionally, the vortex
structures moved further away from the train body as the crosswind angle increased, indicating enhanced wake
expansion. Furthermore, the number of vortices also increased with the train length. This is due to the larger
surface area exposed to the crosswind on the windward side, resulting in stronger shear layers and more
pronounced vortex formation. In Case 3, the longest train configuration, the highest number of vortices was
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observed. This aligns with findings from previous studies [15], which demonstrated that longer vehicles
experience more complex wake structures due to prolonged boundary layer development and flow detachment
along their length. In addition, the increase in vortex formation at higher yaw angles can have both positive and
negative effects. While vortex shedding contributes to aerodynamic instability, it also plays a role in pressure
redistribution, which can mitigate side force imbalances [27]. However, excessive vortex generation, particularly
in longer train models, can lead to stronger wake-induced unsteady forces, potentially compromising train
stability and passenger comfort.
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e

Fig. 10 Vortex core for different lengths of the NG-HST models under different crosswind angles

5. Conclusion

This study was conducted to analyze the effect of different lengths of NG-HST when travelling under various
crosswind conditions in terms of aerodynamic loads and flow structure formations. In terms of the aerodynamic
loads, the crosswind yaw angles have a significant impact. The lift force coefficient (C1) and side force coefficient
(Cs), two crucial factors that had a significant impact on the train's stability, revealed that Case 3 gave the worst
results of these parameters when compared to Case 1 and Case 2. Two of the aerodynamic loads were critical and
reached high values at high crosswind yaw angles (¥ = 602). According to the results of the current study at ¥ =
602, Case 3 had the worst outcomes, followed by Case 2 and then Case 1.

In terms of flow structure formation, there were dissimilarities among the cases simulated for various
crosswind conditions. Due to the different cases of the train model, the main difference was the number of vortices
on the leeward side of the train model under crosswind conditions. As the crosswind yaw angle and the train
model’s length increase, there will be more surface contact with the crosswind on the train model's windward
side, increasing the number of vortices.

Lastly, the last differences due to the different cases of the train model were the high-pressure region on the
windward side and the low-pressure region on the leeward side of the train model under crosswind conditions.
For Case 3, it consists of a large area of the high-pressure region on the windward side and a large area of a low-
pressure region on the leeward side of the train model compared with Cases 1 and 2 at ¥ = 602. This was due to
the high crosswind yaw angle and longer lengths of the train model, which caused more flow to come into contact
with the train model's surface on the windward side, which is why there was a large area of high-pressure and
low-pressure regions in the train model's windward side and leeward side. This can cause the train to overturn
due to the unbalanced pressure area on the train's leeward and windward sides. Therefore, it can be concluded
that the longer the length of the train under high crosswind conditions, the greater the influence of the
aerodynamic performance on the train
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