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ABSTRACT

The safety and stability of high-speed maglev trains traveling on viaducts in crosswinds critically depend on
their aerodynamic characteristics. Therefore, this paper uses an improved delayed detached eddy simulation
(IDDES) method to investigate the aerodynamic features of high-speed maglev trains with different marshaling
lengths under crosswinds. The effects of marshaling lengths (varying from 3-car to 8-car groups) on the train’s
aerodynamic performance, surface pressure, and the flow field surrounding the train were investigated using the
three-dimensional unsteady compressible Navier-Stokes (N-S) equations. The results showed that the marshaling
lengths had minimal influence on the aerodynamic performance of the head and middle cars. Conversely, the
marshaling lengths are negatively correlated with the time-average side force coefficient (CS) and time-average lift
force coefficient (Cl) of the tail car. Compared to the tail car of the 3-car groups, the CS and Cl fell by 27.77% and
18.29%, respectively, for the tail car of the 8-car groups. It is essential to pay more attention to the operational safety
of the head car, as it exhibits the highest time average CS. Additionally, the mean pressure difference between the
two sides of the tail car body increased with the marshaling lengths, and the side force direction on the tail car was
opposite to that of the head and middle cars. Furthermore, the turbulent kinetic energy of the wake structure on
the windward side quickly decreased as marshaling lengths increased.
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1 Introduction

Maglev trains, which are innovative forms of rail transit, stand out as highly promising modes of
travel for the 21st century, effectively bridging the speed gap between high-speed trains and airplanes
[1–4]. Compared to traditional railway trains, maglev trains offer a multitude of advantages, such
as higher speeds, no wheel-rail noise, greater energy efficiency, higher safety, more comfort, and
potentially lower long-term costs [5–8]. Maglev train technology has been developed and implemented
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in various countries globally. Notably, the first commercial maglev system was developed in Ger-
many in the 1970s. China has constructed the world’s fastest commercially functioning maglev line,
operating at a speed of 430 kilometers per hour. Additionally, Japan spearheaded the creation of
the superconducting maglev train, achieving an unprecedented record-breaking speed of 603 km/h
during rigorous testing in 2015 [9–11]. To better accommodate the travel needs of individuals, both
the speed and length of maglev trains should be increased. It is a significant challenge to ensure the
safety and stability of maglev trains when they run at high speeds in complicated environments, such as
in crosswinds. Thereafter, the effect of aerodynamics needs to be considered. For this reason, research
into the aerodynamic properties of maglev trains in crosswinds is essential.

Currently, studies on the aerodynamic characteristics of trains with different formations have
predominantly centered around conventional wheeled rail trains. A numerical simulation of flow
structure around trains (1-car group) under crosswinds was conducted by Khier et al. [12]. They found
that flow separation occurs on the upper and lower leeward sides of the train, with the vortex structure
varying based on the yaw angle. Ricco et al. [13] demonstrated that the pressure wave caused by long-
group trains traveling through tunnels was both more intense and persisted for a longer time than that
generated by short-group trains. Muld et al. [14] researched the influence of train marshaling lengths
(2-car, 3-car, and 4-car groups) on the flow field using the Delayed Detached-Eddy Simulation (DDES)
turbulence model. Their results indicated that the wake structure has a close relationship with the train
length. García et al. [15] utilized Large Eddy Simulation (LES) to conduct a comparative analysis
of the aerodynamic features of an Intercity-Express-2 (ICE2) train (1-car group) under turbulent
wind conditions, considering both rough and smooth surface conditions. They revealed that within
aerodynamic loads concerning both rough and smooth surface cases, two distinct peaks stand out.
The initial peak correlates with sizable wind structures, causing transient loads on the train. The
secondary maximum value might arise from numerical issues. Gallagher et al. [16] utilized the DDES
method to analyze the aerodynamic characteristics of railway trains (4-car groups) across varying
yaw angles. They validated their findings through comparisons with static wind tunnel tests, moving
model tests, and field experiments. Using the DDES turbulence model, Niu et al. [17] compared the
aerodynamic performances of high-speed trains with varying marshaling lengths. Their study disclosed
an augmentation in drag for the tail car alongside a reduction in lateral force as train length increased.
The aerodynamic feature of urban electric multiple units was studied by Liang et al. [18], and it was
discovered that the aerodynamic performances of the head and middle cars remained consistent despite
variations in train formation lengths. Tan et al. [2] used improved delayed detached-eddy simulation
(IDDES) to determine how maglev trains of different lengths affect the flow field structure. They found
that displacement and momentum thicknesses of the boundary layers for the tail car were positively
correlated with train lengths when there was no ambient wind.

Although the aerodynamic property of a maglev train has long been a research focus, its
performance in crosswinds has received comparatively little attention. Howell [19] explored how
maglev trains respond to crosswinds by performing experiments using models in motion. These
experiments involved electromagnetic suspension trains and electrodynamic suspension trains, which
were then contrasted with wind tunnel tests. The findings indicated that the outcomes from the moving
model on a planar track aligned closely with the wind tunnel test results for the same model, except for
variations in lateral force. Ding et al. [20] conducted research on the aerodynamic lift force feature of
high-speed maglev trains with 5-car groups via a numerical simulation approach. They found that the
lift forces generated by the front and rear cars were greater than those of the middle car. Li et al. [21]
conducted research on the transient aerodynamics of two maglev trains encountering each other in
an outdoor environment by utilizing three different turbulence models. Their work underscored the
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superiority of the turbulent kinetic energy and dissipation rate (k − ω) turbulence model based on
the IDDES method for capturing the flow field during train interactions. Luo et al. [22] used the
IDDES approach in their investigation of the aerodynamic characteristics of maglev trains as they
traveled over noise barriers. The results indicated that the existence of a noise barrier significantly
increases the variation in pressure when a train passes through it. Yao et al. [23] used a multi-objective
optimization method to determine how the length of the train’s nose affects the aerodynamic properties
of high-speed maglev trains. The findings of the optimization revealed a 19.2% decrease in the overall
drag coefficient of the train, and the lift force coefficients of the head car and tail car decreased by
24.8% and 51.3%, respectively. Liang et al. [24] carried out research on the lateral aerodynamics of the
430 km/h maglev train with two marshaling lengths crossing each other in various wind conditions.
According to the findings, the head car and tail car experienced their greatest side forces at wind angles
of 270° and 225°, respectively. Two-marshaling maglev trains with different rail gaps were studied
by Meng et al. [25] for their aerodynamic features in crosswinds. The findings demonstrated that an
increase in track clearance resulted in a reduction in the lift force experienced by the head and tail cars.

It becomes imperative to extend the marshaling length beyond the scope covered in prior studies
to cater to the evolving passenger travel demands. However, the above studies have not investigated the
aerodynamics of maglev trains at a speed of 600 kilometers per hour with marshaling lengths ranging
from 3-car to 8-car groups running on a viaduct under crosswinds (wind angle of 90°). This research
uses numerical simulation to analyze the high-speed maglev train aerodynamics operating on a viaduct
in crosswinds. The remaining sections of this paper are structured as follows: First, the details of the
IDDES simulation are presented in Section 2, i.e., the computational model, boundary conditions,
numerical methods, grid generation, and model verification. In Section 3, the results and analyses are
discussed, which include the study of average aerodynamic forces, the average pressure distribution
surrounding the train, and an analysis of the flow structure. Finally, in Section 4, the primary findings
are summarized.

2 Numerical Simulations
2.1 Geometry Model and Boundary Conditions

In order to investigate how marshaling lengths impact the aerodynamic features of maglev
trains, a 1/10th-scale high-speed maglev train with different marshaling lengths ranging from 3-car to
8-car groups is adopted. The train comprises the head car, the middle cars (M1–M6), and the tail car.
Due to grid number and computational resource limitations, certain simplifications are applied to the
geometric models.

Fig. 1 illustrates the train model with different marshaling lengths. The train height, H, is
0.4 m, taken as the characteristic height. The length of the head and tail is 6.78 H, the width, W,
is 0.925 H, the length of the middle car (M1-M6) is 6.375 H, and the total length of the car is
L = (6.78H × 2) + (N − 2) × 6.375H, N ∈ {3, 4, 5, 6, 7, 8}. The computational domain of the model
is demonstrated in Fig. 2, along with the boundary conditions. The faces ABCD and BFGC are
designated as pressure far fields, whereas the faces EFGH and AEHD are designated as pressure
outlets. In addition, the face ADFE is designated as a symmetry wall. As part of the computational
domain, the track, viaduct, and ground are all designated as moving no-slip walls. In order to comply
with British Standard (BS) EN 14067 standards [26], the upstream entrance is located 20 H from the
head car nose, and the downstream exit is 50 H from the tail car nose. Considering that the train speed
VT is 600 km/h, while the wind speed VW is 30 m/s, the resultant speed V is 169.35 m/s.
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Figure 1: Geometric model: (a) train with different lengths; (b) model of train operating on the viaduct;
and (c) resultant speed diagram

Figure 2: Computational domain and boundary conditions
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2.2 Numerical Method
In numerical simulation, common methods include the Reynolds-Averaged Navier-Strokes model

(RANS) [27], LES [28], and IDDES [29], among others. The adoption of RANS models offers notable
computational savings in both time and resources, but they cannot accurately predict the flow field
structure. On the contrary, LES can capture smaller-scale flow field structures, yet its implementation
necessitates higher grid resolutions and more extensive computational resources. To strike a balance
between precision and computational efficiency, Shur et al. [30] introduced IDDES, based on the shear
stress transfer k−ω (SSTk−ω) turbulence model, offering a fusion of strengths from both RANS and
LES. Additionally, flow anticipation in the near-wall area involves the solution of RANS equations,
while in the area distant from the walls, an LES approach is employed for flow analysis. In this research,
the IDDES approach, founded on the SSTk − ω turbulence model, is employed to investigate the
aerodynamic features of the maglev train at various marshaling lengths. The grid scale for IDDES is
provided as:

� = min [max(Cωdω, Cω�max, dωn), �max] (1)

where Cω is a constant, designated as 0.15; dω is the wall distance; dωn corresponds to the grid step
taken in the wall-normal direction; �max denotes the largest grid spacing across all three directions.
Additionally, The IDDES length scale is expressed as:

lIDDES = fIDDES (1 + fd) lRANS + (1 − fIDDES) lLES (2)

lRANS =
√

k
β * ω

(3)

lLES = CDES� (4)

where fIDDES and fe are the blending function and the enhancing function, as can be seen in reference [30];
k is defined as the turbulence kinetic energy; β∗ is the model coefficient; ω is defined as the turbulence
dissipation; CDES is the estimated parameter.

The train speed considered in this study is 600 km/h. Hence, the consideration of air com-
pressibility becomes imperative when the Mach number Ma > 0.3, signifying velocities surpassing
368 km/h [31]. The numerical simulations are conducted utilizing the commercial software ANSYS
Fluent, which employs the finite volume method as its computational framework. The gradient of the
scalar at the cell center is computed using the Green-Gauss method. In order to solve the pressure and
velocity coupling equations, the semi-implicit method for the pressure-linked equations (SIMPLE)
algorithm is utilized [32–34]. The second-order upwind scheme and bounded central differencing
scheme are used [35], respectively, for k − ω equations and the momentum equation. For the transient
formulation, the second-order implicit scheme [36]. In unsteady simulations, the physical time step �t

is set to 10−4 s, and there are 30 inner iteration steps. The residual values of each solved equation were
consistently within 10−4, satisfying the convergence criterion’s requirements.

2.3 Grid Generation
In order to create the Mosaic Poly-hexcore mesh surrounding the train, the commercial program

ANSYS Fluent Meshing is utilized. Besides, grid independence simulations are performed to avoid the
sensitivity of grid density. The simulation of a train with a 3-car marshaling length used coarse mesh
(CM), medium mesh (MM), and fine mesh (FM), each with 14 million, 30 million, and 49 million
cells, respectively. To facilitate analysis, the side force, lift force, overturning moment, and pressure
are normalized for convenience. The side force coefficient (CS), lift force coefficient (Cl), overturning
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moment coefficient (CMx), pressure coefficient (CP), and velocity coefficient (CV ) are given as follows:

CS = Fs

0.5ρV 2A
(5)

Cl = Fl

0.5ρV 2A
(6)

CMx = Mx
0.5ρV 2AH

(7)

CP = P − P0

0.5ρV 2
(8)

CV = VS

V
(9)

where FS, Fl, and Mx represent the side force, lift force, and overturning moment, respectively; ρ is the
air density and is designated as ideal gas; V is the resultant speed, and is designated as 169.35 m/s; A
is the maximum cross-sectional area of the train in the x-direction, and is designated as 12 m2; H is
the characteristic height; P denotes the pressure acting on the train’s surface, whereas P0 stands for
the reference pressure, established at 0 Pa; VS is the spatial speed.

In Fig. 3, the average side force coefficients CS of trains simulated on various grids are shown.
Comparing the CM and FM, the differences in CS for the head car, middle car, and tail car are 2.2%,
2.8%, and 3.2%, respectively, whereas the corresponding values for the MM and FM are 0.6%, 0.3%,
and 0.7%. Since the difference between the MM and FM is substantially lower than that between the
CM and FM, these findings suggest that the MM is already adequately refined and does not require
further refinement. As depicted in Fig. 4, the computational mesh of a 3-car group train includes the
mesh around the train and two refinement boxes. In order to capture the high gradient change within
the boundary layer, the thickness of the prism layer grids is approximately 0.02 H, 10 prism layers are
set with a growth rate of 1.2, and the average y+ value is about 30–60.
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Figure 3: Average side force coefficients CS of the train
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Figure 4: Computational mesh: (a) front view; (b) grid of boundary layer; (c) top view; and (d) grid
around the maglev train

2.4 Algorithm Verification
In this research, an indirect validation strategy was employed due to the absence of identical test

case data. Specifically, the numerical algorithm is validated through a wind tunnel test from [26],
equipped with a 1/15th-scale Intercity-Express-3 (ICE3) train model and a standard embankment with
ballast and track, as shown in Fig. 5. The computational domain in the streamlined direction relative
to the ICE3 train is consistent with that of the maglev train, and the inlet boundary condition is also
set as pressure far field. The grid strategy and turbulence model follow those in the previous section.
The incoming velocity was set to match the resultant speed, aligning with the wind speed used in
the wind tunnel test, which was 50 m/s. Table 1 provides a comparison between the aerodynamic force
coefficients of the train at different yaw angles as it moves along the windward line of the embankment,
as obtained through numerical simulation and wind tunnel test. At a yaw angle of 5°, the maximum
deviation for CS and Cl are 2.53% and 3.70%, respectively. When the yaw angle increases to 10°, the
maximum difference in CS and Cl become 2.28% and 2.94%, respectively. Finally, at a yaw angle of
15°, the maximum errors for CS and Cl reach 2.14% and 2.67%, respectively. All of those deviations
are less than 10%, which is compliant with the engineering error.

3 Results and Analysis
3.1 Time-Average Aerodynamic Forces Analysis

In crosswinds, high-speed trains experience significant lateral forces, potentially compromising
their lateral stability [37–39]. Fig. 6 displays the time-averaged side force coefficient of high-speed
maglev trains operating in a crosswind (30 m/s) for various marshaling lengths. The results show
that marshaling lengths have a negligible effect on the CS of the head and middle cars of different
marshaling lengths (ranging from M1 car to M5 car). The maximum difference in CS of the head car
among six formation trains is 1.19%. The CS of the head car is greatest in the 3-car and 8-car groups,
consistent with the literature [14,17,40]. When marshaling lengths are the same, the CS of middle cars
(M1 to M6) decreases with increasing train lengths. Compared to the CS of the M1 car, the CS of the M6
car is reduced by 0.1419 (74.3%). The vortex is difficult to dissipate between the two tracks, possibly
resulting in negative CS on the tail car. As seen in Fig. 6b, marshaling lengths greatly impact the CS of
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the tail car, dropping with increased train lengths. The tail car experiences a 27.74% reduction in CS

while operating in 8-car groups compared to 3-car marshaling lengths. Overall, the head car exhibits
the greatest CS, resulting in the worst lateral stability, followed by the M1 car.

Figure 5: Computational model of wind tunnel test: (a) ICE3 train model; (b) sketch of the embank-
ment geometry; (c) sketch of ballast geometry (unit: mm), (BS EN 14067-6) [26]; (d) mesh around the
ICE3 train (side view); and (e) mesh around the ICE3 train (cross-section)

Table 1: Aerodynamic coefficients derived from numerical simulation and wind tunnel test

Yaw angle (β) Aerodynamic coefficients Difference

Experiment

5°
CS 0.79
Cl 0.81

10°
CS 1.75
Cl 1.70

15°
CS 2.81
Cl 2.64

(Continued)
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Table 1 (continued)

Yaw angle (β) Aerodynamic coefficients Difference

Simulation

5°
CS 0.81 2.53%
Cl 0.84 3.70%

10°
CS 1.71 2.28%
Cl 1.65 2.94%

15°
CS 2.75 2.14%
Cl 2.57 2.67%
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Figure 6: Time-average CS of trains with different marshaling lengths: (a) head car; (b) tail car;
(c) middle car

Marshaling lengths affect both the lateral and vertical stability of the train in crosswinds [41–43].
Fig. 7 shows the lift force coefficients Cl of high-speed maglev trains in a crosswind (30 m/s). Moreover,
it indicates that the Cl has a similar relationship to the CS of the head car, and the Cl is slightly affected
by marshaling lengths. The maximum difference in the Cl of the head car among different group trains
is 3.39%. There is also little change in the Cl as the train length increases for the M1, M2, M3, M4, and
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M5 cars. Conversely, the Cl of the tail car shows a notable reduction trend. In the 8-car groups, the Cl

of the tail car is reduced by 18.29% compared to the 3-car groups. The Cl of the tail car is subject to a
large diminishing tendency. The Cl of the tail car in the 8-car groups is reduced by 18.29% compared
to those in the 3-car groups. Generally, the Cl is greatest in the tail car, followed by the head car.
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Figure 7: Time-average Cl of trains with different marshaling lengths: (a) head car; (b) tail car;
(c) middle car

It is widely acknowledged that the coefficients of side force and lift force play a role in determining
the overturning moment coefficient. Fig. 8 illustrates the overturning moment coefficients CMx for a
maglev train in a crosswind (30 m/s). Additionally, it shows that the absolute values of the CMx of
the head car remain similar across marshaling lengths, ranging from 3-car to 8-car configurations.
This suggests that marshaling lengths exert minimal influence on the CMx of the head car. Similarly,
the absolute values of the CMx for the M1, M2, M3, M4, and M5 cars exhibit nearly identical values
between 3-car groups and 8-car groups. The absolute values of the overturning moment of the middle
vehicle of the same marshaling lengths, from the M1 car to the M6 car, show a decreasing tendency as
marshaling lengths rise. This phenomenon is consistent with the discipline of CS. The CMx experienced
by the tail car increases with marshaling lengths. In summary, the absolute value of the CMx is greatest
in the head car, followed by the M1 car. As a result, the head car has the worst operational safety. The
tail car also impacts operational safety, as its CMx is in the opposite direction from that of the head
and middle cars.
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Figure 8: Time-average CMx of trains with different marshaling lengths: (a) head car; (b) tail car;
(c) middle car

3.2 Pressure Distribution around the Train
It is a well-established fact that in a windless environment, the surface pressure distribution on

both the head and tail cars of the train is symmetrical [44,45]. Certainly, the pressure distribution
plays a significant role in shaping the aerodynamic features of the train. Fig. 9 displays the surface
pressure around the train when subjected to crosswinds. It was discovered that the surface pressure on
the head car remains nearly consistent across different groups, including the nose of the head car, the
red box, which is the windward side (WWS), and the black box which is the leeward side (LWS). This
reflects the fact that there is only little variation in the aerodynamic pressures on the head car between
3-car and 8-car groups. However, the pressure distribution of the tail car varied significantly among
the six different groups, especially towards the rear of the tail car. It is suggested that the aerodynamic
forces acting on the tail car are undoubtedly influenced by the formation length. Fig. 9b shows that the
negative pressure region on the tail car within the grey box (corresponding to the WWS streamline) was
more extensive than in the orange box (associated with the LWS streamline). Additionally, the positive
pressure area on the nose of the tail car was shifted towards the LWS. On the other hand, there was a
tendency toward lower maximum negative pressure in the orange box, which might indicate a negative
value for the side force.



986 CMES, 2024, vol.140, no.1

Figure 9: Mean pressure distribution contour around the train with different marshaling lengths: (a)
head car and (b) tail car

Fig. 10 illustrates the distribution of the pressure coefficient CP around the head car. The CP

distribution on the upper, WWS, and LWS of the head car was essentially the same across the six
marshaling lengths, as shown in Figs. 10a, 10c, and 10d. The CP of the head car is thus unaffected
by marshaling lengths. Fig. 10b shows that the CP gradually decreased on the tail car body (TCB) of
equal cross sections as the marshaling length increased. This phenomenon is one of the reasons why
the Cl diminishes as the formation length grows.
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Figure 10: Mean pressure coefficient distribution around the train with different marshaling lengths:
(a) longitudinal section of the head car; (b) longitudinal section of the tail car; (c, d) horizontal section
of the head car (z/H = 0.29); and (e, f) horizontal section of the tail car (z/H = 0.29)

Figs. 10e and 10f show that the CP on LWS of the TCB of an equal cross-section is higher than the
CP on the WWS. Moreover, the maximum negative pressure on the streamline region of WWS is higher
than that experienced in the LWS streamline area. This results in a negative side force coefficient for
the tail car. Fig. 10f indicates that both the pressure on equal cross-section and the maximum pressure
decreases as the train lengths grow. In general, the pressure differential between the two sides of the
TCB increases with train length. This can explain the decline in CS in the tail car with increasing
formation length.

3.3 Flow Structure Analysis
When the train travels into a crosswind, the vortex structures are mostly centered on the LWS

of the train [46,47]. As seen in Fig. 11a, positions X1–X8 are the middle sections of each carriage,
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including the head car, middle cars (M1–M6), and tail car. Fig. 11b displays the flow structure of 8-
car groups, colored by the mean velocity coefficient. As the incoming air strikes the train, two primary
vortex structures form on its LWS, designated as vortex V1 and V2. Vortex V1 gradually expands in
scale between cross-sections X1 and X4, but its velocity gradually drops. Then, vortex V1 begins to
separate after cross-section X4, separating into three smaller vortices until cross-section X6. Finally,
vortex V1 dissipates downstream to the LWS of the train. Vortex V2, difficult to dissipate due to the
existence of two guideways, develops similarly to V1 but merges with the vortices shed by vortex V1
and the train body into a vortex of greater scale.

The structure of the flow field at various marshaling lengths is seen in Fig. 12. Fig. 12 clearly
shows that the train’s formation length significantly affects the flow field structure of the tail car. The
longer the train, the larger the scale of vortex V1 and the smaller its velocity. Vortex V1 begins to
separate at cross-section X8 of the 4-car marshaling lengths, similar to vortex V1 at cross-section X4
in Fig. 11b.

The turbulent kinetic energy (TKE) contour of different marshaling lengths is illustrated in
Fig. 13. The marshaling lengths of the train certainly affect the turbulent vortex on the LWS of the
train. From Figs. 12 and 13, the increased formation length allows sufficient time for turbulent vortex
V1 to evolve into a vortex of larger scale and intensity. Compared to the TKE shown by the tail car
of the 3-car groups at cross-section X8, the TKE in the tail car of the 8-car groups is greater. It can
be understood that both the TKE on the LWS of the train and the greater pressure on the TCB on
the LWS increase as the marshaling lengths grow. The TKE on the WWS of the train varies relatively
little with train length. As the train length increases, a greater disparity in TKE between the two sides
of the train body leads to higher pressure on the LWS of the tail car compared to the WWS. For this
reason, there is a corresponding reduction in side force as the train length grows.

When the train operates in a windless environment, a pair of symmetrical wake structures are
generated at the rear of the tail car that are essentially identical in scale and intensity [48,49]. However,
the wake structures are asymmetric and inconsistent in scale and intensity when the train runs under
crosswinds. The vorticity contour of different marshaling lengths is demonstrated in Fig. 13. The
horizontal section Z1, shown in Fig. 14a, is at a height of 0.5 H from the bottom of the train. As
depicted within the red box of Fig. 13, the intensity of the vortex on the LWS of the head car is the
same for the 3-car, 5-car, and 8-car groups. This demonstrates that the length of the train has no bearing
on the vorticity on the LWS of the head car. As observed in the white box in Fig. 14b, wake vortices V3
and V4 do not possess symmetry while the train is in crosswind environments. Additionally, both the
scale and intensity of the wake vortex on the WWS are larger than those on the LWS. In the case of
3-car groups, vortex V2 does not have enough time and space to evolve into a more intense vortex
before encountering the crosswind behind the tail car, accelerating its dissipation. For the 5-car groups,
vortex V2 suffers from the wake vortex V4 and vortex V1 after the tail car, resulting in a bigger
vorticity in the flow field after the tail car. When the formation length exceeds 5-car groups, vortex V2
encounters vortex V1 before the nose of the tail car, enlarging its vortex intensity.

In Fig. 15, the TKE contour in cross-section at a distance of 2.5 H behind the tail car for various
marshaling lengths is seen. As seen in Figs. 14 and 15, the TKE of wake vortex V3 decreases gradually
as the formation length increases. Because both frictional resistance and viscous resistance act upon
the train’s surface, an increase in train length results in a corresponding increase in total resistance. The
TKE of vortex V1 decreases, then increases, and then decreases again. Because vortex V2 encounters
vortex V1 behind the tail car of the 5-car groups, there is an increase in the TKE of vortex V1.
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Figure 11: Velocity and flow structure distributions of 8-car marshaling lengths: (a) schematic diagram
of each cross-section; and (b) flow structure contour of each cross-section
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Figure 12: Velocity and flow structure distributions at cross-section X8 of different train lengths
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Figure 13: Turbulent kinetic energy (TKE) contour at cross-section X8 of difference train lengths
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Figure 14: Vorticity contour of horizontal section Z1 of three formation groups: (a) schematic diagram
of horizontal section; and (b) vorticity contour of 3-car, 5-car, and 8-car groups

Figure 15: TKE contour at cross-section X9 of difference train lengths
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4 Conclusion

A 1/10th-scale high-speed (600 km/h) maglev train was used in this study to analyze the aerody-
namic features in a crosswind of 30 m/s. The train had a marshaling length ranging from 3-car groups
to 8-car groups and ran on a viaduct. In order to simulate the aerodynamics, pressure, flow field
structure, and turbulent kinetic energy around the train, an IDDES approach was used, constructed
on the k − ω turbulence model. The following deductions were made:

1. Regardless of the increase in the marshaling length, there was no change in the average CS,
average Cl, and average CMx of the head car and the middle car. However, the aerodynamic
forces exerted on the tail car were significantly affected by the marshaling lengths. Compared
to the 3-car marshaling lengths, the average CS, and average Cl of the tail car in 8-car groups
dropped by 27.77% and 18.29%, respectively. Meanwhile, the average CS of the head car was
the largest, resulting in the worst lateral stability. It is worth noting that the direction of the
side force on the tail car was opposite to that of the head and middle cars.

2. The time average CP ranging from 3-car marshaling lengths to 8-car marshaling lengths on
the upper surface, WWS, and LWS of the head car were essentially the same. However, the
time average CP gradually decreased as the marshaling lengths increased for the upper surface
and LWS of the tail car. When comparing the WWS and LWS of the tail vehicle, the mean
pressure variation on the WWS was much lower. As the marshaling length increased, the
pressure differential between the two sides of the TCB grew.

3. The scale of vortex V1 on the LWS of the tail car enlarged with the marshaling lengths, but its
velocity gradually dropped. As the train length increased, there was also an increase in the TKE
of vortex V1 on the LWS of the tail car. In contrast, the TKE of wake structure V3 gradually
shrank with the increase in marshaling lengths.

4. The wake structures V3 and V4, with their obvious asymmetry feature, appeared behind the
tail car in the crosswind. Additionally, both the scale and intensity of the wake vortex on the
WWS were larger than those on the LWS.

Future studies should aim to conduct wind tunnel tests on maglev trains to investigate variations
in aerodynamic force and surface pressure across different yaw angles. The goal is to compile a
comprehensive database of fundamental aerodynamic load spectra, serving as essential data for
validating numerical simulations. Additionally, the aerodynamic features of maglev trains when
subjected to crosswinds of varying angles, wind speeds, and train speeds should be analyzed. This
research endeavor aims to offer theoretical guidance and technical assistance, enhancing the safety
protocols for maglev trains in crosswinds and thus improving their operational reliability.
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