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Abstract: Currently, the design of high-temperature superconducting (HTS) maglev trains adopts a U-shaped track operation 
mode, and the height of the side track significantly impacts the train’s aerodynamic characteristics. In this study, we used 
computational fluid dynamics (CFD) methods, based on the 3D Reynolds-averaged Navier-Stokes (RANS) method and shear 
stress transport (SST) k-ω turbulence model, to deeply investigate the effects of the presence or absence of a U-shaped track and 
different side track heights (800, 880, and 960 mm) on the pressure distribution, velocity distribution, and flow field structure of 
HTS maglev trains at a speed of 400 km/h under crosswinds. The numerical methods were verified using a scaled ICE-2 model 
wind tunnel test. First, the aerodynamic characteristics of the train under different wind direction angles with and without side 
tracks were studied. We found that the aerodynamic performance of the train is the most adverse when the wind direction angle 
is 90°. The presence of a U-shaped track can effectively reduce the lateral force, lift, and yawing moment of the train. The 
aerodynamic performance of the first suspension bogie at the bottom, which is the worst, will also be effectively improved. 
Next, the aerodynamic effects of different side track heights on the HTS maglev train were studied. An increase in side track 
height will reduce the lift and lateral force of the train, while the increase in drag is relatively small. Under the premise of 
ensuring passengers can conveniently alight, we found that a U-shaped track with a side track height of 960 mm has the best 
aerodynamic performance. The research findings offer a valuable reference for the engineering application and design of the 
track structure of HTS maglev train systems.
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1 Introduction 

High-speed maglev transportation is a pivotal 
focus for the future advancement of rail transit on a 
global scale. Some high-speed maglev trains have 
adopted U-shaped tracks, and one of their most signifi‐
cant features is their side tracks. For instance, the track 
of China’s Fenghuang Maglev Sightseeing Express 
is laid on U-shaped beams (Peng et al., 2023). The 

U-shaped track side walls of superconducting electro‐
dynamic suspension (EDS) trains are arranged in a 
continuous fashion with propulsion coils and coils for 
8-shaped levitation and guidance (Huang H et al., 2024). 
In January 2021, the world’s first high-temperature 
superconducting (HTS) pinning high-speed maglev 
engineering prototype train and test line, designed and 
developed in China, were officially put into use at 
Southwest Jiaotong University and used a U-shaped 
track (Wang et al., 2021). The HTS maglev is one type 
of high-speed maglev technology. Due to its significant 
advantages in energy saving, environmental friendli‐
ness, low noise, comfort, and high-speed operation 
potential, it is currently being actively designed for engi‐
neering applications (Deng et al., 2021, 2022). The HTS 
maglev train runs at a high speed, but it is also prone 
to lateral disturbances, especially under the influence 
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of crosswinds. Therefore, it is necessary to focus on 
studying how to reduce the impact of crosswinds.

Numerous scholars have undertaken extensive 
research into the operation of trains in crosswind con‐
ditions. They have conducted investigations into the 
behavior of high-speed trains under the influence of 
strong crosswinds using wind tunnel experiments, 
actual vehicle tests, and numerical simulations (Suzuki 
et al., 2001; Dorigatti et al., 2015; Tian, 2019; Neto 
et al., 2021; Wang et al., 2022; Yang et al., 2022; 
Zhang et al., 2024). Baker et al. (2004) conducted re‐
search into the measurement methodology for aerody‐
namic forces and stability within a crosswind scenario, 
integrating wind tunnel scale models with actual vehi‐
cle tests to develop a comprehensive analytical frame‐
work. Meng et al. (2020) explored the effect of the 
levitation gap on the lift performance of maglev trains 
in crosswind scenarios, using a blend of numerical 
simulation methodologies and wind tunnel experiments. 
Nowadays, the main research method focuses on 
numerical simulation. Zhang and Ishihara (2024) used 
numerical simulation techniques to evaluate the lateral 
wind stability of railway vehicles. Gao et al. (2025) 
investigated the aerodynamic properties of trains sub‐
jected to crosswinds, using three distinct track models 
for their study. Luo et al. (2023) investigated the tran‐
sient aerodynamic behavior and flow patterns surround‐
ing high-speed trains as they enter tunnels in the pres‐
ence of crosswinds. High-speed maglev trains are sub‐
jected to significant aerodynamic forces during opera‐
tion under crosswinds. As a result, researchers have 
undertaken numerous aerodynamic studies on maglev 
trains in the presence of crosswinds. Li ZP et al. (2023) 
investigated the effects of aerodynamic loads under 
crosswind conditions on passenger comfort and safety. 
Huang ZD et al. (2024) investigated the aerodynamic 
properties of high-speed maglev trains with variable 
formation lengths in the presence of crosswinds. Zhu 
et al. (2024) investigated the transient aerodynamic 
behavior of high-speed maglev trains undergoing plate 
braking at various crosswind velocities (Zhu et al., 
2024).

At present, the methods used to mitigate the risks 
associated with crosswinds on train operations center 
mainly on barriers and blowing control. Li XZ et al. 
(2023) conducted a study on the aerodynamic charac‐
teristics of a fully enclosed sound barrier during the 
passage of a train. Yan et al. (2025) discovered that 

wind barriers are effective in diminishing the aerody‐
namic forces acting on road vehicles when exposed to 
high wind yaw angles. Liang et al. (2024) introduced 
a novel windscreen design, which integrates fence-type 
and perforated wind barriers, enhancing the aerody‐
namic performance of a train-bridge system. Zhao et al. 
(2024) found that a windbreak with a 30% ventilation 
rate provides the best performance, ensuring the high‐
est level of safety and stability for train operations. 
Niu et al. (2018) discovered that windbreak walls can 
improve the aerodynamic properties of trains when 
exposed to crosswind conditions. Guo et al. (2024) 
found that blowing air can reduce the lateral force 
exerted on the head car by up to 15%, effectively low‐
ering the risk of maglev trains operating in crosswind 
conditions. Xu et al. (2024) revealed that the lateral 
force on a train is substantially diminished when the 
angle between the eddy current generator and the rela‐
tive wind is set to 30°.

A U-shaped track, as a unique structural feature 
of the HTS maglev train system, exerts a greater aero‐
dynamic influence on the underside of the train. The 
track mitigates the impact of crosswinds on the under‐
side of the train and so can reduce the negative impact 
of crosswinds to some extent. However, there is almost 
no research on the aerodynamics of U-shaped tracks, 
so conducting relevant research is essential. The side 
track height of a U-shaped track is an important para‑
meter that requires extensive research. Changing the 
side track height will significantly impact the distribu‐
tion of pressure across the train’s surface and the sur‐
rounding flow field structure. It will also affect the 
aerodynamic performance of the suspension bogies, 
thereby affecting levitation and guidance performance. 
Therefore, in this paper, we describe the aerodynamics 
of the unique U-shaped track and focus on analyzing 
its effect under crosswinds.

We established a high-precision model of an HTS 
pinning high-speed maglev engineering prototype veh‑
icle and a U-shaped track. Based on the 3D Reynolds-
averaged Navier-Stokes (RANS) method and shear 
stress transport (SST) k-ω turbulence model (where k 
is the turbulent kinetic energy and ω is the specific 
dissipation rate), we investigated the impact of the 
U-shaped track’s presence or absence, as well as various 
side track heights, on the pressure distribution, velocity 
distribution, and flow field structure of a maglev train, 
to enhance its safety and efficiency during operation. 
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The subsequent sections of this paper are organized as 
follows: Section 2 provides a detailed exposition of the 
study’s model and then introduces numerical models, 
including the computational fluid dynamics (CFD) com‐
putational domain, the grids and numerical methods 
used, mesh independence analysis, and the CFD simu‐
lation validation. Section 3 showcases and discusses 
the outcomes of the CFD simulations. Ultimately, the 
main conclusions drawn from the investigation are 
highlighted in Section 4.

2 Numerical method 

2.1 Geometry model

Fig. 1 depicts a full-scale model of an HTS maglev 
train, including a train simulation model and a physical 
model. The head of the simulation model references 
the prototype of the HTS maglev head car (Fig. 1c). 
The model has undergone detailed modeling, featur‐
ing windshields and suspension bogies, which show 
the devices that provide levitation and guidance forces 
for the HTS maglev train—namely, the superconduct‐
ing levitators. Additionally, the base of the train model 
clearly shows the U-shaped track, linear motor, and the 
unique permanent magnet guideway (PMG) specific to 
the HTS maglev train.

The height of the train is H (H=3.35 m), with a 
total length of about 18.31H (61.35 m), and a width 
of about 0.866H (2.90 m). The train is composed of 
three carriages: a head car, a middle car, and a tail car. 

There are two windshields: windshield 1 (W1) situated 
between the head car and the middle car, and wind‐
shield 2 (W2) between the middle car and the tail car. 
Each carriage has three suspension bogies at the bottom, 
totaling nine suspension bogies. These bogies are num‐
bered consecutively from the head car to the tail car 
as B1–B9.

2.2 Computational domain and boundary conditions

The U-shaped track model is shown in Fig. 2. The 
track system consists of a high-thrust linear motor 
stator, the PMG, which provides an external magnetic 
field, and the side track. The absence of a side track 
can be considered as a track with a height of 225 mm, 
which can also be regarded as a non-existent side 
track, later denoted as NT (no side track). According 
to the actual model, the side track height of the actual 
U-shaped track is 880 mm, which is subsequently rep‐
resented by WT-880 (with track). The impact of the 
side track height on train aerodynamics was studied. 
When investigating the variation in the side track height, 
it is essential to consider the amplitude of this varia‐
tion. We defined this amplitude as the distance from 
the permanent magnet eddy current brake (Zhang GW 
et al., 2022) on the side track to the uppermost part of 
the U-shaped track in the test line. This definition 
ensures that potential issues related to the installation 
of the permanent magnet eddy current brake can be 
avoided in subsequent practical applications. This dis‐
tance is set at 80 mm, the minimum value for the side 
track height is 800 mm, and the maximum value is 

Fig. 1  HTS maglev train model, vehicle prototype, test line, and U-shaped track: (a) side view of the HTS maglev train 
model; (b) front view of the HTS maglev train model; (c) HTS magnetic levitation engineering prototype head car and 
U-shaped track
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960 mm. The two scenarios are denoted as WT-800 
and WT-960, respectively. Additionally, the increase 
and decrease in height also guarantee the convenience 
of passenger boarding and alighting.

Since the most expensive part of the HTS high-
speed maglev train line lies in the PMG, and because 
the cement material required for changes in the height 
of the U-shaped side track is relatively inexpensive, 
with the volume of the height-variable section of the 
U-shaped track being one-fortieth of the base volume, 
the cost of cement used for the height changes of the 
side track in actual construction does not need to be 
considered.

In this study, based on the wake characteristics 
of trains under crosswind conditions and the literature 
(Zhang et al., 2013), we established a computational 
domain with dimensions as shown in Figs. 3a and 3b. 
The computational domain measures 119.4H (400 m) in 

length, 23.88H (80 m) in height, and 90.66H (303.7 m) 
in width. Along the x-axis, the leading edge of the 
maglev train is 29.85H (100 m) from the inlet of the 
computational domain, and its trailing edge is 71.25H 
(238.7 m) from the outlet. Along the y-axis, the train 
is located 29.85H (100 m) from the inlet of the com‐
putational domain and 59.7H (200 m) from the outlet. 
A stationary train model was used to simulate the 
aerodynamic behavior of the train under a crosswind 
condition. The boundary conditions include a free-flow 
environment surrounding the computational domain 
(Wang et al., 2022). The ground and track are designed 
as no-slip moving walls, while the top surface has a 
symmetric boundary. Within this computational domain, 
the train remains stationary, while the track and ground 
move in the −x direction at 400 km/h. The inlet flow 
velocity UR represents the vector sum of the train speed 
Ux (−400 m/s) and the crosswind speed UW (20 m/s). 

Fig. 3  Computational domain and boundary conditions of the numerical simulation: (a) top view of the computational 
domain; (b) front view of computational domain; (c) wind direction angle; (d) yaw angle

Fig. 2  Track models under different calculation conditions: (a) NT; (b) WT-800; (c) WT-880; (d) WT-960. h is the side 
track height; L is the bottom track width
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As shown in Figs. 3c and 3d, the wind direction angle 
α is defined as the angle between the crosswind and 
the x-axis, and the train yaw angle β is defined as the 
angle between the direction of the resultant wind (UR) 
and the train’s speed (Ux).

2.3 Mesh generation

We used STAR-CCM+ software to construct the 
computational mesh, and a trimmed cell mesh genera‐
tor to divide the external flow field area of the maglev 
train, creating a prism layer mesh near the surface of 
the train to precisely capture the flow characteristics 
in the vicinity of the wall. The prism layer consists of 
23 layers, using a growth factor of 1.2. The first-layer 
mesh thickness was set to 0.011 mm, reaching a total 
thickness of 3.26 mm. Referencing Chen et al. (2019), 
we densified the mesh around the maglev train (Fig. 4). 
Four refinement blocks are strategically positioned 
around the maglev train, with sizes of 0.04 m, 0.16 m, 
0.32 m, and 0.64 m, respectively, in sequence. A re‐
finement block with a size of 0.02 m is also added 
between the head car and linear motor, the tail car 
and linear motor, as well as between the suspension 
bogies and the track. The total cell count amounts to 
32.7 million.

2.4 Numerical method and data processing

In this study, we observed that as the train’s speed 
reaches 400 km/h, the compressibility of air becomes 
a factor that must be considered (Baker, 2014; Zhou 

et al., 2022). Our model is based on the SST k-ω tur‐
bulence model using the RANS method for steady-state 
calculations. The SST k-ω model can solve the sensi‐
tivity issue of free inflow port boundary conditions 
(Niu et al., 2020; Hu et al., 2021, 2022; Zhang J et al., 
2022; Wang et al., 2023). Yang (2023) suggested using 
steady-state numerical simulation methods when study‐
ing the effects of parameters such as train speed, wind 
speed, and number of carriages on the magnitude of 
aerodynamic force. Therefore, we adopted a steady-state 
approach for calculations.

The definitions of the non-dimensional aerody‐
namic force coefficient and pressure coefficient are as 
follows:

q¥=
1
2
ρU 2 (1)

Ci=
Fi

q¥S
 (2)

Cp=
P -P¥

q¥

 (3)

where q∞ is the dynamic pressure; ρ is the air density, 
1.225 kg/m3; U is the resultant velocity; Ci is the force 
coefficient; Fi is the aerodynamic force in the x- , y- , 
or z-direction; S is the orthographic area of the maglev 
train or the suspension bogies, with sizes of 8.45 m2 and 
0.444 m2, respectively; Cp is the pressure coefficient; 
P and P∞ are the surface static pressure of the train 
and the reference pressure in the far-field (101325 Pa), 
respectively.

Fig. 4  Mesh display chart: (a) side view of the mesh around the train; (b) front view of the mesh and boundary layers; 
(c) mesh of the suspension bogie; (d) mesh of the track and head car
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2.5 Grid independence validation and numerical 
method validation

Table 1 shows the drag coefficient Cd of the maglev 
train at three different mesh densities: coarse, medium, 
and fine. The error of the coarse mesh compared to 
the fine mesh is four times larger than that of the 
medium mesh compared to the fine mesh. Fig. 5 shows 
the top pressure distribution in areas such as the rear of 
the middle car, W2, and the front of the tail car. Fig. 5 
shows that the pressure distribution of the medium 
mesh closely resembles that of the fine mesh, while 
the pressure distribution of the coarse mesh differs 
significantly from that of the fine mesh, mainly at the 
windshield and the connection between the windshield 
and the tail car. Additionally, there is a small fluctua‐
tion in pressure in the middle car body. These results 
indicate that when the number of meshes exceeds 
32.7 million, the mesh density has a smaller impact on 
computational accuracy. Considering the computational 
cost, the medium mesh was chosen for the train calcu‐
lations. Fig. 6 shows the y+ distribution of the train’s 
upper surface center line. Most of the values of y+ in 
the figure are less than 1, which meets the require‐
ment of the SST k-ω turbulence model for the mesh.

At present, there are no wind tunnel or full-scale 
experimental data available for the HTS maglev train. 
We selected the German ICE-2 train, which is a 110׃ 
scale model, and conducted simulation calculations 
under a crosswind condition using the wind tunnel 

experimental parameters for the ICE-2 train model 
(Table 2), comparing the computational outcomes with 
the experimental data from the wind tunnel. Figs. 7a 
and 7b show the 110׃ scale model of the ICE-2 train, 
including the front and rear of the train. The dimen‐
sions of this model are roughly consistent with the wind 
tunnel test model detailed by Hemida and Krajnović 
(2009). The height HT of the train model is about 0.41 m, 
the width is about 0.74HT (0.302 m), and the total 
length is about 8.73HT (3.58 m). The ICE-2 computa‐
tional domain is basically the same as the external flow 
field of the HTS maglev train model in this study. The 
boundary conditions are also the same as those for the 
numerical calculation of the HTS maglev train.

The planes at 3.75HT (1.54 m) and 4.88HT (2 m) 
from the frontmost point of the car were extracted, 
and the body surface pressure coefficients obtained 
from numerical simulation and wind tunnel testing 
were compared on these planes (Figs. 7f and 7g). Al‐
though the results match, there are slight differences 
between the numerical simulation and wind tunnel 
test results. This is because the ICE-2 train model 
used in the wind tunnel test has bogies and dampers, 
but these are replaced by a cylinder in the model used 
in the simulation. Nevertheless, the discrepancies ob‐
served between the simulation and experimental re‐
sults fall within an acceptable range, suggesting that 
the numerical simulation approach used in this study 
is valid.

Fig. 5  Pressure distribution on the upper surface of the rear of the middle car, W2, and the front of the tail car

Table 1  Train drag coefficients at different mesh densities

Mesh type

Coarse mesh

Medium mesh

Fine mesh

Number of mesh cells

22.7 million

32.7 million

44.2 million

Drag coefficient, Cd

0.318

0.306

0.302

Error compared to fine mesh

5.30%

1.30%

–
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3 Results and discussion 

3.1　Aerodynamic loads of the train with or with‐
out the side track

Firstly, we conducted an in-depth study on the drag 
coefficient, lateral force coefficient, and lift coefficient 
of each part of the train at different wind direction 

angles (Fig. 8). As the wind direction angle increases 
from 0° to 180°, it is clear that all the curves of the 
force coefficients for the head car, middle car, and tail 
car exhibit symmetry along the wind direction angle 
of 90°. Therefore, we describe only the influence under 
the wind direction angle of 0° – 90° . In addition, the 
presence of the U-shaped track significantly influen‑
ces the performance of each train car body. Compared 
with the NT condition, under the WT-880 condition, 
the drag of the head car consistently increases, while 

Fig. 7  Model, mesh, computational domain, simulation results, and test results of the ICE-2 train: (a) side view of the 
ICE-2 train model; (b) front view of the ICE-2 train model; (c) front view of the ICE-2 train model mesh; (d) side view 
of ICE-2 train model mesh; (e) top view of the computational domain; (f) train surface pressure coefficient on the 
intercepted plane of x=3.75HT; (g) train surface pressure coefficient on the intercepted plane of x=4.88HT. θ is the angle 
between the line connecting the monitoring point to the center of the section and the +z direction

Fig. 6  y+ distribution on the train’s upper surface center 
line

Table 2  Wind tunnel experimental parameters for the 

ICE-2 train model

Experimental parameter

Resultant wind velocity (m/s)

Yaw angle (°)

Turbulence intensity (%)

Reynolds number

Scale size

Value

70

30

0.5

1.4×10−6

10׃1
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the drag of the middle and tail cars always decreases. 
At the same time, the lateral force of the head car de‐
creases, whereas the changes in the lateral force of the 
middle and tail cars are relatively small. When the 
wind direction angle approaches 90°, the lift of the 
head car diminishes, whereas it rises when the angle 

is 0°. The lift of the middle and tail cars continuously 
decreases. Although the drag of the head car increases 
near 90° and the lift of the head car increases near 0°, 
these forces are smaller than those at other angles. 
This phenomenon demonstrates that the presence of 
the U-shaped track can effectively minimize the nega‐
tive influence of crosswind on the head, middle, and 
tail cars of the train.

When the wind direction angle approaches 90° , 
the lateral force and lift force experienced by the head, 
middle, and tail cars all reach their peak values and 
the drag force on the tail car also reaches its maximum. 
This suggests that the train’s aerodynamic efficiency 
is notably compromised when the wind approaches at 
a 90° angle. Therefore, it is essential to perform a 
thorough analysis of the crosswind at a 90° wind direc‐
tion angle. Fig. 9 shows a detailed analysis of the forces 
and moments on the entire train under two conditions, 
NT and WT-880. Compared to the condition NT, the 
existence of the U-shaped track results in a slight 
increase in train resistance, but a substantial decrease 

Fig. 9  Force coefficient and moment of the train under 
the NT and WT-880 conditions: (a) force coefficient; (b) 
moment

Fig. 8  Drag coefficient (a), lateral force coefficient (b), and 
lift coefficient (c) of the head car, middle car, and tail car at 
different wind direction angles. HC, MC, and TC represent 
the head car, middle car, and tail car, respectively
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in lift and lateral force. It also leads to a decrease in 
the rolling and yawing moment, although the pitching 
moment increases. Notably, the yawing moment expe‐
rienced by the train remains the largest even after the 
reduction. This phenomenon confirms that the pres‐
ence of the U-shaped track significantly enhances the 
stability of the train.

Fig. 10 illustrates the pressure curves of the train 
at section z=0.6157 m, showing the pressure charac‐
teristics on the windward and leeward sides of the train 
along this section. The height of this section is consis‐
tent with the top of the side track in the WT-880 con‐
dition. From Fig. 10, under two conditions, the overall 
trend of the pressure curve is similar. Whether on the 
windward or leeward side, the pressure fluctuations on 
the head and tail cars at this section are significantly 
stronger than those on the middle car. Further observa‐
tion reveals that the pressure peaks are concentrated 
in the windshield area, and the pressure changes there 
are extreme. Specifically, on the leeward side without 
the side track, the pressure coefficients at the ends of 
the two windshields reach the lowest values (−0.468 
for W1 and −0.536 for W2), while on the windward 
side without the side track, the pressure coefficient at 
the end of W1 is the highest (0.370), and on the lee‐
ward side without the side track W2 shows the high‐
est pressure coefficient (0.319). This suggests that the 
U-shaped track plays a role in mitigating the pressure 
fluctuations of the train’s windshield. In the head car 
section, the windward side pressure consistently re‐
mains higher than on the leeward side. When x>45 m 
(the junction between the streamlined and non-stream‐
lined parts of the head car), the pressure on the lee‐
ward side with the side track is generally higher than 
without the track, but within the x<45 m range, the sit‐
uation is reversed. For the head car under the WT-880 

condition, the windward side pressure is always below 
that of the NT condition. This shows that the presence 
of the U-shaped track can significantly reduce the pres‐
sure difference along this section in the x>45 m area. 
As for the middle car, the pressure on the windward 
side is invariably higher than that on the leeward side, 
and the fluctuations in pressure on the leeward side 
are more pronounced. In the tail car area, when x>7 m 
(the junction between the streamlined and non-stream‐
lined parts of the tail car), the windward side pressure 
is greater than that on the leeward side, while when x<
7 m, the pressure on the leeward side is higher. Espe‐
cially at x=−2.5 m, there is a significant pressure fluc‐
tuation. The pressure fluctuation on the windward side 
without the track is extreme, with the minimum pres‐
sure coefficient approaching −0.336. This phenomenon 
is attributable mainly to the presence of the stream‐
lined protrusion at the tail of the train. This indicates 
that the U-shaped track plays a positive role in reducing 
the pressure fluctuations at this location. In summary, 
the windshields and the streamlined design parts of 
the head and tail cars are the areas where the train sur‐
face pressure fluctuations are the most severe, and 
these regions exert a substantial influence on the pres‐
sure exerted upon the train’s surface.

We set up two test lines, Line 1 and Line 2, re‐
spectively, as shown in Figs. 11a and 11b. Line 1 is 
on the leeward side and Line 2 is on the windward 
side above the side track, both standing at a height of 
2 m above the ground. The pressure fluctuation trends 
on Line 1 and Line 2 show a high degree of similarity 
under the NT and WT-880 conditions. Taking W1 as 
the dividing point, compared to the NT condition, the 
presence of the side track causes an increase in pres‐
sure before the windshield, but after W2, the U-shaped 
track allows for a reduction in pressure. Looking at 
Line 2, the presence or absence of the U-shaped track 
affects mainly the pressure at the part before W1, and 
the presence of the U-shaped track effectively reduces 
the pressure in this area. This observation indicates 
that the U-shaped track has a more significant impact 
on the pressure fluctuation on the leeward side than 
the windward side, while the impact on the windward 
side is focused mainly on the head car part.

Furthermore, we studied the straight Line 3 at 
the bottom of the train (Fig. 11c), which is located in 
the narrow gap between the train and the track. The 
pressure reaches its maximum at the bottom of the 

Fig. 10  Pressure coefficient curves along z=0.6157 m section 
of the train under the NT and WT-880 conditions
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head car and the tail car, and the pressure at the front 
position is particularly prominent. This is due to the 
violent fluctuation that occurs when the airflow enters 
the narrow space between the bottom of the train and 
the motor. Concurrently, the bottom of the train exhib‐
its a regular fluctuation pattern. As the airflow flows 
through the area between the suspension frame beams, 
the pressure gradually rises. When the airflow crosses 
the beam area, the pressure gradually falls. In the area 
after B1, when under the WT-880 condition, the pres‐
sure on the line is always lower than that under the NT 
condition. In the area of B1, the pressure fluctuation 
under the WT-880 condition is more severe than that 
under the NT condition, indicating that the U-shaped 
track exerts a significant influence on the pressure 
fluctuation within this region.

3.2　Pressure distribution and flow field of the train

Fig. 12 shows pressure cloud diagrams of the sur‐
face of the train. At the head car on the leeward side, 
the pressure on the streamlined surface under the 
WT-880 condition is significantly higher than that 
under the NT condition. However, the pressure varia‐
tion on the windward side of the train is not substan‐
tial. Additionally, under the influence of crosswind, the 
front of the train is subjected to greater pressure, and 
the pressure distribution under the NT condition will 
be more biased towards the windward side than under 
the WT-880 condition. We selected a plane at a height 

of z=0.32 m to analyze the flow field distribution char‐
acteristics at the bottom of the train (Fig. 13). Specifi‐
cally, Figs. 13a and 13b show the pressure distribution 
nephograms under the NT and WT-880 conditions on 
the plane. The significant pressure fluctuation areas are 
concentrated at the bottom of the B1 bogie. On the 
leeward side of the bogies, there are three regions of 
low pressure, located at the head, the middle of the B1 
bogie, and the head of the B2 bogie. The presence of 
the U-shaped track significantly reduces the area of the 
low-pressure zones, especially at the middle of B1 and 
the head of B2. Next, we conducted a detailed analysis 
of the flow field at the bottom of the B1 bogie.

According to results in Fig. S1 of the electronic 
supplementary materials (ESM), the flow field velocity 
at the bottom of the suspension bogie is comparatively 
sluggish. The R2 area at the head of the B1 bogie is 
the most turbulent. In the R1 area on the windward 
side, the flow field is chaotic, while the flow in the R4 
area on the leeward side is relatively stable. The R2 area 
under the WT-880 condition shows higher symmetry 
than the NT condition, which is attributable mainly to 
the mitigating influence of the track on the crosswind 
effect. At the same time, the number of vortices in the 
R2 area under the WT-880 condition increases, while 
a vortex appears in the R3 area under the NT condi‐
tion but not under the WT-880 condition.

We extracted five sections parallel to the y-z plane 
for flow field analysis, as shown in Fig. S2 of the ESM. 

Fig. 11  Pressure coefficient distribution of leeward side, windward side, and bottom lines of the train under the NT and 
WT-880 conditions: (a) Line 1; (b) Line 2; (c) Line 3
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Fig. 12  Train surface pressure cloud diagrams under the NT and WT-880 conditions: (a) windward side pressure (NT); 
(b) windward side pressure (WT-880); (c) leeward side pressure (NT); (d) leeward side pressure (WT-880); (e) upper 
surface pressure (NT); (f) upper surface pressure (WT-880); (g) lower surface pressure (NT); (h) lower surface pressure 
(WT-880); (i) front surface pressure (NT); (j) front surface pressure (WT-880); (k) back surface pressure (NT); (l) back 
surface pressure (WT-880)

Fig. 13  Pressure coefficient distribution in the plane at a height of z=0.32 m under different conditions: (a) NT; (b) WT-880
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The x-coordinates of these five sections are 0.35 m, 8 m, 
26.1 m, 43 m, and 51 m, corresponding to the stream‐
lined part of the tail car, the junction of the streamlined 
and non-streamlined parts of the tail car, the middle 
section of the middle car, the junction of the stream‐
lined and non-streamlined parts of the head car, and 
the streamlined part of the head car, respectively. From 
the head car to the tail car, these five sections are desig‐
nated I, II, III, IV, and V.

Under the NT condition, section I presents two 
significant vortex structures (V1 and V2 in Fig. S2). 
V1 is located on the left side of the base, close to the 
ground, while V2 is located on the right side below 
the front of the car, suspended above the base, not in 
contact with the ground. The flow velocity of V1 is 
significantly faster than that of V2. From section I to 
section II, V1 gradually expands, while V2 gradually 
diminishes. In section III, a new small vortex V4 has 
been generated on the right upper side, with a very 
small velocity, and V2 has completely dissipated. 
When the section moves to V, V1 begins to shift to 
the left upper side. For the WT-880 condition, section 
I also forms two vortices, V1 and V3, but V1 is larger 
because of the side track’s influence. At the same 
time, the intervention of the side track promotes the 
emergence of V3 and causes V2 to disappear. As the 
section moves from I to III, V3 gradually disappears, 
V1 and three new vortices, V4, V5, and V6, are gener‐
ated. V5 is formed by the interaction between the 
train and the upper edge of the side track. V6 is located 
on the right upper side of the bottom of the train, 
which indicates that the flow under the train is more 
complex than under the NT condition. When the sec‐
tion reaches IV, V5 gradually expands. When it reaches 
V, V5 has completely disappeared, due to the reduc‐
tion in the train’s sectional area. Overall, whether or 
not the U-shaped track is present, the air needs to pass 
through the narrow gap between the superconducting 
levitator and the track, which leads to the bottom area 
exhibiting turbulent characteristics, with very slow 
flow velocity. For the WT-880 condition, the narrow 
gap formed by the side track and the car body causes 
the flow velocity to decrease, further intensifying the 
complexity of the airflow. However, at the junction of 
the streamlined and non-streamlined sections of the 
head car, the airflow velocity near the inner wall of 
the side track experiences a significant increase due to 
the expansion of the gap.

We studied the effect of the presence or absence 
of a U-shaped track on the aerodynamic characteris‐
tics of the suspension bogies and the impact of side 
track height on the aerodynamic characteristics. Due 
to space constraints, this section of content, along with 
the corresponding figures and table, has been placed 
in the ESM.

4 Conclusions 

In this study, we investigated the aerodynamic 
performance of an HTS maglev train under crosswind 
with four different track models, namely with a track 
height of 225 mm (no side track), 800 mm, 880 mm, 
and 960 mm. The study focused mainly on the pres‐
sure distribution on the train surface, the surrounding 
velocity distribution, and the flow field structure. The 
following conclusions were reached:

(1) When the wind angle is from 0° to 180°, the 
drag, lateral force, and lift of the head, middle, and tail 
cars of the HTS maglev train generally exhibit sym‐
metry along the wind direction angle of 90°. When the 
wind direction angle approaches 90°, the lateral force 
and lift on each car and the drag on the tail car reach 
their maximum values. Under a 90° wind direction 
angle, the aerodynamic performance of the train is rel‐
atively poor. The presence of the U-shaped track can 
effectively reduce the drag of the middle and tail cars 
and the lateral force of the head car.

(2) When the wind direction angle is 90° , the 
presence of the U-shaped track significantly reduces 
the lateral force, lift, and yawing moment of the train. 
It promotes the symmetry of the airflow in the B1 bogie 
area at the bottom of the train, although the pressure 
fluctuations in this area are somewhat intensified. The 
aerodynamic performance of the B1 bogie is the least 
effective, but the presence of the U-shaped track sig‐
nificantly improves this situation. The U-shaped track 
has many positive effects on the train, so its installa‐
tion is strongly recommended.

(3) As the side track height is gradually increased 
from 800 mm to 960 mm, the lateral force and lift of 
the train are significantly reduced. This also effectively 
reduces the drag, lateral force, rolling moment, pitch‐
ing moment, and yawing moment of the suspension 
bogie. Therefore, in practical applications, we recom‐
mend the use of a side track with a height of 960 mm 
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in the four working conditions studied to optimize the 
aerodynamic performance of the train.
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