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ABSTRACT

The design speed of high-speed maglev trains is much higher than that of wheel-rail trains, and they will be subject to more operational safety
threats under complex wind conditions. The present study uses the improved delayed detached eddy simulation method based on the shear
stress transfer k–x turbulence model to explore the effect of active flow control on the aerodynamic lateral force of a maglev train and exam-
ines the main aerodynamic performance differences caused by two active control forms (suction and blowing airflow), involving multiple
active flow speeds. In the current scenario, blowing can reduce the lateral force coefficient of the head car by up to 15% while greatly increas-
ing its transient instability, which can be attributed to direct and indirect changes in pressure distribution near the air slots and a larger range
of the leeward surface. The suction is believed to suppress the downstream motion of the main vortex on the leeward side of the maglev train
and weaken the turbulent kinetic energy of the wake, while the blowing effect reduces the dominance of the main vortex. The application of
blowing is proved as an effective means of reducing the risk of operating a maglev train in a crosswind environment, while it requires a care-
ful consideration of both train safety and energy efficiency.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0224211

I. INTRODUCTION

Maglev trains are exempt from wheel-rail adhesion limitations to
further breakthrough operating speeds and are becoming one of the
options for the next generation of high-speed rail transit due to the
advantages of fast start/stop, low noise, low vibration, low mainte-
nance, and environmental friendliness.1,2 Some maglev train lines are
already in operation, such as Shanghai Maglev, Changsha Maglev,
Beijing Line S1 and Fenghuang Maglev in China, Linimo (Tobu
Kyuryo Line) in Japan, and Daejeon Expo Maglev and Incheon
Airport Maglev in South Korea. In addition, many maglev train routes
are being considered and planned in various countries, such as Sydney
to Wollongong in Australia, Mumbai to Delhi in India, London
to Glasgow in UK, Washington, DC to New York City in US, and
Beijing to Guangzhou and Shanghai to Hangzhou in China. In view of
the increasing number of maglev trains operating in the foreseeable
future, the aerodynamics of maglev trains has been a subject of much
scholarly attention.3–6

Maglev trains will face more severe aerodynamic problems due to
higher expected speeds and enhanced interaction with the surrounding
air, especially suffering the crosswind.7–10 A great deal of research has
been carried out to mitigate the risk of train overturning in cross-
winds:11–15 For the vehicle body itself, optimizing the aerodynamic
design of the train,16–19 improving the structure of components such
as bogies and pantographs,20–22 non-smoothing surface treatment, and
installing additional aerodynamic auxiliary components23 have been
used to improve the flow behaviors of the train in crosswind environ-
ments. For trackside wind protection, windbreaks are the most widely
used facility in railways.24–27

However, with the further increase in train speed and the more
frequent occurrence of bad weather, the non-stability of train opera-
tion under crosswind conditions continues to increase. The expected
operating speed of maglev trains is much higher than that of wheel-rail
trains, and their unique contactless suspension makes them more sus-
ceptible to instability caused by crosswinds.28–30 Active flow control, as
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an effective means to solve the purpose of vehicle lift increase, drag
reduction or stabilization, and control in aerospace field,31,32 is also
one of the potential ways that can enhance the aerodynamic perfor-
mance of train in crosswinds. There have been several studies demon-
strating the good application of active flow control on high-speed
trains.33–35 There have also been some preliminary studies that have
considered attempts to apply active flow control methods to increase
the stability of trains under crosswinds. Chen et al.36 studied the effect
of air-blowing on the lateral aerodynamic force experienced by trains
and achieved a significant reduction in the lateral rolling moment for
the cars. Guo et al.37 found that active air-blowing reduces the lateral
forces of a train by 1.0%–8.8% over the range of yaw angles studied.
However, there is insufficient research on the coupling interaction
mechanisms between active flow and airflow around the train, hinder-
ing the translation of these scientifically discovered active control strat-
egies into engineering improvements.

Due to the different train-guideway relationship with conven-
tional wheel-rail trains, it may produce aerodynamic performance dif-
ferent from that of well-studied high-speed trains under a same
crosswind environment. It is unclear how effective this type of active
flow control would be on a maglev train. In addition, suction can also
change the airflow path over the roof of the train just like blowing,
while this mixing mode with the leeward side vortex has not been stud-
ied. Building upon previous work, the current study aims to explore
the ability to improve the stability of maglev trains under crosswinds
through active flow control applied to the air-slots on the leeward side
of the maglev train and examines the two methods of air blowing and
sucking as well as their flows.

II. RESEARCHMETHODOLOGY
A. Geometry model and computational domain

In this study, numerical simulations are carried out using a 1/20th
scaled three-car TR08 Maglev train model to explore the effect of the
proposed active flow control strategy on individual vehicles. As shown
in Fig. 1(a), the flat bottom surface of the maglev body above the guide-
way is set as the reference plane Z¼ 0, and the center of the guideway is
set as the reference plane Y¼ 0. The heightH of the maglev train model
from the roof to the lowermost point of the holding arms is 0.2m,
which is used as an eigenvalue to dimensionless the other dimensions.
As shown in Fig. 1(b), the lengths of the head, middle, and tail cars are
6.775H, 6.375H, and 6.775H, respectively, which gives the full length of
the maglev train of 19.925H. The height of the whole guideway pedestal
is 0.6H, which is in line with that in the operating maglev train trans-
port system. The air-slots with a width of 0.1H are designed on the
leeward side of the maglev train, equal in length to the equal cross
section segments of each car, which is 5.5H and 6.375H for the head car
(same as the tail car) and the middle car, respectively. Based on the
pressure distribution characteristics of the train leeward-side,38,39 the

air-slots are designed in the region where a strong negative pressure is
expected to be distributed in the present running scenario, and the
bottom of the slots is located at 0.65H from the lowermost point of the
maglev train.

The dimensions of the computational domain and the boundary
conditions are specified as shown in Fig. 2. To ensure the stability of
the inlet flow, the distance from the front inlet to the nose of the mag-
lev train is 25H. Similarly, a distance of 8H is applied between the cen-
ter plane of the guideway and the side front to ensure the enough
development of the incoming flow with Y-direction velocity compo-
nent referring to the crosswind. In addition, to ensure that the flow
develops sufficiently around the train and to minimize the influence of
the boundaries on the numerical simulation, the distance from the tail
of the maglev train to the back exit is 40H, and the distance from the
center plane of the guideway to the side back is 16H. The height of the
computational domain is 10H, where the distance from the top plane
of the guideway to the bottom of the computational domain is 4H to
replicate the scenario of the maglev train operating at a certain height.

Both the longitudinal and transverse inlets are designated as
velocity inlet boundaries whose components are determined by the
yaw angle of interest in the current study (15�). Based on the specified
resultant velocity U¼ 60 m/s, the components along the X and Y
directions emitted by the two velocity inlets are 57.96 and 15.53m/s,
and the Reynolds number for the numerical simulation is 7.9� 105. A
turbulence intensity of 0.05 is set in the numerical simulations, which
is derived from the commonly used level in train aerodynamics.40–42

The longitudinal and transverse outlets are configured as zero-pressure
exits. The ground and guideway are set as moving no-slip wall surfaces
that move at the opposite speed to the train operating speed to simu-
late the relative motion between the maglev train and the guideway
and ground. The top surface of the computational domain is defined
as a symmetric wall. The boundary conditions for all blowing slots are
set as velocity inlet boundary conditions, and the blowing and sucking
functions can be realized by changing the direction of the velocity.

B. Numerical scheme

The Improved Delayed Detached Eddy Simulation (IDDES)
method, based on the Shear Stress Transport (SST) k–x turbulence
model, was widely used in previous studies12,43–45 and employed to sim-
ulate the flow field characteristics of a maglev train running under cross-
wind conditions. The convective terms are obtained by mixing second-
order windward and bounded-center differences, with a windward
mixing factor of 0.15, and second-order precision is used to handle the
time discretization. All three models are based on the semi-implicit
method for pressure linked equations (SIMPLE) implicit scheme to
solve separate flows. The time step (Dt) was set to 5� 10�5 s to main-
tain a Courant number (CFL) of no more than 1. The transient simula-
tion was performed for a total of 1 s, allowing the flow to completely
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6.775H 6.775H6.375H

19.925H

5.5H
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Air slot0.1H 0.65H0.6H

FIG. 1. Geometric model: (a) front view of
the maglev train and guideway, (b) side
view of the train and guideway, and (c)
zoomed details of air-blowing slots in
head car and middle car.
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pass through the slanted-base cylinder more than 15 times. A total of
20 000 steps of transient calculation and 10 000 steps of time-averaged
processing were performed to ensure the complete development of the
flow field and the accuracy of the time-averaged results.

C. Meshing strategy

The maglev train surface, guideway surface, and space within the
computational domain are discretized using polyhedral cells for better
results. From the core area that this study focuses on to the boundaries
of the computational domain, four different volume control levels are
used to continuously reduce the density of cells, thereby maximizing
computational efficiency, see “fine,” “medium,” and “coarse” labels in
Figs. 3(a) and 3(b). As shown in Fig. 3(c), a 15-layer prism grid with a
growth rate of 1.15 is attached to the maglev train surface to accurately
capture the velocity gradient in the near-wall area, thereby obtaining
more reliable aerodynamic force and moment prediction. The thick-
ness of the first prism layer is set according to the requirement of
dimensionless wall distance yþ< 5 and combined with the full yþ wall
treatment in STAR CCMþ,37 the current discretization strategy can
meet the requirements of the turbulence model introduced in Sec. IIB.
The surface grid distribution on the maglev train and guideway can be
seen in Fig. 3(d). The guideway surface is subjected to 10 prism layers
with three or four mesh layers transitioning to the prism layers on the

train surface, which allows the gap flow to be accurately resolved by
nearly 30 layers of mesh.

D. Numerical method verification

The independence of the computational grid is determined using
the calculation results of three sets of mesh differently discretized.
Based on the differentiation of the surface grid size of the maglev train,
the prism layer configuration, and the spatial volume control level of
the computational domain, three sets of computational grids called
fine, medium, and coarse are generated and used for independence
testing. Figure 4(a) shows the lateral force coefficient Cs of the three
cars predicted by these three meshes when the active airflow blows at a
speed of va¼ 0.2U. Figure 4(b) presents the pressure coefficient Cp
along the upper part of the Y¼ 0 profile of the train to show more
detailed differences caused by the meshes. The two dimensionless coef-
ficients used in this comparison, the lateral force coefficient Cs and the
pressure coefficient Cp, are defined as

Cs ¼ Fs
1
2
qU2A

; (1)

Cp ¼ P � P0
1
2
qU2

; (2)

FIG. 2. Calculation domain and boundary conditions: (a) side view and (b) front view (not in scale).

FIG. 3. The distribution of the cells on the (a) Y-slice of the domain, (b) X-slice of the domain, (c) prism layers attaching the maglev train surface, and (d) surface of maglev train
and guideway.
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where the relative pressure P-P0 and the lateral force Fs can be output-
ted by the solver; the air density q¼ 1.225 kg/m3 was applied; the ref-
erence area A measures 0.0293m2 for the present scaled model. The
coarse mesh proved to be more different than the medium and fine
meshes, which can be seen in the lower lateral force coefficient in
Fig. 4(a) and the higher local negative pressure in Fig. 4(b). However,
the fine mesh does not produce significantly different calculation
results than the medium mesh, proving that the discretization level of
the medium mesh is sufficient.

A wind tunnel test for maglev train conducted in the Hong Kong
Polytechnic University is used to validate the numerical methods in
the present study. As presented in Fig. 5(a), the closed-loop wind tun-
nel has a test section of 2.4� 0.6� 0.6 m3 and allows a wind speed of
up to 50m/s. As shown in Fig. 5(b), a maglev train with a scaling ratio
of 1:40 is placed in the test section, and the simulation of yaw angle
from 0� to 20� can be realized through the rotating slots on the bottom
wall of the test section, and the blockage ratio is 3.85% when the yaw
angle is 20�, without correcting the test results. A series of wind tunnel
tests of a maglev train in crosswinds were carried out, in which the test
speed of 15m/s and yaw angles of 0� and 15� were replicated by
numerical simulations. As in Fig. 4(b), the Cp distribution of Y¼ 0
profile along the upper surface of the maglev train is used to compare
the ability of the numerical simulations to resolve the surface pressure
of the maglev train for these two operating conditions. It is found in
Fig. 6 that the predictions obtained by the current numerical method-
ology are generally in good agreement with the test results, and
although there is the expected difficulty of re-prediction due to flow
separation on the streamlined shoulder of the tail car, the numerical
methodology can be considered sufficiently reliable to capture the flow
characteristics around the maglev train.

III. RESULTS AND ANALYSIS
A. Aerodynamic lateral force

Figure 7 depicts the aerodynamic lateral force coefficients acting
on the head, middle, and tail cars of a maglev train when exposed to a
crosswind with a yaw angle of 15�. The impact of various active con-
trol strategies applied to the leeward side air slots is analyzed, demon-
strating how suction and blowing influence the lateral forces on each
car. For the head car, airflow over its streamlined structure maintains
consistent initial characteristics before reaching the air slot, leading to
a direct and monotonous relationship between the blowing strategy
and the value of Cs. Specifically, suction significantly increases the lat-
eral force coefficient, whereas blowing reduces it by up to 15% for the
head car. The tail car exhibits a different pattern: a lower suction veloc-
ity causes a more substantial increase in lateral force, and the force’s
reduction is less affected by the intensity of blowing. This difference is
attributed to the altered airflow caused by the preceding air slots and
the fact that flow separation and large-scale vortices around the lead
car occur outside the effective range of the air slots’ active control.
Conversely, for the tail car, separation happens after the air slots, ren-
dering it unaffected by active control. The middle car responds
uniquely to the active control strategies: both suction and blowing
increase the lateral force it experiences, with the effect intensifying at
higher active velocities. This phenomenon is linked to the surface pres-
sure distribution on the middle car, a topic that will be explored in
detail in the following sections.

Figure 8, which uses the head car as an example, illustrates the
transient characteristics of lateral force coefficient Cs throughout the
time-discrete process. It shows the distribution of lateral force coeffi-
cients and their fluctuations gradient over time. The conditions

FIG. 4. The comparison of the results
from three meshing in terms of (a) Cs of
each car and (b) Cp of Y¼ 0 profile along
the upper surface of the maglev train.

FIG. 5. The wind tunnel test in Hong Kong Polytechnic University: (a) test section and (b) maglev train model in the test section.
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compared include the original (baseline) case, suction control case
(�0.2U), and blowing control case (0.2U). The fluctuations gradient is
quantified by the rate of change of Cs values over time. During the
simulation period, the peak-to-peak values of the transient Cs values
are 0.0092% of their respective means for the baseline case, 0.021% for
suction control case, and 3.5% for blowing control case. These values
indicate that both suction and blowing increase the fluctuation range
of the transient lateral force coefficient compared to the baseline from
a global statistical perspective. When examining the fluctuations gradi-
ent shown in the vertical axis, it is observed that the rate of change of
the transient lateral force coefficient occurs in both positive and nega-
tive directions around a central value of zero. For the baseline case,
suction control case, and blowing control case, the maximum absolute
rates of change are 0.06, 0.09, and 10.8, respectively. This observation
aligns with the fluctuation ranges indicated on the horizontal axis and

demonstrates that suction marginally increases the instability of the
transient lateral force’s development, while blowing significantly
amplifies both the range and intensity of the fluctuations in the value
of Cs.

In a detailed analysis, the power spectral density (PSD) of the
transient lateral forces acting on the head, middle, and tail cars of the
maglev train is investigated during the time-discrete process and
shown in Fig. 9. The PSD values, processed using the Hanning window
function to mitigate spectral leakage, are plotted against the Strouhal
number (St), which is defined as

St ¼ fH
U

: (3)

To facilitate a clear comparison of the frequency domain charac-
teristics of the transient force coefficients, the data in Figs. 9(a) and

FIG. 6. Cp value of the upper surface
along Y¼ 0 profile of the maglev train
obtained by simulation and wind tunnel
test: (a) a test speed of 15 m/s and a yaw
angle of 0� and (b) a test speed of 15 m/s
and a yaw angle of 15�.

FIG. 7. Aerodynamic lateral force coeffi-
cients (Cs) acting on each car of the mag-
lev train under various active control
strategies.

FIG. 8. Distribution and fluctuation of tran-
sient aerodynamic lateral force coefficient
(Cs) of the head car: (a) suction control
case (va¼�0.2U), (b) baseline case
without any control, and (c) blowing con-
trol case (va¼ 0.2U).

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 095130 (2024); doi: 10.1063/5.0224211 36, 095130-5

Published under an exclusive license by AIP Publishing

 08 D
ecem

ber 2025 09:20:10

pubs.aip.org/aip/phf


9(b) are presented with transparency. The analysis reveals that the
energy content of the transient lateral forces for the head and middle
cars is significantly higher under the blowing strategy, with approxi-
mately four orders of magnitude greater compared to the baseline case.
The suction strategy also exhibits a slight increase in energy content
over the baseline, with the difference being within one order of magni-
tude. The tail car, subject to the largest-scale flow separation and the
shedding of major reverse-rotating wake structures, inherently experi-
ences a higher level of instability in its aerodynamic lateral force coeffi-
cient compared to the head and middle cars. This results in a naturally
high energy level in the transient aerodynamic forces, regardless of the
control strategy applied. Nevertheless, the implementation of an active
control strategy further escalates the instability of the lateral forces on
the trailing car, as evidenced by increased PSD values relative to the
baseline condition.

B. Surface flow on the maglev train

In Sec. III A, the significant difference in aerodynamic lateral
forces caused by active control strategies can largely be attributed to
the different pressures on the windward and leeward sides of the train,
which create pressure differential components contributing to the lat-
eral forces. Since the present study applies air slots on the leeward side
of the maglev train, with no visible pressure distribution differences
expected on the windward side, Fig. 10 illustrates the pressure distribu-
tion on the entire leeward side of the train under seven active control
strategies (including the baseline case without any active control).
Note that the pressure ranges on the tail car, middle car, and tail car
are not consistent, so independent color ranges are used for the three
cars.

The variations in pressure distribution due to active control strat-
egies are primarily observed in six distinct regions, labeled A–F:
Region A is the area where the incoming flow bypasses the streamlined
structure of the head car and interacts with the upstream section of the
air slot. In this region, suction delays the detachment of the vortex flow
that supposed to separate from the head car and entered the wake,
causing it to attach closer to this region. This results in a larger negative
pressure range and a stronger negative pressure peak. On the other
hand, blowing amplifies the flow energy that develops across the roof
of the car toward the leeward side, reducing the influence of flow sepa-
ration on the surface of the car in this region. Consequently, it shows a
smaller negative pressure range and positive pressure accumulation
formed by the convergence of airflow in the upstream section of the
air slot. From the suction strategy [Fig. 10(a)] to the blowing strategy
[Fig. 10(g)], the negative pressure in the leeward side region near the
streamlined structure of the lead car continuously decreases, and
the positive pressure region emerges. This leads to a reduction in the

pressure difference between the windward and leeward sides, which is
a key factor in the monotonic decrease in the lateral forces on the head
car shown in Fig. 7. Another difference on the leeward side of the lead
car is observed in region B, which is the area adjacent to the upper and
lower sides of the air slot. Apart from the large-scale flow separation
near the streamlined structure, slight negative pressure is distributed
on the leeward side of cross-sectional segments such as the lead car, as
shown in Fig. 10(d). Similarly, suction causes the airflow to stagnate
and attach to the train surface, while blowing accelerates the airflow
and moves it away from the original position. This creates separate
regions of negative or positive pressure in region B, providing an addi-
tional push for the monotonic decrease in the lateral forces on the lead
car shown in Fig. 7. For the middle car, which initially has a uniform
and weak negative pressure distribution on the leeward side, suction
and blowing strength the negative pressure below and above the air
slot, respectively, as shown in region C, resulting in increased lateral
forces on the middle car, corresponding to its behavior in Fig. 7. The
air slot directly affects the pressure distribution in the region above it
on the trailing car, slightly increasing the level of negative pressure in
region D. In the end of the air slot, region E, a phenomenon opposite
to that in region A is observed. As the active control strategy shifts
from suction to blowing, region E transitions from positive pressure to
negative pressure. This is caused by the mixing effect of the two air-
flows mentioned above. Another change occurs in the streamlined
region of the tail car, region F, where the negative pressure is intensi-
fied by the suction, resulting in a stronger negative pressure on the lee-
ward side of the streamlined structure. The positive pressure provided
by blowing reduces the negative pressure region that should have cov-
ered the leeward side of the streamlined structure.

As depicted in Fig. 11, the present study concentrates on three
specific longitudinal positions: X1, X2, and X3. These positions corre-
spond to the central points of the air chambers on the lead car, middle
car, and trailing car of the maglev train, respectively. The distances
from the nose of the lead car to these positions are 4H, 9.94H, and
15.88H.

The influence of the active control strategy is quantitatively evalu-
ated by analyzing the pressure coefficient at positions X1, X2, and X3,
as illustrated in Fig. 12. The corresponding pressure coefficients at
these locations are depicted in Fig. 11, where the presence of the air
slots is indicated by rectangular blocks, where reliable surface pressure
data within these blocks is not available. Suction applied through the
air slots tends to accumulate negative pressure on the surface directly
beneath the chambers. This peak negative pressure correlates with the
suction velocity; however, the intensity of this negative pressure dimin-
ishes as the distance from the air chamber increases. On the contrary,
the application of blowing mitigates the negative pressure under the
air slots, nudging the surface pressure toward neutral. The effect of

FIG. 9. Power spectral density (PSD) of
the transient aerodynamic lateral force
coefficient (Cs) acting on each car of the
maglev train under various active control
strategies: (a) head car, (b) middle car,
and (c) tail car.
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blowing is more pronounced with increased velocity, significantly
reducing the negative pressure. Above the air slots, the pressure distri-
bution on the train surface is more intricate due to the dual influence
of the incoming flow over the roof and the active airflow emitted from
the air slots. Blowing, in particular, tends to reinforce the negative
pressure in this region, with the most significant impact observed on
the tail car. As can be seen in Figs. 12(d)–12(f), the air slots have less
influence on the pressure distribution on the windward side, since
these flows occur before being affected by the active flow, especially for
the head car, which is the most dangerous in crosswinds. However, a
pressure change on the transition of side and roof, brought about by
active control, can be detected in the tail car.

C. Spatial flow around the maglev train

Understanding the flow patterns on the leeward side of a mag-
lev train is crucial for grasping the underlying reasons for varia-
tions in pressure distribution and aerodynamic lateral forces.
Figure 13 showcases these patterns at cross sections X1, X2, and
X3 using the line integral convolution of the time-averaged velocity
vector. The leeward side of the maglev train is characterized by two
prominent swirling structures. The first, a primary vortex, is cre-
ated by the flow separating from the train’s surface at a 15� yaw

angle, and its center is indicated by vertical black dashed lines. The
second, a secondary vortex, forms as the flow moves past the
guideway pedestal and is marked by vertical purple dashed lines. It
is important to note that this secondary vortex is a result of the
simulated specific scenario including an elevated bridge, and it
does not come from the maglev train itself. From Figs. 13(a)–13(f),
it is observed that in the baseline and suction cases, the primary
vortex maintains a regular shape with a tightly packed rotation.
Suction notably slows down the downstream movement of this
vortex for the head and middle cars, as shown by the inward shift
of the vortex core. This effect is due to the removal of smaller swirl-
ing structures in the transition area between the top and leeward
side of the maglev train. However, this smaller vortex is absent at
the middle position of the tail car [X3, Fig. 13(f)], suggesting that
suction does not affect the tail car’s primary vortex in the same
way. In Figs. 13(g)–13(i), under the blowing strategy, the domi-
nance of the primary vortex is reduced. Instead, it can be seen that
a series of alternating smaller flow structures, which are a direct
result of the patterns induced by the blowing. Blowing does not
push the primary vortex downstream; rather, it lowers its vertical
position and spreads out its intensity. This change leads to a reduc-
tion in the negative pressure on the leeward side of the train,
influencing the aerodynamic forces experienced by the train.

FIG. 10. Pressure distribution on the leeward side surface of the maglev train under various active flow control strategies: (a) va¼�0.3U, (b) va¼�0.2U, (c) va¼�0.1U, (d)
baseline case, va¼ 0, (e) va¼ 0.1U, (f) va¼ 0.2U, and (g) va¼ 0.3U.

FIG. 11. Location of cross sections and measuring lines in the study.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 095130 (2024); doi: 10.1063/5.0224211 36, 095130-7

Published under an exclusive license by AIP Publishing

 08 D
ecem

ber 2025 09:20:10

pubs.aip.org/aip/phf


The non-dimensional turbulent kinetic energy (TKE), which is
visualized in Fig. 14, offers additional insights into the flow patterns
around the maglev train. TKE is a measure of the energy contained in
the turbulent eddies of a flow and is calculated as half the sum of the
variances of the fluctuating velocity components in different directions,
as calculated below:

TKE ¼ 1
2

u0ð Þ2 þ v0ð Þ2 þ w0ð Þ2
h i

; (4)

where u0, v0, and w0 represent the normalized pulsation of velocity
along the longitudinal, transverse, and vertical components. Note that
to increase the comparability among studies, the non-dimensional
TKEs in Fig. 14 are obtained from normalized velocity pulsations, so
their values are much smaller than the usual TKE values in m2�s�2. By
examining examine the cross sections from the front to the back of the
train (from X1 to X3), it is noticed that the flow continues to evolve,
leading to an increase in TKE value. Interestingly, the TKE intensity
on the leeward side of the train is significantly reduced when the

suction strategy is applied. This decrease in TKE is a result of the
inhibitory effect of the suction on the smaller-scale turbulent struc-
tures, as illustrated in Figs. 13(a), 13(b), 13(d), and 13(e). On the other
hand, when the blowing strategy is in effect, the high TKE values
become more concentrated, particularly downstream of the air slot
and between the bottom of the air slot and the train roof. By examin-
ing Figs. 14(c), 14(f), and 14(i), the blowing strategy eliminates the
accumulation of high TKE in the lower region on the leeward side of
the tail car. This change is linked to the interaction between the pri-
mary and secondary vortices on the leeward side, as the primary vortex
expands and occupies the space under the influence of blowing, as
depicted in Fig. 13(i).

Figure 15 presents the dimensionless time-averaged lateral veloc-
ity (v) profiles along several vertical measurement lines on the leeward
side of the maglev train to supplement the understanding of the local
and global effects brought by active control strategies. The positions of
these measurement lines can be seen in Fig. 11. The direct impact of
the active control strategy of the air slot on the lateral velocity can be

FIG. 12. Pressure distribution on the cross section of the train surface under various active control strategies at the location of (a) X1, leeward side, (b) X2, leeward side, (c)
X3, leeward side, (d) X1, windward side, (e) X2, windward side, and (f) X3, windward side.
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observed on the measurement lines X1L1, X2L1, and X3L1, which are
adjacent to the air slot. On these measurement lines at the lateral dis-
tance from the air slot, the upper region inevitably experiences a chain
reaction of the mixed airflow passing through the train roof and the
active airflow. On X1L2, X2L2, and X3L2, they are primarily influ-
enced indirectly by the air slot. It can be inferred that the leeward space
below the height of the air slot is more significantly influenced by the
active control strategy but with a relatively delayed response, and the
flow direction is often opposite to the crosswind. On the leeward side
above the height of the air slot, the airflow velocity is mostly
aligned with the wind direction, and the influence of the control strat-
egy is smaller than that below the air slot. Although the active flow
control has a variety of effects on the local velocity at each position, the
logic of their differences is clear from the above analysis, and for more
detailed differences, see the comprehensive information given in
Fig. 15.

D. Energy return assessment

As previously discussed, the implementation of active control
strategies plays a pivotal role in modifying the flow patterns on the lee-
ward side of a maglev train, which influences the lateral forces exerted
on the train. This manipulation of lateral forces is key to ensuring vehi-
cle safety in the presence of crosswinds. However, the effectiveness of
these strategies in altering lateral forces varies depending on the chosen
control strategy. In the current research scenario, Fig. 7 illustrates how
the aerodynamic lateral forces on each car of the maglev train respond
to different suction and blowing velocities under various active control
scenarios. The data reveal that increased blowing velocities tend to sig-
nificantly reduce lateral forces on both the head and tail cars. It is
imperative to weigh the benefits of reduced lateral forces against
energy consumption to ensure that safety enhancements do not come
at an unsustainable energy cost. The benefits of active control in the
study were evaluated with reference to the paper. First, the absolute

FIG. 13. Velocity vector in the form of line integral convolution and main vorticity distribution downstream the maglev train under various active control strategies:
(a) va ¼�0.2U, X1, (b) va ¼�0.2U, X2, (c) va ¼�0.2U, X3, (d) baseline case, va ¼ 0, X1, (e) baseline case, va ¼ 0, X2, (f) baseline case, va ¼ 0, X3, (g) va ¼ 0.2U, X1,
(h) va ¼ 0.2U, X2, and (i) va ¼ 0.2U, X3.
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change in the aerodynamic lateral force of the independent vehicle DFs
is obtained, and it is converted into the power dimension DPs accord-
ing to the incoming flow velocity; in terms of active control, the power
Pa used for active control is obtained based on the blowing or suction
speed and the area of air slot, and finally, the energy return coefficient
r is calculated. These definitions are as follows:

DFs ¼ Fs0 � Fs1; (5)

DPs ¼ DFs � U; (6)

Pa¼ 1
2
qva

3Aa; (7)

r ¼ DPs
Pa

; (8)

where Fs0 and Fs1 are the lateral forces acting on each car without and
with active control, and Aa is the area of the air slots. To quantify the
net power change of various active flow strategies, a value of r less
than 1 indicates that the strategy used will produce an overall energy
loss, while a value greater than 1 proves that the current flow control
strategy is effective. Effectiveness means achieving higher value at less
cost. Table I lists the r values obtained by using different air blowing
strategies for the entire train when operating at different yaw angles
studied in this paper. A more visualized heat map is given in Fig. 16.
Note that in this evaluation method, the value of r has no physical

meaning, and a value less than 1 only indicates that the current active
control strategy is not recommended, regardless of its specific value.
Therefore, only a label of <1 is given when displaying the data. When
the value of r is greater than 1, the larger the value, the more it proves
the effectiveness of the active control strategy and the high rate of
return.

The statistical analysis of the aerodynamic efficiency, as measured
by the energy return coefficient, leads to the conclusion that, within the
current operational context and given the air slots setup, the use of a
blowing strategy does not reduce the lateral force coefficient for the
middle car when facing crosswinds. Conversely, employing a suction
strategy tends to increase the lateral forces on all cars, compromising
the maglev train’s stability and safety in crosswind scenarios. However,
it is encouraging to note that the blowing strategy significantly mitigates
lateral forces on the head car, which are typically the most susceptible to
crosswinds. While the analysis shows that the highest aerodynamic effi-
ciency is achieved with a lower flow rate for active control, practical
applications must prioritize safety. That is, the head and tail cars
obtained the greatest absolute lateral force relief at a blowing velocity of
va¼ 0.3U, but exhibited the best energy efficiency at va¼ 0.1U.
Consequently, operators must weigh the absolute aerodynamic “perfor-
mance” against the “cost-effectiveness” of the control strategies. This
balance is crucial and should be carefully considered in light of the spe-
cific conditions and requirements of the operating environment.

FIG. 14. Distribution of non-dimensional turbulent kinetic energy (TKE) downstream the maglev train under various active control strategies: (a) va ¼�0.2U, X1,
(b) va ¼�0.2U, X2, (c) va¼�0.2U, X3, (d) baseline case, va ¼ 0, X1, (e) baseline case, va ¼ 0, X2, (f) baseline case, va ¼ 0, X3, (g) va ¼ 0.2U, X1, (h) va ¼ 0.2U, X2, and
(i) va ¼ 0.2U, X3.
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FIG. 15. Dimensionless time-averaged lateral velocity (v) profile downstream the maglev train under various active control strategies: (a) head car, X1L1, (b) head car, X1L2,
(c) head car, X1L3, (d) head car, X1L4, (e) middle car, X1L1, (f) middle car, X1L2, (g) middle car, X1L3, (h) middle car, X1L4, (i) tail car, X1L1, (j) tail car, X1L2, (k) tail car,
X1L3, and (l) tail car, X1L4.
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IV. CONCLUSIONS AND FUTURE WORK

In the present study, the IDDES method based on the SST k–x
turbulence model was used to investigate the effect of active suction
and blowing on the leeward side of a maglev train to control its aero-
dynamic lateral force, multiple control strategies involving blowing
and suction velocities were examined, and the main conclusions are
summarized as follows:

• Under the current scenario and air slot position, suction increases
the time-averaged aerodynamic lateral force coefficients applied
to each vehicle, while blowing reduces the lateral forces acting on
the head (up to 15%) and tail cars (up to 47%); both active con-
trol strategies increase the lateral forces applied to the middle car.
Suction and blowing increase fluctuations in the lateral force
compared to the baseline, with blowing causing the most signifi-
cant variation. The energy content of lateral forces is much
higher with blowing, especially for the head and middle cars. The
tail car naturally experiences high instability due to large-scale
flow separation, which is further increased by active control
strategies.

• Suction and blowing directly affect the pressure distribution near
the air slot region and interact in a complex manner with the

primary vortex structure over the roof and secondary vortices
below the guideway, indirectly changing the surface flow pattern
in more regions: Suction maintains the primary vortex’s compact
shape and slows its downstream movement, especially for the
head and middle cars, but not the tail. Blowing reduces the pri-
mary vortex’s dominance, creating smaller alternating flow struc-
tures, lowering its vertical position, and spreading intensity,
which decreases negative pressure and affects aerodynamic
forces.

• Suction tends to remove smaller vortex structures in the transi-
tion region between the top and the leeward side of the maglev
train, inhibiting the downstream motion of the main vortices on
the leeward side of the train while substantially weakening the
turbulent kinetic energy; blowing reduces the dominance of the
main vortices, replacing them with a series of alternating smaller
flow structures and concentrating the turbulent kinetic energy
near the air slots.

• The application of blowing rather than sucking proved to be an
effective means of reducing the risk of operating a maglev train
in a crosswind environment. The head and tail cars can obtain
the greatest lateral force relief at va¼ 0.3U, while the energy
return coefficient reach the highest (up to 612.5) at va¼ 0.1U.
The absolute “aerodynamic performance” of the train and the rel-
ative cost-effectiveness of the control strategy must be weighed
according to the operating conditions.

Although the application of active flow control on trains is still at
an early stage, we have to consider some key issues not yet discussed in
this paper to ensure the scientific validity and reliability of these
research efforts, such as slot position, slot size, non-constant mass flow
rate considerations, and adaptive flow supply for different wind
conditions.
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TABLE I. Energy return coefficient r under various active control strategies.

Items
The energy return coefficient r

va �0.3U �0.2U �0.1U 0.1U 0.2U 0.3U

Head �13.5 �34.8 �236.5 112.0 16.3 7.4
Middle �24.1 �58.2 �406.4 �133.9 �19.0 �8.4
Tail �35.6 �122.5 �1154.7 612.5 68.1 28.1
Total �73.1 �215.5 �1797.5 590.6 65.4 27.1
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FIG. 16. Heat map of energy return coefficient r, not showing specific values less
than 1.
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