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ABSTRACT

The maglev train fills the speed gap between ground transportation and airplanes. However, the increasing train speed results in greater
energy losses due to increased aerodynamic drag, impeding the green and sustainable development of high-speed railways. This study
employs the numerical simulation method to explore the effects of installing air-blowing slots on the surface of the TR08 maglev train’s tail
car and blowing air along three different directions at two different speeds on drag reduction and the characteristics of the wake flow field.
Among them, only blowing air along the streamwise direction at speeds of 12m/s (X12) and 24m/s (X24) shows drag reduction effects of
2.06% and 6.53%, respectively. However, considering the energy efficiency, only X12 achieves a net energy saving of 58.96%, while the energy
consumption by blowing air and saving by reducing drag in X24 are roughly balanced. Air-blowing reduces the aerodynamic lift of the tail car
(Cl), with blowing air along the perpendicular direction at 24m/s (Z24) reducing the Cl by 99.57%. Additionally, Z24 reduces the maximum
velocity value of the train-induced air flow (Usmax ) by 61.91%. The research findings provide new insight and data support for the develop-
ment of blowing/suction drag reduction techniques.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0175323

NOMENCLATURE

BOS the position of the beginning of the air-blowing slots
CM coarse meshing
FM fine meshing
H the height of the train
L the length of the train

MM medium meshing
MOS the middle position of the streamlined train surface

N case of blowing air in the normal direction of the slots’
surface

N12 case of blowing air in the normal direction of the slots’ sur-
face at the speed of 12 m/s

N24 case of blowing air in the normal direction of the slots’ sur-
face at the speed of 24 m/s

Ori case of no air-blowing

P1 the tail car’s streamlined surface with smaller flow direction
component

P2 the tail car’s streamlined surface with larger flow direction
component

Step computational steps

W the width of the train
Wl the wake length
Ww the wake width
X case of blowing air in the streamwise direction

X12 case of blowing air in the streamwise direction at the speed
of 12 m/s

X24 case of blowing air in the streamwise direction at the speed
of 24 m/s

Y1 the spanwise position where y¼ 0
Y2 the spanwise position where 0.28W from Y1
Z case of blowing air in the perpendicular direction
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Z1 the vertical position where positive 0.345H from the rock
bottom of the train

Z2 the vertical position where positive 0.28H from Z1
Z3 the vertical position where positive 0.28H from Z2
Z12 case of blowing air in the perpendicular direction at the

speed of 12 m/s
Z24 case of blowing air in the perpendicular direction at the

speed of 24 m/s

Abbreviations

CFL Courant–Friedrichs–Lewy number
IDDES improved delayed detached eddy simulation

PSD the power spectral density
SIMPLEC semi-implicit method for pressure linked equations-

consistent
SST shear stress transport

I. INTRODUCTION

Maglev trains have overcome the limitations of wheel-rail adhe-
sion, presenting higher potential for acceleration.1 The introduction of
a 600 km/h maglev train has bridged the speed gap between high-
speed trains and airplanes.2 However, the exponentially increasing
aerodynamic drag with the train’s operating speed leads to heightened
energy consumption,3 thereby posing a significant obstacle to the green
and sustainable development of high-speed railways.

Reducing aerodynamic drag has been a focal point of academic
research in high-speed trains. Passive drag reduction methods, such as
train shape optimization,4–8 the addition of flow control devices,9–12

and surface microstructure treatments,13–16 have achieved notable
drag reduction effects. However, these passive methods have fixed
design outcomes and limited drag reduction capabilities, as they can-
not adapt in real-time to the train’s operating conditions to achieve
optimal drag reduction. Active control methods, which have been
widely studied in the aerospace field,17–20 such as blowing/suction
techniques,21 actively manipulate the surrounding fluid flow by blow-
ing or sucking air, thereby improving the surface pressure distribution
on objects.22–25 In recent years, blowing/suction techniques have been
gradually applied in high-speed railway research.26–29 Chen et al.30

installed three circular blowing slots at the nose part of a high-speed
train to investigate the drag reduction effects of blowing air at different
speeds on the drag reduction effect. They found that the best drag
reduction effect was achieved at 0.2 times the train velocity, resulting
in an overall drag reduction of 15.43%. They also noted that the drag
reduction trend becomes less significant with increasing blowing
speed. Furthermore, Chen et al.31 applied the blowing/suction tech-
nique to mitigate the lateral aerodynamic forces on trains operating

under crosswind conditions, reducing the lateral forces on the head,
middle, and tail cars by 18.5%, 21.7%, and 30.8%, respectively. Cui
et al.32 investigated the effects of different blowing/suction mass flow
rates, positions, and quantities on the aerodynamic drag and surface
pressure of the tail car of a high-speed electric multiple unit (EMU).
They found that as the blowing/suction mass flow rate increased, the
aerodynamic drag reduction rate of the tail car gradually increased but
with diminishing returns. Additionally, when the blowing and suction
mass flow rates were equal, the lower and upper edges of the port
closer to the windshield experienced less pressure drag on the tail car.
Moreover, with the same blowing/suction mass flow rate, increasing
the number of ports resulted in better pressure drag reduction on the
tail car. Shkvar et al.33 densely distributed micro-perforations on 70%
of the streamlined surface of a train car and achieved micro-blowing at
0.25% of the train’s velocity, leading to a 5.25% reduction in aerody-
namic drag for that specific car. They also highlighted that if all eight
cars implemented micro-blowing, the train’s overall aerodynamic drag
could be reduced by �42%. Liang et al.34 proposed the use of low-
density gas jets on the train’s surface to decrease aerodynamic drag sig-
nificantly. They found that jetting low-density gas could effectively
reduce the train’s frictional drag.

In summary, the current research on blowing/suction techniques
in the field of high-speed trains has shown promising results.
However, the number of studies in this area is limited, making it chal-
lenging to provide sufficient data support. Furthermore, there is a lack
of evaluation concerning the energy consumption and energy-saving
benefits of blowing/suction techniques in existing research. Therefore,
this paper adopts a numerical simulation approach to investigate the
drag reduction effects and the influence on wake characteristics when
employing air-blowing slots at the tail car of the TR08 maglev train at
the speeds of 12m/s (�0.1 times the train velocity) and 24m/s (�0.2
times the train velocity) in the streamwise, normal to the blowing slot
surface, and perpendicular blowing directions. The research findings
offer new insight and data support for the development of blowing/
suction drag reduction technologies in the high-speed train field and
facilitate the green and sustainable development of high-speed
railways.

II. RESEARCHMETHOD
A. The train model

As the subject of this study, the geometric model of the TR08
maglev train is depicted in Fig. 1, where auxiliary facilities, such as
headlights and door handles, have been removed to focus on its main
features. The train has been scaled down to 1/16 of its original size to
minimize discrepancies between numerical simulations and experi-
ments.35,36 After scaling, the train has a length (L) of 4.98m, a width
(W) of 0.23m, a height (H) of 0.25m, a distance from the top of the
track to the ground of 0.078m, and a suspension gap of 0.625mm. At

FIG. 1. Model of the TR08 maglev train.
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the train speed (U) of 119.44m/s, the corresponding average Reynolds
number (Re) can be calculated as Re¼U �H/t � 2.02� 106, where t
represents the kinematic viscosity of the fluid. Since this value exceeds
the critical Reynolds number of 3.6� 105, it is considered to enter the
self-simulating region.37,38

B. Computational domain and boundary conditions

To simulate the infinite space in which an actual train operates
using a limited computational domain, it is essential to establish an
appropriate size for the domain to prevent boundary interference with
the flow field around the train. As illustrated in Fig. 2, the front end of
the train’s nose serves as the origin of the spatial coordinate system.
The boundary located 25H distance from the front end of the train is
defined as the velocity-inlet, with a velocity vector set as (U, 0, 0). Both
the ground and the track are considered as moving no-slip wall bound-
aries, with a velocity vector set as (U, 0, 0), to simulate the relative
motion between the train and the track/ground. The boundary located
55H from the end of the train’s tail car is designated as the pressure-
outlet. The transverse width of the computational domain is set to
25H, while the vertical height is set to 19H. The boundaries on both
sides and the top are treated as symmetry boundaries.

C. Meshing and grid independence verification

The computational domain is discretized using the hexahedral
meshing method, which is comprised of the non-structured prism
layer grids and structured grids in the core area. To capture turbulent
information near the surface of the train, the prism layer grid is created
above the train surface. This layer consists of ten layers with a thick-
ness growth rate of 1.2 and a total thickness of �2.18mm. It is worth
noting that the total thickness of the prism layer grid exceeds the sus-
pension gap between the train and the track. Therefore, during the
grid partitioning process, the outer layers of the mesh in that region
are reduced to accommodate the suspension gap while maintaining
the thickness of the first layer unchanged, as depicted in Fig. 3(b). In
the current configuration of the prism layer grid, the dimensionless
coefficient yþ for the first layer thickness is�13.28, which theoretically
does not meet the requirements of improved delayed detached eddy
simulation (IDDES) for yþ.39,40 However, Fluent employs a yþ-insen-
sitive wall treatment for all models based on the x-equation, ensuring
accurate flow structures near the wall.41 Additionally, significant turbu-
lent flow characteristics are observed around the train and in the wake
region, which is a key focus of this study. Therefore, the grid in these
regions is refined to ensure accurate computations. The refinement

region is illustrated in Figs. 3(c) and 3(d), with grid sizes twice as those
on the train surface.

Grid size is indeed crucial in computational simulations, and
smaller grid sizes can capture more turbulent information and yield
more accurate results, but with the cost of increased computational
resources. Larger grid sizes can save computational costs but may
introduce larger deviations in the obtained results. Therefore, choosing
an appropriate grid size is essential to effectively utilize computational
resources while ensuring the accuracy of the computed results. In this
study, three different meshing schemes, namely, coarse meshing (CM),
medium meshing (MM), and fine meshing (FM), were employed. The
minimum grid size (Dx) of the train surface for CM, MM, and FM is
set to 3.75, 2.5, and 1.25mm, respectively. The corresponding total
grid quantities are 20.5� 106, 43.6� 106, and 79.3� 106.

Figure 4 provides a comparison of the aerodynamic drag coeffi-
cient [Cd, defined as Eq. (4)] and the time-averaged train-induced air
flow [Us , defined as Eq. (9)] at y¼ 0.55W and z¼ 0.065H for the three
different meshing schemes. The Cd values obtained from the head,
middle, and tail cars differ among the three meshing schemes. Overall,
the results from MM and FM are very close to each other, while they
differ significantly from CM, especially in terms of the Cd values for
the tail car. Additionally, although the overall trend of Us of CM is
similar to MM and FM, there are noticeable differences in the values,
while the development trend and numerical values of Us for MM and
FM converge. Based on these observations, MM provides results that
are close to FM while saving computational resources. Therefore, MM
is chosen as the meshing scheme for this study.

D. Numerical solution approach and verification

In this study, the flow field information is computed using the
IDDES (improved delayed detached eddy simulation) method based on
the widely applied SST k–x turbulence model.42,43 The TR08 maglev
train operates at a Mach number of �0.35, and since the air is consid-
ered compressible, a pressure-based compressible solver was adopted.44

The pressure-velocity coupling scheme chosen for this simulation is the
semi-implicit method for pressure linked equations-consistent
(SIMPLEC). The gradient in the discrete term was calculated using the
least squares cell-based method. Furthermore, the pressure term was set
to the second order to enhance accuracy.45 To ensure numerical stability

FIG. 3. Details of meshing: (a) Train surface; (b) prism layer; (c) side view of the
refined zone; and (d) top view of the refined zone.

FIG. 2. Details of the computational domain.
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and accuracy, a time step size (Dt) of 2� 10�5 was chosen, which
ensures that the Courant–Friedrichs–Lewy (CFL, CFL¼UDt/Dx) num-
ber remains below 1.42 In order to capture the periodic information of
the turbulent flow field, the simulation was conducted for 20000 tran-
sient steps. Afterward, a time-averaging process was performed for
10000 steps to obtain important time-averaged physical quantities.

To validate the reliability of the numerical solution approach and
the accuracy of the computed results, experimental data from a wind
tunnel test conducted by Tan et al.46 are referenced. The wind tunnel
setup and the train model used in the experiment are shown in Fig. 5.
Although the train model used in the wind tunnel test is not the same
as the TR08 maglev train used in this study, both models share similar
geometric characteristics. Additionally, the meshing scheme and
numerical solution approach used in the validation process are consis-
tent with the ones mentioned earlier in this study. Therefore, the vali-
dation results are considered to be highly relevant. The comparison is
conducted using the dimensionless coefficient of the time-averaged
surface pressure [Cp , defined as Eq. (1)] at y¼ 0 on the train surface.
Figure 6 presents the comparison between the numerical simulation
results and the wind tunnel test results. The good agreement between
the computed and experimental results demonstrates the accuracy and
reliability of the chosen meshing scheme and numerical solution
approach in this study.

III. RESULTS AND ANALYSIS

Due to the variation in the aerodynamic shape of the tail car, the
surrounding air accelerates and separates, leading to the formation of
three negative pressure regions on the tail car’s surface, which is the

main reason for the generation of aerodynamic drag and lift of the tail
car.47 Additionally, the separation of air on both sides of the tail car,
coupled with the downward airflow from the top, creates symmetrical
vortices in the wake region, which dominate the characteristics of the
train’s wake flow.48–50

Based on this understanding, this study proposes the implemen-
tation of air-blowing slots in the streamlined section of the tail car to
reduce aerodynamic drag. The air-blowing directions are arranged
along the streamwise direction (X), normal to the blowing slot surface
(N), and perpendicular (Z) directions, with speeds of 12 and 24m/s.
The objective is to investigate the drag reduction effect of air-blowing

FIG. 5. Wind tunnel test: (a) Closed-flow double-test section wind tunnel test platform and (b) train model.46

FIG. 6. Comparison of Cp at the surface (y¼ 0) of the train between wind tunnel
experiment and numerical simulation.

FIG. 4. Results of the grid independence.
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and its impact on the characteristics of the wake flow. The details of all
the cases can be found in Table I. For example, X12 stands for blowing
air along the streamwise direction at the speed of 12m/s.

The air-blowing slots are positioned starting from the transition
point between the tail car’s uniform cross section of the train body and
the streamlined section. They are arranged longitudinally with the end
point located 0.012m above the train floor. The projected length of the
slots is 0.293m, with the projected width of 0.006m. The total curved
surface area Ab of the two slots is �0.0027m2, as shown in Fig. 7. It is
noteworthy that the formation of the symmetrical vortices in the wake
region that dominates the characteristics of the train’s wake flow is
mainly caused by the difference in the airflow speeds around the top
and the side of the tail train. This is the very reason why the air-
blowing slots are set as described above.

Introducing various dimensionless coefficients is essential for a
detailed analysis of the effects of different air-blowing schemes on the
aerodynamic forces andwake flow characteristics of the train. The dimen-
sionless coefficients for instantaneous pressure (Cp) are defined as follows:

Cp ¼ p� p1
0:5q1U 2

: (1)

Here, p represents the pressure of the research object; p1, q1, repre-
sent the far-field freestream pressure and density, respectively. When
these parameters are time-averaged, Cp denotes the time-averaged
pressure coefficient.

The aerodynamic forces acting on the train are defined as
follows:51

Fn ¼
ð
pþ sxð Þ �~ndAþ

ð
pb �~ndAb; (2)

Fthn ¼ _mbUbð Þ �~n: (3)

Here, sx represents the wall shear stress on the train surface. A stands
for the reference area of the train. pb and Ab represent the pressure

generated by air-blowing and the slots’ area, respectively. Therefore,
the term

Ð
pb �~ndAb represents the pressure generated by air-blowing,

which is defined as a part of the surface pressure (Fn) on the train. _mj

and Ub are the mass flow rate and speed of air-blowing, respectively,
and their product defines the thrust (Fthn) generated by air-blowing.~n
is a unit vector that determines the direction of the forces.

The dimensionless coefficients for the total aerodynamic drag
(Cd), pressure drag (Cpx), frictional drag (Cfx), and lift (Cl) acting on
the train are defined as follows:

Cd ¼ Fx þ Fthx
0:5q1U 2

; (4)

Cpx ¼

ð
p �~xdAþ

ð
pb �~xdAb

0:5q1U 2
; (5)

Cfx ¼

ð
sx �~xdA
0:5q1U 2

; (6)

Cl ¼ Fz þ Fthz
0:5q1U 2

: (7)

The coefficient of thrust (Cthx) generated by air blowing is defined
as follows:

Cthx ¼ Fthx
0:5q1U 2

: (8)

A. The influence of air-blowing on train’s aerodynamic
forces

Air-blowing alter the flow conditions of the surrounding air, con-
sequently affecting the surface pressure distribution of the train.47

Figure 8 presents the impact of different air-blowing cases on the aero-
dynamic drag of the tail car. It is noteworthy that the values of Cthx are
relatively small and negative. To facilitate comparison and analysis, the
corresponding values are magnified in the figure, and specific values
can be found in Table II.

It can be observed that blowing air along the streamwise direction
(X) yields significant drag reduction effects, with X12 and X24 reducing
Cd by 2.06% and 6.53%, respectively. Conversely, blowing air along the
normal (N) and perpendicular (Z) directions only increases the Cd of
the tail car, and this effect is dependent on the blowing speed. The Cfx

for different cases is very similar, consistently around 0.056. Therefore,
it can be concluded that different air-blowing directions and speeds
have minimal impact on the Cfx of the tail car, primarily influencing its
Cpx. Comparing X12 and X24, the decrease in Cd for higher air-blowing
speed is relatively similar to that of lower air-blowing speed. However,

FIG. 7. Details of the air slots and air-
blowing directions.

TABLE I. Definition of all cases considered in this study.

Blowing directions Blowing speeds Names

� � � � � � Ori
X-axis

12 m/s
X12

Normal N12

Z-axis Z12

X-axis
24 m/s

X24

Normal N24

Z-axis Z24
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due to the larger Cthx generated by higher air-blowing speed, X24 exhib-
its superior drag reduction effects. N12 and N24 have similar increase
effects on Cpx, both exceeding 8%. The effect of air-blowing speed on
Cpx is not significant. In contrast, for Z12 and Z24, the Cpx of the tail car
is noticeably affected by the air-blowing speed. Higher air-blowing
speed results in more pronounced drag increase effects, with Z12 and
Z24 experiencingCd increases of 5.91% and 9.81%, respectively.

The aerodynamic lift also affects the operational efficiency of
maglev trains, but this article focuses on aerodynamic drag and does
not provide an in-depth analysis of Cl. The changes in Cl of the tail cat
are also presented in Table II. When blowing air at the speed of 12m/s,
X12 reduces the Cl by 57.84%, while both N12 and Z12 decrease Cl by
nearly 80%. As the air-blowing speed increases, the reduction in Cl

along the three directions intensifies. Blowing air along the perpendicu-
lar direction (Z24) causes theCl of the tail car to approach zero.

B. The influence of air-blowing on train’s surface
pressure

To provide a comprehensive analysis, several special positions are
defined as shown in Fig. 9. Y1 represents the position where y¼ 0,
while Y2 is located at a distance of 0.28W from the train’s centerline.
This position is determined by the maximum negative pressure in the
newly generated negative pressure zone inside the slots after blowing

[Fig. 10(g)]. In order to analyze the influence of air-blowing on the
flow state at different heights, three heights, Z1, Z2, and Z3, are defined
at a distance of 0.55W from Y1. Among them, Z1 corresponds to the
height at which the extreme negative pressure occurs at the position
x¼H from the end of the tail car.

As mentioned earlier, there are three negative pressure zones in the
streamlined section of the tail car. Based on the surface pressure distri-
bution of the train in different cases shown in Fig. 10, it can be observed
that blowing air can alleviate the negative pressure zones on the tail car’s
surface. This explains the significant reduction in Cl of the tail car.
Among them, when blowing air at a speed of 12m/s, the interference of
N12 on the surrounding air around the tail car is most evident, resulting
in the highest negative pressure decrease on the top and sides of the tail
car. Conversely, X12 exhibits relatively poor alleviation effects on the
three negative pressure zones, but there is a relatively large positive pres-
sure distribution at the end of the tail car. Additionally, the surface pres-
sure distributions of N12 and Z12 are similar. While the negative
pressure zones are alleviated, a small range of negative pressure is gener-
ated on the inside of the air-blowing slots, leading to increased aerody-
namic drag of the tail car. These phenomena become more pronounced
when blowing air at the speed of 24m/s.

The flow direction and normal component of surface pressure on
the train determine the magnitude of aerodynamic drag and lift. In the
streamlined surface section of the tail car, the closer the pressure is to
the end, the greater the flow direction component, and thus, the more
significant its contribution to aerodynamic drag. Figure 11 presents the
surface pressure distribution curves at Y1 and Y2. The black dashed lines
in the figure represent the position of the beginning of the air slots
(BOS) and the middle position of the streamlined surface (MOS), which
divides the streamlined tail car into two parts: one part with smaller flow
direction component (P1) and another part with larger flow direction
component (P2). Observing the pressure variations at the Y1 position in
Figs. 11(a) and 11(b), it can be observed that the negative pressure
decrease on the tail car surface largely occurs in P1, resulting in a signifi-
cant reduction in Cl. Within the P2 range, the negative pressure on the
tail car surface increases, with N12 and Z12 showing greater increases
compared to X12. When blowing air at the speed of 24m/s, the increase
in negative pressure within the P2 range is reduced for X24, while N24

FIG. 9. Definition of some key positions.FIG. 8. Drag reduction of the tail car in different cases.

TABLE II. Comparison of aerodynamic forces on the tail car in different cases.

Cases

Drag force Lift force

Cd Cpx Cfx Cthx Cl Changes of Cl

Ori 0.1435 0.0877 0.0557 � � � 0.0964 � � �
X12 0.1406 0.0862 0.0553 �0.0009 0.0406 �57.84%
N12 0.1555 0.1009 0.0547 �0.0002 0.0193 �79.93%
Z12 0.1520 0.0970 0.0551 0 0.0221 �77.09%
X24 0.1342 0.0828 0.0550 �0.0036 0.0096 �90.05%
N24 0.1563 0.1026 0.0546 �0.0008 0.0120 �87.51%
Z24 0.1576 0.1031 0.0545 0 0.0004 �99.57%
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and Z24 exhibit further increases in negative pressure. Similarly, for the
Y2 position in Figs. 11(c) and 11(d), although the negative pressure
decrease within the P1 range is more pronounced for N12, Z12, N24, and
Z24, the increase in negative pressure within the P2 range is even more
significant. These observations explain why blowing air along the
streamwise direction reduces drag while blowing air in the normal and
perpendicular directions increases it.

C. The influence of air-blowing on wake flow
and train-induced air flow

The time-averaged pressure distribution (Cp ) in different posi-
tions of the wake region of a maglev train is shown in Fig. 12. In the
figure, the regions with larger negative pressure correspond to the loca-
tions of vortices. Z1 is defined as the height at which the maximum
negative pressure occurs, measured from the position x¼H away

FIG. 11. Longitudinal surface mean-pressure
curves: (a) Y1, 12m/s; (b) Y1, 24m/s; (c) Y2,
12m/s; and (d) Y2, 24m/s.

FIG. 10. Surface mean-pressure distributions of the tail cars in different cases.
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from the end of the tail car. It can be observed that the wake vortex
gradually dissipates along the flow direction, with its scale increasing
and moving upward and sideways along the span direction.

Figure 13(a) shows the variation of instantaneous pressure (Cp) at
position Z1, located at a distance x¼H from the end of the tail car, for
the last 2500 computational steps (Step). Within this spatial region, the
Cp distribution along the span direction exhibits relatively stable char-
acteristics. The regions with larger negative pressure correspond to the
locations of vortices, with higher positive pressure between the vortices
and lower pressure on the sides. This pattern also reflects the distribu-
tion of fluid flow velocity in the space. The position marked as P

represents the center of the maximum negative pressure in Fig. 12(a).
It is worth noting that due to the high turbulence characteristics near
the wake region, the position of the vortex center is not stable but oscil-
lates within a certain spatial range. The frequency of oscillation can be
considered as the shedding frequency (St) of the vortices. The power
spectral density (PSD) of St is obtained based on the instantaneous
pressure data at point P, as shown in Fig. 13(b). St� 0.3 stands out as
the characteristic shedding frequency of the wake vortices.

Figure 14 illustrates the variation of Cp at position Z1, located at a
distance x¼H from the end of the tail car, for the last 2500 computa-
tional steps (Step) in different cases. By comparing the cases, it can be

FIG. 12. Mean pressure distribution on the z–y plane at different streamwise locations.

FIG. 13. Characteristics of wake
turbulence.

FIG. 14. Fluctuation of instantaneous pressure Cp over calculation step at Z1 (x¼H) in different cases.
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observed that after air-blowing, the pressure distribution of X12–Z24 at
this spatial position remains symmetric along the centerline, exhibiting
fluctuating negative pressure with a spanwise location closer to the
center of the train compared to the Ori. However, the negative pres-
sure fluctuations of X12–Z24 are not as pronounced as in the Ori case.
As time progresses, the pressure distribution of X12–Z24 at this spatial
position exhibits strong turbulent characteristics.

The pressure distribution and intensity at position X12–Z24 in
Fig. 14 also reflect the fluid flow conditions at that spatial location.
Figure 15 presents the time-averaged fluid velocity distributions in the
x–y plane at positions Z1–Z3 for all different cases. In Fig. 15(a), the
wake of the Ori exhibits a distinct crescent shape, which is a typical
characteristic of a wake vortex structure. The vortices spread along the
span direction, leading to an increase in the wake width (Ww) in the

FIG. 15. Velocity magnitude distribution on the x–y plane at different altitudes (Z1–Z3) in different cases.
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streamwise direction. As the vortices evolve and dissipate along
the streamwise direction, their vorticity gradually weakens, and the
streamwise motion characteristics become more prominent, as indi-
cated by an increasing velocity in the crescent-shaped wake. After air-
blowing, the flow velocity near the surface of the train does not
show significant differences, but that in the near-wake region signifi-
cantly decreases. Furthermore, the crescent-shaped wake feature
remains after air-blowing, but its formation location is delayed, and
the flow velocity significantly increases. This indicates that the shed-
ding of vortices is postponed after air-blowing, and the vortices exhibit
lower vorticity, resulting in a more pronounced streamwise flow char-
acteristic and a reduced Ww. There are noticeable differences in the
wake characteristics between X12 and X24, as well as Z12 and Z24, where
the low-speed portion of the crescent-shaped wake and Ww further
decrease. However, the differences between N12 and N24 are not
significant.

The wake length (Wl) at position Z2 for the Ori case is smaller,
whereas after air-blowing, the Wl increases for different cases. This
indicates that air-blowing is effective in impeding the acceleration of
the surrounding air near the tail car. Among them, the Wl for N12 and
Z12 is similar and greater than that for X12, suggesting that blowing air
along the streamwise direction has a relatively smaller inhibitory effect
on the acceleration of the air around the tail car. This is consistent
with the pressure distribution characteristics shown in Fig. 10. The
aforementioned phenomenon increases with the increase in the air-
blowing speed.

At position Z3, the wake length (Wl) for the Ori case further
decreases, and to a lesser extent, X12 and X24 interfere with the fluid
flow at that height. When blowing air at the speed of 12m/s, the dis-
turbance caused by N12 is the greatest. However, when blowing air at
the speed of 24m/s, the degree of change in the airflow state is the
greatest in the case of Z24.

The vorticity can visually express the intensity and direction of
vortices. Figures 16(a) and 16(b) depict the time-averaged streamwise
vorticity xx at distances x¼H and x¼ 2H from the end of the tail car
for all different cases. The vortices in the wake of the maglev train are
primarily composed of two pairs of counter-rotating vortices above
and below the track surface. However, due to the geometric irregularity
of the track, another pair of counter-rotating vortices forms on either
side. By observing the xx at two different streamwise locations for the
Ori case, it can be seen that the vortices on the track surface and the
sides develop along the spanwise direction, with their vorticity gradu-
ally decreasing. The xx for X12–Z12 indicates that blowing air alters
the intensity and position of the vortices. The xx of the vortices on the
track surface at x¼H from the end of the tail car significantly
decreases and is closer to the train’s centerline. Additionally, the
change in vortices is similar for N12 and Z12, but relatively higher com-
pared to X12. When blowing air at the speed of 24m/s, the xx for X24

and N24 further decreases, with X24 exhibiting the greatest change in
the wake vortices. Conversely, the xx for Z24 decreases compared to
Z12, particularly at x¼ 2H from the end of the tail car, but the decrease
is relatively small. To sum up, it can be concluded that blowing air
causes the vortices on the track surface to be closer to the train’s cen-
terline with a smaller xx . Combining this analysis with the previous
discussion, this phenomenon occurs due to the air-blowing hindering
air acceleration and delaying vortex shedding, resulting in weaker tur-
bulence intensity in the near-wake region and slower vortex

development at the same spatial location. Furthermore, the influence
of
air-blowing speed on the wake vortices is more pronounced when
blowing air along the streamwise direction, whereas the wake vortices
are less sensitive to the variation in blowing speed when blowing air
perpendicularly.

In general, vortices at the same spatial location follow the
principle that larger vorticity corresponds to larger vortex scales.
Figures 16(c) and 16(d) represent the vector distributions of the
spanwise-averaged air velocity v and the vertical-averaged air velocity
w, respectively. Clearly, the vortex scales decrease after air-blowing. At
x¼H from the end of the tail car, where the air is blown at the speed
of 12m/s, both N12 and Z12 exhibit a significant reduction in vortex
scale, and their reductions are relatively close to each other. However,
X12 shows a relatively smaller decrease in the vortex scale. At x¼ 2H
from the end of the tail car, there are no significant differences in vor-
tex scale among N12, Z12, and X12. At x¼H from the end of the tail
car for X24–Z24, the vortex scale further decreases but not significantly.
However, at x¼ 2H from the end of the tail car, there is a notable
reduction in the vortex scale.

As mentioned earlier, blowing air affects the acceleration of the
surrounding air around the tail car, thereby altering the wake flow
structure of the maglev train. The train-induced air flow (Us) in wake
aera poses a safety hazard to passengers on platforms, trackside work-
ers, and track infrastructure.52 This section analyzes the impact of dif-
ferent air-blowing cases on the wake flow from the perspective of Us,
which is defined as follows:

Us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U � uð Þ2 þ v2

q
: (9)

Figure 17 represents the development curve of the Us along the
streamwise direction at the position 0.55W away from the train’s cen-
tral line for varying heights of Z1–Z3 (see Fig. 9). Table III provides
the positive peak values and corresponding percentage reductions of
the Us in the wake region at different heights for different cases. In gen-
eral, as the height increases, the time-averaged maximum velocity
Usmax gradually decreases, and the location of which moves closer to
the tail car. Blowing air has a significant effect in reducing Usmax and
delaying the occurrence of the peak.

At the Z1 height, after blowing air at the speed of 12m/s, the
Usmax of X12–Z12 decreases compared to the Ori. Among them, N12

shows the largest decrease in Usmax , �55%, while X12 exhibits the
smallest reduction, around 45%. When blowing air at the speed of
24m/s, the reduction in Usmax (DUs ) for X24 and Z24 further increases.
However, when blowing air in the normal direction (N24), the DUs is
weaker than that of N12. The maximum of DUs occurs when blowing
air perpendicularly at the speed of 24m/s (Z24), where DUs is
�61.91%. Additionally, blowing air has a noticeable impact on the
location of the Usmax at this height. In the case of Ori, the Usmax

appears near 2H from the end of the tail car. After air-blowing, the
location of the Usmax is shifted �1H rearward for all cases. Notably,
when blowing air in the streamwise direction, the location of Usmax is
significantly influenced by the air-blowing speed.

At the Z2 height, different air-blowing strategies result in rela-
tively low and similar levels of reduction in the Usmax . After blowing
air at the speed of 12m/s, X12–Z12 exhibit a reduction of �14% in
Usmax . When blowing air at the speed of 24m/s, the DUs increases for
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X24 and Z24, while that for Z24 is decreased In general, the Usmax for
X12–Z24 ranges from 17 to 18m/s at this height. This indicates that
blowing air at this height can reduce the Usmax , but the DUs is not
strongly correlated with the air-blowing direction and speed. The max-
imum of DUs occurs when blowing air in the normal direction at the
speed of 24m/s (N24), with the value of 17.98%. Furthermore, the
impact of air-blowing on the location of the Usmax at this height is rela-
tively weak. Both before and after air-blowing, the location of the
Usmax remains within a range of 1H from the end of the tail car.

At the Z3 height, after blowing air at the speed of 12m/s, X12 and
Z12 exhibit similar levels of DUs , while N12 shows the highest reduc-
tion at 32.99%. When blowing air at the speed of 24m/s, X24-Z24 expe-
rience an increase in DUs , with the maximum of DUs occurring when
blowing air in the normal direction at the speed of 24m/s (N24) with
the value of 38.27%. Furthermore, the impact of air-blowing on the

location of the Usmax at this height is also relatively weak. Both before
and after air-blowing, the location of the Usmax remains within the
region of the streamlined part of the tail car.

D. Energy efficiency analysis

Based on the previous discussion, it is evident that blowing air
along the streamwise direction can achieve significant drag reduction
effects. X12 and X24 result in a reduction in Cd by �2.06% and 6.53%,
respectively. However, the energy consumption caused by air-blowing
is also a part that needs to be considered. In this section, the aim is to
determine the relationship between air-blowing speed and drag reduc-
tion efficiency and evaluate the energy-saving efficiency of X12 and X24

from the energy perspective. The energy saved due to drag reduction
by air-blowing is defined as Es, where DFd in Eq. (10) represents the

FIG. 16. Characteristics of wake flow.
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decrease in aerodynamic drag force due to air-blowing andU is the ref-
erence velocity, which in this case is defined as the train’s operating
speed. It is worth mentioning that Es does not represent the actual
energy saved, as it needs to be compared with the energy consumption
caused by air-blowing. Therefore, DFd is converted into an energy
form. Equation (11) defines the dimensionless coefficient CEs for Es,

Es¼ DFdU; (10)

CEs ¼ Es
0:5qU 3A

; (11)

CEb ¼ Wb

0:5qU 3A
¼ n 0:5qbU

2
b Ab

� �
Ub

0:5qU 3A
: (12)

CEb represents the input energy coefficient of the air-blowing,
and its definition is given in Eq. (12).53,54 In this study, the air-blowing
slots are arranged on the surface of the train, and the boundary condi-
tion is defined as the velocity-inlet. There is no pressure loss caused by
the presence of pipes in the actual scenario, thus satisfying the prereq-
uisite condition of this equation.51 In Eq. (12), Wb can be regarded as
the energy consumed by air-blowing, n represents the number of blow-
ing slots, qb and Ub are the density and speed of the blowing air,
respectively, and Ab is the total area of the two air-blowing slots.
Furthermore, the net energy saving DCE is defined as the difference
between CEs and CEb, and the results are presented in Table IV.

From the data in Table IV, it can be observed that DCE for X12 is
�58.69% of CEs, indicating a significant energy-saving benefit.
However, for X24 with higher air-blowing speed, DCE is negative, indi-
cating that the energy consumption caused by air-blowing exceeds the
energy saved due to drag reduction. However, with DCE close to 0, it

FIG. 17. Comparison of train-induced air flow at different altitudes (Z1–Z3) in different cases.

TABLE III. The positive peak value Usmax and the difference DUs of train-induced air
flow at different altitudes (Z1–Z3) in different cases.

Cases

Z1 Z2 Z3

Usmax

(m/s) DUs

Usmax

(m/s) DUs

Usmax

(m/s) DUs

Ori 54.10 � � � 20.80 � � � 15.96 � � �
X12 29.78 �44.96% 17.92 �13.86% 11.52 �27.78%
N12 24.31 �55.06% 17.76 �14.63% 10.69 �32.99%
Z12 26.89 �50.30% 18.04 �13.28% 11.40 �28.56%
X24 23.37 �56.81% 17.78 �14.53% 10.25 �35.76%
N24 25.88 �52.17% 17.06 �17.98% 9.85 �38.27%
Z24 20.61 �61.91% 18.13 �12.86% 10.01 �37.25%

TABLE IV. Energy comparison between X12 and X24.

Cases Ub (m/s) CEs CEb DCE

X12 12 0.0029 0.0012 0.0017
X24 24 0.0093 0.0096 �0.0003
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can be considered that energy consumption and energy saving are bal-
anced. Therefore, although higher air-blowing speed can achieve
greater drag reduction effects, the energy consumption associated with
air-blowing needs to be taken into consideration. It is important to
emphasize that the energy-saving results in this subsection do not
reflect the actual outcomes. The conclusions are intended as theoretical
references for future practical application of this method in engineer-
ing projects.

IV. CONCLUSIONS

This study focuses on the aerodynamic drag issue of high-speed
maglev trains. Numerical simulation is employed to investigate the
drag reduction effects and the influence on wake characteristics when
air-blowing slots are arranged on the tail car, and blowing air along the
streamwise direction (X), normal to the blowing slot surface (N), and
perpendicular direction (Z), at the speeds of 12m/s (X12, N12, Z12) and
24m/s (X24, N24, Z24). By analyzing the aerodynamic drag, aerody-
namic lift, and airflow characteristics in the wake region of the train,
the following conclusions are drawn:

(1) Blowing air along the streamwise direction (X) consistently
achieves significant drag reduction effects, with reductions of
2.06% and 6.53% for X12 and X24, respectively. In contrast,
blowing air along the normal (N) and perpendicular direction
(Z) only increases the aerodynamic drag. Moreover, all different
air-blowing cases reduces the lift force acting on the tail car. In
particular, Z24 results in nearly zero aerodynamic lift of the tail
car.

(2) The wake of the TR08 maglev train exhibits a distinct crescent-
shaped pattern, which is a typical characteristic of the presence
of wake vortices. Blowing air causes a significant decrease in the
airflow velocity near the wake region. The vortices on the track
surface are displaced toward the centerline of the train, the vor-
ticity of the vortices is reduced, and the vortex shedding is
delayed. In the cases of X, the influence of the air-blowing speed
on the wake vortices is more pronounced. Conversely, for the
cases of Z, the wake vortices are less sensitive to changes in the
air-blowing speed.

(3) Blowing air significantly reduces the peak value of the train-
induced air flow (Usmax ). At the height of Z1, after blowing air
at the speed of 12 m/s, the N12 exhibits the highest relative
reduction in Usmax , �55%, while the X12 configuration shows
the smallest reduction, �45%. After blowing air at the speed of
24 m/s, the Z24 reduces Usmax by 61.91%. Additionally, at this
height, blowing air causes a delayed occurrence of the Usmax ,
with the location being more influenced by the air-blowing
speed when blowing air along the streamwise direction.

(4) The cases of X12 provide considerable energy-saving benefits.
However, the energy consumption associated with blowing air
at higher speed in the cases of X24 exceeds the energy saved
from its drag reduction. This indicates that although higher air-
blowing speed can achieve greater drag reduction effects, the
energy consumption caused by air-blowing needs to be taken
into consideration.

The method of implementing the air-blowing slots at the train
tail exhibits significant drag reduction effects. The extension and inves-
tigation of active control methods on high-speed maglev trains provide

new approaches for drag reduction, as well as contribute to further
increasing the operating speed of high-speed maglev trains. Moreover,
some of the air-blowing schemes obtained from this study, which dem-
onstrate an increase in drag, can also be applied in scenarios involving
emergency braking of trains. In conclusion, the air-blowing active con-
trol technique holds substantial research value and significance in the
field of high-speed trains.
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