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A B S T R A C T   

To reduce the aerodynamic drag of high-speed trains, this work proposes an air blowing configuration on the 
head and tail cars of high-speed trains. The variation in the aerodynamic drag and slipstream velocity is analyzed 
under different blowing velocities, and the flow mechanism for train aerodynamic performance alteration is 
explained. The results show that under the blowing speeds of Ub = 0.05Ut, 0.10Ut, 0.15Ut, and 0.20Ut, where Ut is 
the train speed, the total drag coefficient (Cd) decreases by 5.81%, 10.78%, 13.70%, and 15.43% compared to the 
without-blowing case, respectively. However, with the increase in the blowing speed, the reduction trend of Cd 
tends to be smoother; namely, the decrement ratio compared to the previous blowing speed for the head car is 
9.08%, 0.11%, 0.60%, and 1.14% for Ub = 0.05Ut, 0.10Ut, 0.15Ut, and 0.20Ut, respectively. The blowing measure 
generates an air gap between the coming flow and train surface, consequently causing a reduction in the viscous 
and pressure drag. In addition, the structure size and strength of the wake flow under different blowing cases 
show a decreasing trend from Ub = 0.00Ut to 0.10Ut and then an increasing trend from Ub = 0.10Ut to 0.20Ut. 
Thus, considering the blowing cost, efficiency, and flow structure evolution comprehensively, the case of Ub =

0.10Ut is recommended. Under this blowing speed, the reduction ratio of the aerodynamic drag is 9.18%, 
12.77%, 10.90%, and 10.78% for the head, middle, tail car, and total train, respectively.   

1. Introduction 

High-speed trains are extremely handy, speedy, and environmentally 
friendly, and they are expanding globally (Kim et al., 2016; Li et al., 
2017; Guo et al., 2020; Chen et al., 2022; Liu et al., 2022a). The current 
demands of industry and market consumption require high-speed rail-
way systems with high operating speed, large volume, and far-distance 
transport capacities for commuting and freight in metropolitan circles 
(Guo et al., 2018a, 2018b; Huang et al., 2021). However, meeting these 
demands potentially brings about the problems of energy consumption 
and environmental protection (Huo et al., 2021a). Previous studies have 
indicated that the energy consumption of train running is mainly due to 
overcoming aerodynamic drag induced by the incoming airflow (Wang, 
2012; Ding et al., 2016), but the aerodynamic drag of trains operating at 

high speeds increases proportionally with the square of the running 
speed. For a railway with running speeds higher than 300 km/h, the 
aerodynamic drag, for instance, makes up roughly 75–80% of the total 
drag (Baker, 2014; Raina et al., 2017; Zhang et al., 2018a; Xia et al., 
2020; Huo et al., 2021b). As a result, reducing the aerodynamic drag of 
high-speed trains has become a crucial issue. 

Aiming to reduce aerodynamic drag of trains, research efforts have 
been devoted to developing various methods to investigate the gener-
ating and control mechanism of the aerodynamic drag, including full- 
scale tests, wind tunnel tests, and numerical simulations (Sun et al., 
2010; Chen et al., 2017, 2022; Munoz-Paniagua and García, 2020). 
Full-scale and wind tunnel tests of a train can provide fundamental 
real-world data (Gallagher et al., 2018). For instance, Lukaszewicz 
(2007) compared the effects of factors such as the speed, number of 
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axles, etc., on the running resistance of diverse trains in full-scale ex-
periments. Although the experimental results provide a reference for 
reducing running resistance and energy-efficient operation of trains, 
full-scale tests have typically been conducted after design of trains (Li 
et al., 2021a), so the measures of reducing the aerodynamic drag are 
usually reactive. To provide design solutions for reducing the aero-
dynamic drag of a high-speed train, Yang et al. (2012) conducted wind 
tunnel tests to compare experimental results of high-speed trains with 
different head shapes and analyzed the influence of head shape on the 
performance of reducing the aerodynamic drag. However, experiment 
data are limited mostly because of the difficulty of conducting experi-
ments in real scenes and the high cost of testing different types of 
experimental objects (Gallagher et al., 2018; Somaschini et al., 2020). 

With significant improvement in computing power, numerical sim-
ulations have been widely used in the research on reducing train aero-
dynamic drag because of the low cost and high capacity to conduct and 
refine global and local analysis (Gao et al., 2021; Li et al., 2021a). Nu-
merical simulations have been used to optimize the head shape of trains 
(Chen et al., 2016; Li et al., 2016; Zhang et al., 2017b; Niu et al., 2018; 
Munoz-Paniagua and García, 2020) and adjust local structures (Zhang 
et al., 2017a, 2018a; Gao et al., 2019; Sun et al., 2020; Li et al., 2021b; 
Liu et al., 2022b) with intent to reduce the operating resistance of trains. 
However, the conventional methods for complex shape design may only 
lead to limited reduction in drag. For instance, Niu et al. (2018) 
addressed a study on extending the streamlined head of a high-speed 
train from 8 m to 12 m and found that the drag coefficients of the 
whole train decreased by 9.77%. Chen et al. (2016) achieved a decre-
ment of 19.0% in the train’s drag coefficient by extending the train’s 
streamlined length from 5 m to 9 m, but only 4.3% decrease when the 
streamlined length changes from 9 m to 15 m. Therefore, recent research 
efforts have been made to explore new methods to reduce the aero-
dynamic drag of trains, one of which is the active control of turbulent 
flow fields. This method aims to improve the aerodynamic performance 
by energy excitation to change the local or even global flow field 
structure around an object without changing its shape (Huang et al., 
2021). To evaluate the effect of different active flow control strategies 
on the flow field structure and drag coefficient, Minelli et al. (2016) 
achieved drag reduction with the use of zero net mass flux synthetic jets 
and identified an optimal actuation frequency in terms of induced 
fluctuations and drag reduction. Wang et al. (2019) analyzed the flow 
characteristics of near wake flow behind the 25◦ Ahmed models using 
the Large-Eddy Simulation and proposed an unsteady flow control 
method based on semi-sinusoidal signals, which resulted in a significant 
reduction of the aerodynamic drag. Other similar active flow control 
strategies for reducing drag force for Ahmed body and generic bluff body 
were also reported (Minelli et al., 2017; Zhang et al., 2018; Tebbiche and 
Boutoudj, 2021; Veerasamy et al., 2022; Plumejeau et al., 2023). Due to 
the geometric shapes and characteristic sizes of high-speed trains being 
different from those of airfoils, Ahmed body and generic trucks, the 
conclusions drawn from the above studies may be invalid to high-speed 
trains. In view of this, investigators have considered active control 
methods specific to high-speed trains, including air blowing in a 
particular region of train. By setting jet slots at special flow positions at 
the rear of the maglev train, Huang et al. (2021) investigated how the 
turbulent flow field was affected. Liang et al. (2022) studied the influ-
ence of different blowing speeds and blowing gas densities on the drag 
reduction of a high-speed train by setting jet ports on the top of the train. 

As aforementioned, there is a paucity of studies that addressed the 
application of active control strategies to high-speed trains, and an 
exploration of the location of jet settings and blowing speed on the trains 
with the purpose of achieving the maximum potential of drag reduction 
helps narrow the research gap. The research on the setting of optimum 
parameters such as the location of jets and blowing velocity for airflow 
control of high-speed trains is still in its infancy. In this study, an 
innovative air blowing configuration on the head and tail cars is pro-
posed to reduce the aerodynamic drag of high-speed trains. The air 

blowing velocity varying in relation to train running speed is analyzed to 
determine the most appropriate blowing speed. Also, the flow mecha-
nisms are explored under different blowing velocities to explain changes 
in aerodynamic drag. 

The research method and numerical model are described in Section 2 
of this work. Section 3 provides results of analysis and discussions. 
Section 4 concludes by summarizing the main findings and suggesting 
themes for future research. 

2. Computational model and numerical method 

2.1. Train geometry 

Fig. 1 shows the high-speed train model addressed in this work. It 
comprises three vehicles in total: a head car, a middle car, and a tail car, 
with lengths of 7.16h, 6.76h, and 7.16h, respectively; the width of the 
train is 0.92h, where h represents the train height from top of the rail and 
its value is 3.7 m. This study focuses on various velocities of air blowing 
to reduce the drag of a train, as shown in Fig. 2. The air blowing 
configuration is applied to the head car and tail car simultaneously. 
There are three air blowing positions on the streamlined area of a train, 
denoted by air blowing-1 (AB-1), air blowing-2 (AB-2), and air blowing- 
3 (AB-3). As illustrated in Fig. 2(c), AB-1 is a circular area, while AB-2 
and AB-3 are not of a closed-loop shape because they have no bottom 
section. The space is narrowed beneath the car body, so air blowing from 
the bottom surface of a train may produce additional drag; namely, the 
air blowing may break the original smooth flow under the car body. 
However, there is no such problem in the upper position of a train 
because of the open area. Based on the blowing speeds used in previous 
work (Liang et al., 2022), the train speed Ut is set to 60 m/s (216 km/h), 
while the air blowing velocity Ub varies at four levels, i.e., Ub = 0.05Ut, 
0.10Ut, 0.15Ut, and 0.20Ut in this study. Also, the air blowing directions 
of AB-1, AB-2, and AB-3 are normal to the local train surface. 

2.2. Methodology and data processing 

In this study, the Mach number (Ma) is calculated using the ratio of 
the train speed to the speed of sound, and it is less than 0.3. Following 
the work of Anderson Jr (2017), here the air motion is assumed to be an 
unsteady, viscous, incompressible flow (Liu et al., 2018). A hybrid 
method leveraging Reynolds-averaged Navier–Stokes equations (RANS) 
and Large-Eddy Simulation (LES) was used in this work. This kind of 
methods has been widely utilized in the research of train aerodynamics 
(Munoz-Paniagua et al., 2017). Specifically, to bridge the gap between 
the RANS and the LES, Shur et al. (2008) developed the improved 
delayed detached eddy simulation (IDDES) method, a hybrid RANS-LES 
method. Based on the grid scale, the LES and RANS zones are separated 
from one another. The unstable RANS model is used to mimic the pul-
sating motion of a small-scale vortex in the vicinity of the wall, while the 
LES model is used in the turbulent core position area distant from the 
wall area (Huo et al., 2021a, 2021b). The scale-adaptive simulation 
(SAS) method is a similar method, which combines the RANS and LES 
models and achieves accuracy compatible with IDDES but at a lower cost 
(Wang et al., 2017). The SAS approach introduces the von Karman 
length scale LvK into the turbulence equations to capture the 
scale-adaptive temporal and spatial scales (Menter and Egorov, 2010; 
Rotta, 2013). The von Karman length scale LvK is defined as the ratio of 
the first derivative to the second derivative of the velocity vector U times 
the von Karman constant of κ = 0.41, which can be expressed by: 

LvK = κ
⃒
⃒
⃒
⃒
U′

U′′

⃒
⃒
⃒
⃒ (1)  

where, 
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U′′ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∂2Ui

∂x2
k

∂2Ui

∂x2
j

√

(2)  

U ′

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 • SijSij

√
(3)  

Sij =
1
2

(
∂Ui

∂xj
+

∂Uj

∂xi

)

(4) 

The inclusion of LvK enables the model to adapt its length scale to 
resolved scales in the flow, and therefore provides sufficiently low eddy 
viscosity to guarantee the model functions in the LES-type mode while 
offering conventional RANS capabilities in the steady-flow zones. With 
wide applications of the hybrid RANS-LES method, the shear stress 
transport (SST) – SAS model has been encoded into the commercial CFD 
solver ANSYS Fluent (Menter, 2012). In the SST–SAS model, an addi-
tional SAS source term (QSAS), which is a function of LvK, is embedded 
into the transport equation for the turbulence eddy frequency ω. The 
ω-equation dynamically and gradually switches itself from the 
URANS-type to the LES-type behavior when the flow is sufficiently un-
stable (Davidson, 2006); enormous unsteady shedding vortices around a 
high-speed train belong to this situation. More detailed descriptions of 
the SST – SAS model can be found in Menter and Egorov (2010). 

In this study, the SST–SAS model is used to investigate the aero-
dynamic characteristics of the train. The commercial software ANSYS 
Fluent is used to conduct the numerical simulations with the finite 
volume method (FVM). The semi-implicit method for the pressure- 
linked equation consistent (SIMPLEC) algorithm is employed to solve 
the pressure–velocity coupling equation. The second-order upwind 
technique is used to discretize the turbulent kinetic energy and turbulent 
dissipation rate, while the bounded central differencing scheme is uti-
lized to discretize the convection fluxes in the momentum equations. 

The Reynolds number in this work is approximately 1.5 × 106, according 
to the train’s speed and height. In most areas around the train, the 
Courant-Friedrichs-Lewy (CFL) number is roughly 1.0 since the unstable 
simulation has a physical time step of 5 × 10− 5 s. Each time step has 30 
iterations, and each turbulent equation’s residual value is less than 10− 4 

to meet the convergence criteria. 
In an open-air scene without ambient wind, the concerned aero-

dynamic parameters include the drag coefficient (Cd), lift force coeffi-
cient (Cl), and pressure coefficient (Cp), which are respectively defined 
as: 

Cd =
Fd

1
2 ρU2

t A
(5)  

Cl =
Fl

1
2 ρU2

t A
(6)  

Cp =
P − P0

1
2 ρU2

t
(7)  

where Fd and Fl are the train drag and lift force, respectively; A is the 
reference area, which in this work represents the cross-sectional area of 
the train, and its value is 11.22 m2 for a full-scale size; P is the local static 
pressure on the train surface; and P0 is the reference pressure, which is 0 
Pa in this work. 

To facilitate analysis, the non-dimensional time t* is defined as: 

t∗ =
t • Ut

̅̅̅
A

√ (8)  

where t is the physical computational time. 

Fig. 1. The high-speed train and subgrade model: (a) front view; (b) side view; (c) top view.  

Fig. 2. Positions of air blowing on the head car and tail car.  
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2.3. Computational domain and mesh strategy 

The computational domain is shown in Fig. 3. The entire computa-
tional domain is set as a 1/10 scale model to meet the mesh size 
requirement of the adopted turbulence model. The cross-sectional area 
is 22h × 12h, providing a blockage ratio in the numerical wind tunnel of 
0.35%, which is less than the requirement of the EN norm of 1% 
(EN14067-4, 2018). The distance from the upstream boundary to the 
nose point of the head car is 22h, and that from the nose point of the tail 
car to the downstream boundary is 44h. Both sides are 11h far away from 
the center of the rail. The height of the computational domain is 12h. 
Uniform and constant velocity profile of Ut = 60 m/s over time is used on 
the inlet. On the lateral sides and upper boundary, a symmetry wall 
condition is adopted. The zero-pressure outlet boundary condition (P =
0 Pa) is implemented at the downstream boundary; the no-slip wall 
boundary condition is used on the train surface. The moving no-slip wall 
conditions are adopted on the ground and subgrade, setting the velocity 
component along the flow direction equal to the free flow velocity, u =

Ut , w = v = 0. This is set to simulate the flow impact of train movement 
over the ground and subgrade accurately. Here the variables with an 
overbar represent the large-scale average components after filtering (the 
small-scale counterparts are obtained separately from the SGS model). 
For example, u, v, and w stand for the resolved average velocity com-
ponents in the x, y, and z directions, respectively, computed from the 
RANS equations. 

The SnappyHexmesh generator of open-source software OpenFOAM 
(Open Source Field Operation and Manipulation) is used to generate an 
unstructured hexahedral mesh. As illustrated in Fig. 4(a), three refine-
ment boxes (i.e., coarse, fine, and extra-fine boxes) are used to ensure 
that detailed flow separations are captured accurately. In particular, 
each refinement region is symmetric along the center of the rail, and the 
width and height of each refinement area are 11h and 5.7h for the coarse 
area, 5.5h and 3h for the fine area, and 1.7h and 1.7h for the extra-fine 
area. Along the train length, the refinement region in the wake region of 
the train is set to be longer than that in the front of the train, which is 
used to distinguish and capture the wake flow accurately. Generally, the 
wake flow is turbulent and complex. As demonstrated in Fig. 4(b), the 

mesh in the air blowing region is finer than that of the car body so as to 
better describe the slight airflow motion. As is well known, the velocity 
gradient changes gradually near the car body due to the wall effect, so 
ten-layer prism meshes are attached to the concerned object to compute 
this change. The first layer’s non-dimensional wall distance y+ is in the 
range of 30–40. For all ω-equation-based models in ANSYS Fluent, the 
y+-insensitive wall treatment is considered. It is realized by combining 
the viscous sublayer formulation with the logarithmic layer formulation 
based on y+ (ANSYS, 2017). This procedure facilitates achieving 
dependable flow structures close to the wall. 

To evaluate the effect of mesh number, we keep the refinement area 
unchanged but increase the mesh count in the corresponding regions. 
Three different mesh types, including coarse (17 million), medium (31 
million), and fine (45 million) meshes, are compared. This study focuses 
on drag reduction, as shown in Fig. 5; the drag coefficient Cd of the head 
and tail cars without air blowing is used to test the mesh sensitivity. For 
the coarse, medium, and fine meshes, the Cd of the head car is set to 
0.130, 0.137, and 0.136, respectively; the Cd of the tail car is set to 
0.112, 0.127, and 0.126, respectively. Without taking into account 
additional disturbances, the difference in Cd between the head car under 
the three different mesh types is less than that of the tail car because of 
the direct effect of the approaching flow on the head car. In addition, the 
difference in the Cd value between coarse and medium meshes is larger 
than the difference in the Cd value between medium and fine meshes. 
For the head car, the difference in the drag coefficient between the 
coarse and medium meshes is 5.38%, while the difference between the 
medium and fine meshes is 0.73%. For the tail car, the difference in the 
drag coefficient between the coarse and medium meshes is 13.39%, 
while the difference between the medium and fine meshes is 0.79%. 
Therefore, either medium or fine mesh is acceptable, and there is no 
need for finer mesh. In order to accurately capture the influences caused 
by different blowing speeds on the aerodynamic viscous drag and 
pressure drag portion, the results obtained under the fine mesh are 
presented and analyzed in the following. 

Fig. 3. Computational domain: (a) top view; (b) front view.  
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2.4. Validation of numerical results 

The 1/8 sized model of a high-speed train with two cars (head car 
and tail car) that previously underwent wind tunnel tests (Niu et al., 
2016) and the findings of the tests are used to validate this study. The 

test segment has a cross-sectional area of 3 m × 3 m, a length of 15 m, a 
test wind speed of 60 m/s, and a turbulence intensity of less than 0.5%. 
As for the subgrade and floor, the blocking ratio is less than 5%. Identical 
train model and wind tunnel dimensions are used in all numerical 
simulations to ensure the credibility of the verification results, while it 

Fig. 4. The computational mesh: (a) mesh slicing; (b) surface mesh and boundary layer mesh.  

Fig. 5. Mesh sensitivity test: (a) Cd of head car; (b) Cd of tail car.  

Z.-W. Chen et al.                                                                                                                                                                                                                                



Journal of Wind Engineering & Industrial Aerodynamics 238 (2023) 105429

6

means that the train model in the current work is not fully consistent 
with that in the wind tunnel experiment, e.g., the length of the train. The 
head and tail carriages of the railway model were employed in the wind 
tunnel tests. Given the inflow velocity and the train height, the Reynolds 
number of the wind tunnel test is calculated as 1.89 × 106. The same 
procedure in terms of the grid method, the numerical algorithm 
described in Section 2.3, and wind tunnel boundary conditions is 
adopted in the numerical simulations for comparison with the wind 
tunnel test results. Detailed information about the experiment can be 
found in the literature (Niu et al., 2016). Since the drag coefficient is of 
high interest in this study, the drag coefficients obtained in the nu-
merical simulations and wind tunnel tests are illustrated in Fig. 6(a). The 
highest Cd difference between the findings of the numerical simulations 
and the wind tunnel tests is less than 2%, showing that there is a high 
degree of agreement between the two sets of data. Moreover, as shown 
in Fig. 6(b), the distributions of the mean pressure coefficient Cp on the 
streamlined zones of the head and tail cars are compared. The surface 
pressure distributions from the numerical simulations are consistent 
with those obtained in the experiment. Consequently, the validation 
results indicate that the numerical method, grid resolution, and other 
algorithms used in this study are reliable. 

3. Results and discussions 

3.1. Aerodynamic force characteristics 

The total drag coefficient of the train under various blowing speeds is 
presented in Table 1. In Table 1, η donates the reduction ratio with 
respect to the case without air blowing, while η* represents the decre-
ment ratio relative to the previous blowing speed. Both indices η and η* 
indicate that the decrease rate is lower under a higher blowing speed. 
Compared to the case without air blowing, the drag reduction is 5.81%, 
10.78%, 13.70%, and 15.43% for the blowing speed from 0.05Ut to 
0.20Ut. However, compared to the previous blowing speed, the decre-
ment ratio is 5.81%, 5.28%, 3.27%, and 2.00% under the blowing speed 
from 0.05Ut to 0.20Ut. Therefore, taking into consideration the blowing 
cost and efficiency comprehensively, the recommended blowing speed is 
0.05–0.15Ut. 

The aerodynamic drag and lift coefficients are provided in Fig. 7. In 
Fig. 7(a), the data without a box enclosed represents the reduction ratio 
with respect to the case without air blowing, while the data with a box 
enclosed indicates the decrement ratio relative to the previous blowing 
speed. As shown in Fig. 7(a), compared to the case without air blowing, 
the reduction ratio increases with the blowing speed, and the reduction 
ratio values for the head car are 9.08% and 10.76% under 0.05Ut and 

0.20Ut, respectively. However, with the increase of blowing speed, the 
reduction of drag coefficient tends to be smoother. For the head car, the 
decrement ratio over the previous blowing speed is 9.08%, 0.11%, 
0.60%, and 1.14% for the blowing speed from 0.05Ut to 0.20Ut; for the 
same range of blowing speed, the decrement ratio is 3.28%, 7.88%, 
7.06%, and 1.54%, respectively, for the tail car. However, the lift force 
coefficient Cl, which is provided in Fig. 7(b), is affected slightly by the 
blowing speed; and compared to the change in the drag force coefficient 
Cd, the variation in Cl could be negligible and thus is not further 
analyzed in this paper. 

It is known that the drag consists of pressure and viscous parts, as 
shown in Fig. 8(a). The pressure drag of the head car decreases mostly at 
a lower blowing speed of 0.05Ut. With the increase of blowing speed, 
there are larger interactions between the blowing airflow and coming 
airflow in the front of the train, so the pressure drag increases gradually, 
but the values of the pressure drag with blowing are all less than that 
without blowing. In addition, the viscous surface airflow is blown off, so 
the viscous drag is significantly reduced with the blowing speed. For the 
middle and tail cars, the viscous drag varies slightly while the pressure 
drag decreases continuously with the blowing speed, as shown in Fig. 8 
(b) and (c). 

The standard deviation (SD) represents the variation in the aero-
dynamic force magnitude around the average value and, to a certain 
extent, the variation in flow field intensity. In Table 2, as the blowing 
speed increases, the SD value of each car decreases gradually, indicating 
that the fluctuation magnitude of Cd decreases in the blowing case. 
However, the reduction in the SD value after 0.10Ut is slight for the head 
and middle cars; after 0.15Ut this change is nearly invisible for the tail 
car. 

Fig. 9 portrays the Strouhal number (St) of Cd for each car, where the 
vertical axis stands for the normalized power represented by the mean 
squared amplitude (PMSA). The St value reflects the nondimensional 
fluctuation frequency of the flow field, which consists of the flow 
induced by the train and the blowing flow. As shown in the shadow 
portion in Fig. 9, the fluctuation frequency range of each car decreases 
with the blowing speed; namely, the high-frequency range is reduced 
gradually. This indicates that the flow field pulsation is locked at a fixed 

Fig. 6. Comparison between numerical and wind tunnel test results: (a) Cd; (b) Cp of the head car and tail car.  

Table 1 
Total drag coefficient Cd of train and reduction and decrement rates versus 
blowing speed.   

0.00Ut 0.05Ut 0.10Ut 0.15Ut 0.20Ut 

Cd 0.3682 0.3468 0.3285 0.3178 0.3114 
η – − 5.81% − 10.78% − 13.70% − 15.43% 
η* – – − 5.28% − 3.27% − 2.00%  
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frequency to avoid disordered and massive flow separation. Also, the 
number of dominant frequencies is fewer with increasing blowing speed, 
especially for the head car. The first dominant frequency of the head car 
decreases obviously, namely, St is 0.66, 0.47, 0.44, 0.41, and 0.34 when 
the blowing speed varies from zero to 0.20Ut, which demonstrates that 
the entire flow field is dominated by the larger eddy separation with a 
lower frequency and oscillates with smaller, regular, and higher fre-
quency pulsation. Due to the flow disturbance of the front car, the first 
domain frequency of the middle and tail cars increases from zero to 
0.05Ut and then decreases from 0.10Ut to 0.20Ut. 

3.2. Distributions of time-average slipstream and trackside pressure 

The slipstream and pressure transient can generate various accidents, 
such as impacts on a worker beside a train or passengers on a platform. 
The blowing airflow can also disturb the original flow field around the 
train. Based on the EN norm (EN14067-4, 2018), this study analyzes the 
slipstream velocity (i.e., Us, which is defined in Eq. (10) where Ux, Uy, 

and Uz are the airflow speeds in the x, y, and z directions, respectively) at 
a position of 3 m from the center of the rail with a height of 0.2 m above 
the top of the rail (Fig. 10). The variation ratio δ at this position, namely 
the increment or decrement of the peak value of Us with respect to the 
case without air blowing, is presented in Table 3. Also, in terms of the 
pressure beside the track, the EN norm suggests that the range of heights 
to be considered should be from 1.5 m to 3.0 m above the top of the rail 
and at a distance of 2.5 m from the rail center. The pressure fluctuation is 
therefore examined in this work at a height of 2 m and a distance of 2.5 
m from the rail center, as shown in Fig. 11. In Figs. 10 and 11, x/Lt 
represents normalized distance along the train, where Lt is the train 
length. 

Us =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Ux − Ut)
2
+ U2

y + U2
z

√

Ut
(9) 

As shown in Fig. 10(a), at a lower height of z = 0.2 m, there are three 
peak values of the slipstream velocity, corresponding to the nose of the 
head car (around x/Lt = 0), the nose of the tail car (around x/Lt = 1), and 

Fig. 7. Aerodynamic coefficients versus blowing speed: (a) Cd of each car; (b) Cl of each car.  

Fig. 8. Components of pressure and viscous drag: (a) head car; (b) middle car; (c) tail car.  

Table 2 
The standard deviation (SD) and mean value of aerodynamic drag coefficient Cd of each car under various blowing speeds.   

0.00Ut 0.05Ut 0.10Ut 0.15Ut 0.20Ut 

SD Mean Cd SD Mean Cd SD Mean CdM SD Mean Cd SD Mean Cd 

Head car 0.0084 0.1373 0.0076 0.1249 0.0034 0.1247 0.0037 0.1240 0.0035 0.1226 
Middle car 0.0094 0.1037 0.0077 0.0989 0.0049 0.0905 0.0040 0.0885 0.0048 0.0852 
Tail car 0.0077 0.1272 0.0064 0.1230 0.0061 0.1133 0.0036 0.1053 0.0033 0.1037  
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Fig. 9. The Strouhal number (St) of Cd under different blowing speeds: (a) head car; (b) middle car; (c) tail car.  

Fig. 10. Slipstream velocity Us at a position of y = 3 m, z = 0.2 m: (a) Us along the whole train; (b) enlarged view in the head car region; (c) enlarged view in the 
middle and tail car region. 
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the wake flow area after the tail car (around x/Lt = 1.5). In the nose 
portion of the head car, the airflow is compressed to a large slipstream 
velocity suddenly, as shown in area A of Fig. 10(a); and after the 
streamlined head part, the slipstream velocity decreases. Along the 
uniform cross-sectional region of the head, middle, and tail cars, the 
slipstream increases gradually due to the viscous effect and bogie 
disturbance. In the streamlined head region of the tail car, there is an 
airflow release effect, which causes the second peak value of the slip-
stream velocity in the nose point of the tail car, as shown in area B in 
Fig. 10(a). After the nose point of the tail car, the near wake flow 
accumulation induces the third peak value of the slipstream velocity, as 
shown in area C in Fig. 10(a). 

Because of the impacting and compressive effects brought by the 
interaction between the ambient flow field and the local blowing 
airflow, as shown in Fig. 10(b), when the blowing speed rises, the peak 
value of Us in region A likewise increases. The Us peak value is 0.073, 

0.075, 0.076, 0.078, and 0.081 under the blowing speed of zero, 0.05Ut, 
0.10Ut, 0.15Ut, and 0.20Ut, respectively; the corresponding increment 
rate is respectively 2.74%, 4.11%, 6.85%, and 10.96% compared to the 
case without air blowing. As shown in Fig. 10(c), in the region of x/Lt =

0.2–0.9, the fluctuation in the slipstream velocity for the blowing speeds 
of zero and 0.05Ut is relatively lower than that for the blowing speeds of 
0.10Ut, 0.15Ut, and 0.20Ut due to the coupled effect of turbulence 
induced by complex bogie and higher blowing speed. However, in the 
near-wake region of x/Lt = 1, the second peak value of slipstream ve-
locity occurs. Since a higher blowing speed induces the delay effect on 
the near-wake flow, the slipstream peak velocity decreases with the 
blowing speed, namely, Us = 0.066, 0.061, 0.048, 0.050, and 0.044 
under the blowing speed of 0–0.20Ut, and the corresponding decrement 
rate is respectively 7.58%, 24.24%, 27.27%, and 33.33% compared to 
the case without air blowing. As shown in Fig. 10(a), in the far-wake 
area C, only the blowing speed of 0.05Ut reduces the slipstream 

Table 3 
Variation ratio (δ) of peak slipstream velocity of Us versus blowing speed at a position of y = 3 m, z = 0.2 m.   

0.00Ut 0.05Ut 0.10Ut 0.15Ut 0.20Ut 

Us δ Us δ Us δ Us δ Us δ 

Area A 0.073 – 0.075 2.74% 0.076 4.11% 0.078 6.85% 0.081 10.96% 
Area B 0.044 – 0.048 − 7.58% 0.050 − 24.24% 0.061 − 27.27% 0.066 − 33.33%  

Fig. 11. Trackside pressure at a position of y = 2.5 m, z = 2 m: (a) pressure variation along the whole train; (b) enlarged view in the head car region; (c) enlarged 
view in the middle car region; (d) enlarged view in the tail car region. 
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velocity; the blowing speeds of 0.10Ut and 0.15Ut correspond to the 
close peak values of slipstream velocity, and the blowing speed of 0.20Ut 
corresponds to the largest far-wake flow speed. These results indicate 
that in the far-wake region, under low blowing speeds, the flow field is 
smothered, but a larger blowing speed brings about extra energy into the 
original flow field and thus increases the slipstream velocities. 

The pressure coefficient Cp beside the track at a position of y = 2.5 m, 
z = 2 m is shown in Fig. 11(a). There are two alternating positive- 
negative pressure waves in areas A and C induced by the nose of the 
head and tail cars, respectively. In area B, the uniform cross-sectional 
profile of the car body results in a relatively steady pressure except for 
the position of two inter-carriage gaps, as shown in Fig. 11(c). To 
facilitate analysis, the variation ratio ε, i.e., the increment or decrement 
of the peak-peak value of the pressure coefficient ΔCp with respect to the 
case without air blowing, is presented in Table 4. For the head pressure 
wave in Fig. 11(b), the peak-peak values of the pressure coefficient ΔCp 
increases with the blowing speed; the peak values of 0.158, 0.161, 
0.163, 0.165, and 0.168 correspond to the blowing speed range of 
0–0.20Ut, indicating the increment rates of 1.90%, 3.16%, 4.43%, and 
6.33% compared to the case without air blowing. However, the tail 
pressure wave decreases when the blowing speed becomes larger, and 
the decrement rate is 6.14%, 12.28%, 16.67%, and 23.68% compared to 
the case without air blowing. 

Regarding the slipstream velocity Us and peak-peak value of pressure 
coefficient ΔCp generated in the nose position of the head and tail cars, 
Us and ΔCp in the head part increase with the blowing speed, while Us 
and ΔCp in the tail part decrease with the blowing speed. The absolute 
values of the reduction rates of Us and ΔCp in the tail car position are 
always larger than the corresponding increase rates in the head car 
position under the same blowing speed. 

3.3. Drag reduction mechanism with air blowing 

For the head and tail cars, the time-average streamline of the coming 
flow along the center of the car is shown in Fig. 12. The results shown in 
Fig. 12 can be used to explain the mechanism of drag reduction illus-
trated in Fig. 8. It should be noted that the streamline in Fig. 12 repre-
sents the coming flow without the airflow caused by air blowing. 

As shown in Fig. 12, for the head car, areas A and B represent the 
blowing positions of AB-1, AB-2, and AB-3, area C is the front window 
region of the train, and area D is the car body with a uniform cross- 
sectional shape. For Ub = 0.05Ut, due to the largest positive pressure 
in area A, the streamline difference between Ub = 0.05Ut and Ub = 0Ut is 
small, only a slight leading and diversion effect could be observed at the 
bottom of the train nose portion. However, in areas B to D, an obvious air 
gap occurs between the coming flow and train surface, and it is wider 
than that of the blowing speed being zero. Thus, the direct push effect is 
reduced, which explains why the pressure drag is significantly reduced 
in Fig. 8(a) at Ub = 0.05Ut. The air gap in areas B to D is in the motion 
region of the near-wall airflow, such airflow is dragged and fixed to run 
in the near-wall region by friction and viscous effects of the car surface. 
Therefore, as shown in Fig. 8(a), the viscous drag in the case of 0.05Ut is 
slightly larger than that of 0Ut. 

With the increase of the blowing speed from 0.10Ut to 0.20Ut, an 
obvious leading and diversion effect makes the streamline run smoother 
in area A. Also, in area B, the air gap becomes wider with the blowing 
speed. Therefore, the pressure drag for 0.10–0.20Ut is less than that of 

the blowing speed being zero. However, in area C, due to the stronger 
interaction between the coming and blowing flows, the coming flow 
affects the front window region directly, so the pressure drag increases 
when the blowing speed varies from 0.05Ut to 0.20Ut, as shown in Fig. 8 
(a). Meanwhile, in area D, due to the higher energy of the blowing flow 
injected into the coming flow, the near-wall airflow is swiped clearer 
than that at the blowing speeds of zero and 0.05Ut; namely, compared to 
the blowing cases of zero and 0.05Ut, the air gap in area D is nearly 
invisible for 0.10–0.20Ut. Consequently, the viscous drag decreases 
gradually from 0.05Ut to 0.20Ut, as shown in Fig. 8(a). 

In regard to the tail car, areas E, F, G, and H correspond to the areas of 
D, C, B, and A on the head car, respectively. Although the blowing speed 
is different, the streamline distribution in area E is almost the same when 
the blowing speed varies from zero to 0.20Ut. Due to the separation and 
reattachment generated by the inter-carriage gaps and thin-long car 
body, the former blowing effect in the head car has little influence on 
area E. In addition, because the dominant contribution of the viscous 
drag originates from area E, as aforementioned in Fig. 8(c), the viscous 
drag of the tail car changes barely from zero to 0.20Ut. However, in areas 
G and H, the blowing airflow leads to a wider air gap with the increase of 
blowing speed and makes the coming flow run more smoothly. As the 
black arrow in Fig. 12 shows, the angle θ decreases with the blowing 
speed, and the trailing distance of the wake flow becomes longer. 
Therefore, the pressure drag reduces gradually with the blowing speed, 
as shown in Fig. 8(c). 

The mean wall shear stress τw is the source of viscous drag, which is 
the product of dynamic viscosity of the air and normal velocity gradient. 
As illustrated in Fig. 13, the τw value of the head car is substantially 
greater than the tail car, particularly in the streamlined nose region. The 
value of τw alters slightly in the uniform cross-section car body area with 
the blowing speed. However, τw reduces obviously for both head and tail 
cars in the streamlined nose region. It should be noted due to the τw 
value of nearly zero for the tail car in the streamlined nose region, the 
relative drop value of viscous drag for the tail car is not obvious. 

3.4. Flow structures under different blowing cases 

After understanding the mechanism of drag variation with the 
blowing speed, the flow pattern and structure around the train are 
identified. There is a noticeable difference in the wake flow behind the 
tail car for Ub = 0–0.20Ut. In view of this, the wake flow is analyzed in 
detail, as depicted in Fig. 14. For all blowing speeds, from x/Lt = 1.01 to 
1.30, there are two contra-rotating symmetry vortexes, and the flow 
field speed decreases gradually; while the size of both symmetry vor-
texes increases. 

In more detail, at Ub = 0 and x/Lt = 1.01, there are two vortexes, 
denoted by V1 and V2, which are generated by the subgrade, and two 
vortexes, denoted by V3 and V4, which are formed by the streamlined 
nose of the tail car. As the distance from the tail car increases, at x/Lt =

1.10, vortexes V1 and V3 evolve into vortex V3′, and vortexes V2 and V4 
evolve into vortex V4’. Meanwhile, some smaller vortexes are developed 
in region C, namely, vortexes V5 to V8, at x/Lt = 1.20. These trivial 
vortexes would dissipate at a longer distance from the tail car, as x/Lt =

1.30. Thus, it can be concluded that small vortexes in region C would 
eventually vanish. In addition, the vortex cores of V3′ and V4’ move far 
away from each other from x/Lt = 1.01 to x/Lt = 1.30. At Ub = 0.05Ut, 
region C shows slight fluctuations without complete vortexes. 

Table 4 
Variation ratio (ε) of ΔCp versus blowing speed at a position of y = 3 m, z = 1.4 m.   

0.00Ut 0.05Ut 0.10Ut 0.15Ut 0.20Ut 

ΔCp ε ΔCp ε ΔCp ε ΔCp ε ΔCp ε 

Area A 0.158 – 0.161 1.90% 0.163 3.16% 0.165 4.43% 0.168 6.33% 
Area C 0.114 – 0.107 − 6.14% 0.100 − 12.28% 0.095 − 16.67% 0.087 − 23.68%  
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Fig. 12. (a) Time-averaged streamlines of the coming flow around the head and tail cars; (b) enlarged view of area D.  
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Furthermore, with the increase of the blowing speed, at Ub =

0.10–0.20Ut, due to the strong jet flow from blowing holes, the flow in 
region C shows only the direct longitude motion path along the rail, 
there being no vortices. 

Another interesting phenomenon can be observed from profiles A 
and B at x/Lt = 1.01 under different blowing speeds. As the blowing 
speed increases, profile A, where the nondimensional airflow speed Us 
induced by the train is approximately 0.25, becomes lower and nar-
rower. However, for profile B inside profile A, where the airflow speed 
Us induced by the train is higher than 0.50, the profile becomes wider 
and higher due to the extra energy brought by the blowing airflows. 
These changes in the speed profile can also be observed at other posi-
tions for x/Lt = 1.10–1.30. 

Fig. 15 depicts the outcomes of the vortex development around the 
train under various blowing speeds. The iso-surface of vortex shells, Q- 
criterion (unit: 1/s2) is used here. With the time-averaged space velocity 
coefficient Us, the iso-surfaces of Q are depicted in color in Fig. 15. The 
value of Q is determined by: 

Q=
|Ω|

2
− |S|2

2
(10)  

where Ω is the anti-symmetric and S is symmetric parts of the velocity 
gradient tensor, respectively. 

As illustrated in Fig. 15(a), without air blowing, a mass of vortexes 
accumulates on both sides of the train surface in the streamlined head 
region. However, under the influence of air blowing, the train’s surface 
viscosity is decreased, and the vortex buildup impact is diminished. This 
process is shown in the black box in Fig. 15(a). Furthermore, an enlarged 
view of the wake flow is provided in Fig. 15(b) to demonstrate the flow 
generated under different blowing speeds. At Ub = 0–0.05Ut, as the black 
arrow shows, there are two distinct jet flow structures in the streamlined 
region, and a pair of continuous counter-rotating vortexes developed 
along the rail. At Ub = 0.10–0.20Ut, the circular vortexes occur around 
the blowing slots’ positions, and the counter-rotating vortexes in the 
wake region are invisible. In addition, the wake flow tends to move 
along the rail and attaches to the subgrade through a rectilinear motion. 
It should be noted that the vortex structure size and strength under 
blowing cases are all smaller than those in the no-blowing case. An 
interesting phenomenon is that the vortex structure size and strength 
exhibit a decreasing trend for Ub = 0–0.10Ut and an increasing trend for 
Ub = 0.10–0.20Ut. Therefore, the case of Ub = 0.10Ut is optimal among 
the five ones. 

4. Conclusions and future work 

Based on the findings of this study, the following conclusions and 

observations are drawn.  

(1) Under the blowing speeds of 0.05Ut, 0.10Ut, 0.15Ut, and 0.20Ut, 
the train’s overall drag coefficient drops by 5.81%, 10.78%, 
13.70%, and 15.43%, respectively, compared to the no-blowing 
configuration. However, with the increase of the blowing 
speed, the reduction trend of drag coefficient decreases; the 
decrement ratio compared to the previous blowing speed for the 
head car is 9.08%, 0.11%, 0.60%, and 1.14% when the blowing 
speed varies from 0.05Ut to 0.20Ut;  

(2) The values of Us and ΔCp nearby the train increase with the 
blowing speed in the head part of the train; while in the tail part, 
these values decrease gradually. The absolute values of the 
reduction rates of Us and ΔCp in the tail car position are always 
larger than the corresponding values of the increase rates in the 
head car position under the same blowing speed;  

(3) The size and strength of the wake flow vortex under all blowing 
speeds are smaller than those of the no-blowing case; but the 
vortex structure size and strength show a decreasing trend for Ub 
= 0–0.10Ut and then an increasing trend for Ub = 0.10–0.20Ut. 
While all the blowing speeds considered in the current work 
could reduce the aerodynamic drag coefficient of a train, the 
optimum blowing speed is recommended to be 0.10Ut after 
comprehensively considering the blowing cost and efficiency. 

This study investigated the efficacy of different blowing velocities in 
order to minimize the aerodynamic drag of high-speed trains using an 
active blowing technique. The focus of future research will be given on 
compromise between energy input needed for air blowing and energy 
saving generated by the train’s drag reduction, synergistic effects of 
blowing-suction couplings, multiple blowing positions, blowing angles, 
etc. 

CRediT authorship contribution statement 

Zheng-Wei Chen: Conceptualization, Methodology, Data curation, 
Validation, Writing – original draft. Guang-Zhi Zeng: Software, Formal 
analysis, Investigation, Writing – original draft. Yi-Qing Ni: Resources, 
Writing – review & editing, Supervision, Funding acquisition, Project 
administration. Tang-Hong Liu: Methodology, Investigation, Valida-
tion. Ji-Qiang Niu: Software, Investigation. Hua-Dong Yao: Data 
curation, Visualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 

Fig. 13. τw on the surface of the head and tail cars.  

Z.-W. Chen et al.                                                                                                                                                                                                                                



Journal of Wind Engineering & Industrial Aerodynamics 238 (2023) 105429

13

Fig. 14. Wake flow under different blowing cases.  
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