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Chapter

The Influence of Inclined Barriers
on Airflow Over a High Speed
Train under Crosswind Condition
Masoud Mohebbi, Yuan Ma and Rasul Mohebbi

Abstract

During the last decade the problem of crosswind has developed into an important
subject amongst the topics in railway engineering. When high speed trains are exposed
to extreme weather conditions such as intense lateral winds, storms and tornadoes,
lateral loads acting on the train can cause overturning of the train. This present work
analyzed the aerodynamic mechanism of a high-speed train with and without two
inclined barriers. A three-dimensional numerical model of a train-barrier-crosswind
system is adopted to investigate the effects of inclined angles of barriers on the flow
patterns and the aerodynamic coefficients. This perusal surveys the design criteria
indispensable for barriers that are installed alongside the tracks to protect the passing
trains under strong side winds. By using a numerical code based on Lattice Boltzmann
Method (LBM) it is attempted to initially investigate the behavior of airflow behind the
barriers. Finally, it is found that the presence of the barriers has a great impact on
decreasing the intensity of the air flow above the train. This study's findings could be
utilized as a reference for practical usage of barriers in railway transportation.

Keywords: train aerodynamic, crosswind, high speed train, barrier, LBM

1. Introduction

The aerodynamic behaviour caused by the effect of crosswinds is one of the most
serious challenges concerning the safety of high-speed trains [1–3]. The existence of
crosswind would lead to the high-speed train being accompanied by a rather compli-
cated flow field, that fluctuates both temporally and spatially. As a consequence, the
train's aerodynamic properties are affected, and the running safety would be imper-
illed, especially when the train is through a bridge, the crosswinds become more
complicated due to the bridge structure [4, 5]. Thus, the effects of crosswinds on
aerodynamic behaviour are crucial.

With the fast growth of high-speed trains, the effect of crosswinds has become
more and more prominent [6, 7]. To reduce the effects of crosswind, the typical
windproof is widely used. It includes wind barriers and anti-wind open-cut tunnels.
Wind barriers are simple and convenient devices, that are utilized in high-speed
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tracks at strong crosswinds conditions. In recent years, many researchers have
investigated the impact of wind barriers on the aerodynamic characteristics of a
high-speed train. Deng et al. [8] numerically studied the windproof performance
of wind barriers in the wind-vehicle-bridge system. They found that the wind
barrier is exceedingly important and significantly affects the aerodynamic
coefficient, flow structure, and traveling safety. Guo et al. [9] assessed the impact
of wind barriers on the traveling safety of a high-speed train to crosswinds. They
determined that the existence of the wind barriers causes negative effects on the
bridge. Gu et al. [10] experimentally and numerically studied the aerodynamic char-
acteristics of a train with various lengths of vertical wind barriers. They found that
when the wind barrier length varies, the impact on the train's head is more obvious
than on the tail.

Liu et al. [11] numerically studied the aerodynamic behaviour of a high-speed train
running through a windbreak region while being buffeted by crosswinds. They found
that when the train entered the region under the crosswind, the aerodynamic coeffi-
cients change suddenly. Zou et al. [12] performed a numerical simulation to evaluate
the effect of wind barriers of a high-speed train on a bridge. In their work, two vertical
wind barriers were placed on either sides of the railway. Xiang et al. [13] executed a
wind tunnel testing to evaluate the aerodynamic load of a high-speed train. Their
findings revealed that a wind barrier of a specific height increases lift. However, it is
still indistinct how the inclined angle of the barriers affects the flow pattern around
the train and barriers, which benefits the development of high-speed trains. There-
fore, the present work seeks to explore the mechanisms of the impacts of barriers
inclined angles on the high-speed train and explain the relationships between the
barriers with different inclined angles and the train.

For investigating the effects of barriers on the train aerodynamic mechanism, there
are four approaches, including analytical method, numerical simulation, field mea-
surement, and wind tunnel test. In the work of Yang et al. [14], the Finite Volume
Method (FVM) in ANSYS FLUENT software was used to solve the 3D unstable
incompressible Navier-Stokes equations. Catanzaro et al. [15] compared the CFD
results and wind-tunnel tests of a high-speed train in a crosswind. They found that the
results of the stationary model become more different from the moving model and the
environment has a major impact on the train's incoming flow. Wang et al. [16]
conducted an experiment work to study the influences of crosswinds on the aerody-
namic properties of a high-speed train.

As a recognized and powerful numerical method, the Lattice Boltzmann approach
has been widely utilised to simulate fluid flow and heat transfer problems [17, 18]. The
Lattice Boltzmann equation was created and developed as a computational alternative
to the solving the Navier-Stokes equations of continuum fluid physics [19]. Due to the
advantages of LBM, such as its ability to dealing with complicated boundaries,
parallelize the algorithm, and incorporating microscopic interactions, it has also been
used to model the aerodynamic behaviours of the high-speed train. Mohebbi and
Rezvani [20] utilized LBM to investigate the consequences of windbreaks geometry
on two-dimensional airflow past a high-speed train. They determined that the perfor-
mance of windbreak is significantly dependent on its height and edge angle. The LBM
was also used by Wang et al. [21] to predict the aerodynamic behaviour of a high-
speed train. They concluded that LBM has many advantages compared with the
traditional CFD method. In the previous work, the authors [22] assessed the impact of
porous shelters alongside a high-speed track on the vehicle’s aerodynamic behaviour
and the modelling was conducted utilizing the lattice Boltzmann method. The authors
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have proved that the LBM codes with smaller lattices can provide a reasonable accu-
racy result.

To the best of the authors’ knowledge, the effects of two inclined barriers on the
aerodynamic mechanism of a train have never been studied. In the present work, the
German Intercity Express (ICE3) high-speed train was focused and a three-
dimensional numerical model of the train-barrier-crosswind system is adopted to
investigate the effect of two inclined barriers on the train's aerodynamic mechanism
through the Lattice Boltzmann method. The effect of barrier inclined angle and
direction on the velocity, pressure, turbulence intensity, streamlines, and aerody-
namic coefficients are investigated.

2. The model description

Figure 1 shows the geometry under consideration in the present work. The height
of the ICE3 high-speed train (HTrain) is 3.5 m. Two barriers are set on the right and left
sides, respectively. The distance between the two barriers (LBarrier Distance) is 14 m. The
spacing between the barrier and the boundary of the calculation domain is 10HTrain,
which is the same as the height of the computational domain. The wind blows parallel
to ground level from the right to the left, with a uniform velocity of 80 m/s. The
height and width of the calculation domain are 10HTrain and 2HTrain, respectively.
Besides, the forces and momentums concerning the coordinate system's directions
(x, y, z) are specified by the European Standard EN14067-6 (Figure 1).

Figure 1.
The computational domain and the aerodynamic coefficients definitions.

Figure 2.
The model of considered geometry.
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In the present work, the effects of barriers are focused on. The heights of the two
barriers (HBarrier) are the same andHBarrier = 3.0 m. As shown in Figure 2, the effect of
barrier inclined angle (θ) is investigated in the present work. According to the differ-
ent barrier inclined angles, nine types of cases are simulated (Table 1).

3. The numerical method

The Lattice Boltzmann Method is used in this paper to model fluid flow past a
high-speed train with two barriers. The velocity of the two-dimensional nine-speed
(D2Q9) model in multiple directions can be defined as [23]:
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where c ¼ ∆x=∆t is the velocity of lattice, ∆x is the lattice space, ∆t is the time step
and i is the different direction.

The governing equation in the lattice Boltzmann method is:

f i xþ ei∆t, tþ ∆tð Þ ¼ f i x, tð Þ þ ∆t

τv
f
eq
i x, tð Þ � f i x, tð Þ

� �

(2)

where fi is the distribution function and f
eq
i is the equilibrium distribution func-

tion, which can be calculated according to:
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where wi are the weights, w0 ¼ 4=9, w1�4 ¼ 1=9, w5�8 ¼ 1=36.
The distribution functions can be used to obtain the macroscopic variables,

ρ ¼
X

i
f i (4)

ρu ¼
X

i
eif i (5)

With the multi-scaling expansion, the mass and the moment equations can be
obtained:

Type I: θ = 0° Type II: θ = +2.5° Type III: θ = +5.0°

Type IV: θ = +7.5° Type V: θ = +10.0° Type VI: θ = �2.5°

Type VII: θ = �5.00° Type VIII: θ = �7.5° Type IX: θ = �10.0°

Table 1.
The barrier types with different inclined angles.
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∂ρ

∂t
þ ∇ ∙ ρuð Þ ¼ 0 (6)

∂ρ

∂t
þ ∇ ∙ ρuuð Þ ¼ �∇Pþ ϑ ∇

2 ρuð Þ þ ∇ ∇ ∙ ρuð Þð Þ
� �

(7)

More information on the present numerical method can be found in the authors’
previous paper [19].

In this study, Wall Modelled Large Eddy Simulation (WMLES) [24] approach was
used to consider the turbulence. LES has been proved as a compliant numerical
approach in computing and simulating unsteady turbulent flows. WMLES takes the
wall models into account and its primary idea is that the near-wall turbulence length
scales grow linearly with the wall distance, leading to the smaller and smaller eddies as
the wall is approached.

The aerodynamic coefficients in terms of non-dimensional characteristics are
described by EN 14067-1 as follows:

Forces : F ¼ ρU2
∞

2
∙A:C (8)

Momentums : M ¼ ρU2
∞

2
∙A ∙ l:C (9)

Pressure : P� P∞ ¼ ρU2
∞

2
∙Cp (10)

U∞ is the free stream velocity, P is the local static pressure, and P∞ is the
free-stream static pressure.

4. The grid independence and validation

For the validation of the current CFD code based on LBM, the aerodynamic
force and moment coefficients are calculated to compare with the experimental
wind tunnel works from EN 14067-6:2010, which is performed by Schober et al.
[25]. Table 2 shows the comparison of the aerodynamic coefficient by present code
and the standard data. The high-speed train model with no barrier is tested and the
drag, lift, and rolling moment coefficients have been calculated for comparison.
It is clear to see that the disparity is acceptable, which validated the present code
and results.

Mode No-barrier

CFD Standard Error percentage CFD relative to standard (%)

Drag coefficient 0.33 0.38 �14

Lift coefficient �4.86 �5.49 �11

Rolling moment coefficient 3.00 3.35 �11

Table 2.
Verification with the standard EN 14067-6: 2010.
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5. The results and discussion

In the present section, the effects of barriers with the inclined angle (nine types)
on the flow field and aerodynamic forces and moments are discussed in form of
velocity contours, velocity vectors, total pressure contours, turbulence intensity con-
tours, and aerodynamic force.

Figure 3 shows the effects of barriers with the inclined angle on the velocity
contours around the train. When there is no barrier, the high flow velocity can be
found at the upper windward of the train as the flow approaches the train. A large
low-velocity zone occurs on the leeward side, which is the left side due to the inflow
direction. Meanwhile, the high-velocity gradient is generated on the top of the train. It
is obvious that the flow velocity around the train is rather uneven, leading to a
considerable negative influence on the stability of the train. As the barriers are intro-
duced, the flow velocity around the train becomes more even, and the flow pattern
changes substantially. When θ = 0°, the right barrier takes the place of the train to
withstand the crosswind. As a result, the line of a large velocity gradient is formed

Figure 3.
The velocity contours (a) without barriers, (b) θ = 0°, (c) θ = +2.5°, (d) θ = +5.0°, (e) θ = +7.5°, (f) θ = +10.0°,
(g) θ = �2.5°, (h) θ = �5.0°, (i) θ = �7.5°, and (j) θ = �10.0°.
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from the top side of the barrier. And the train is surrounded by the low-velocity air
caused by the right barrier and the flow velocity around the train is almost even.
However, when the angle changes to θ = +2.5°, +5.0°, +7.5°, and +10.0°, the function of
the right barrier mentioned above weakens. The area of the low-velocity region
caused by the right barrier is reduced and the distribution of flow velocity on the left
of the train becomes unequal correspondingly. As shown in Figure 3g–j, when the
angle becomes a negative value, the flow velocity on the left side of the train increases
and becomes larger than that without a barrier. As a result, the velocity unevenness of
the flow field around the train is significantly increasing.

Figure 4 shows the velocity vectors around the train and barriers. Without the
barriers, the flow separations happen from the train's leeward side and then leave the
surface and are involved in the leeward vortex. When the barriers are induced, the
flow separations begin from the barrier, and the train is surrounded by vortices. As a
result, the difference in velocity between the left and right sides of the train decreases,
and the velocity on the windward of the train is lower than that on the leeward.
However, when the inclined angle changes from positive to negative, the velocity on
the leeward of the train increases significantly.

To investigate the effect of barriers and inclined angles on the pressure of the train,
Figure 5 depicts the total pressure contours. Without the barrier, the pressure on the
right side of the train is apparently higher than on the left side because of the

Figure 4.
The velocity vectors (a) without barriers, (b) θ = 0°, (c) θ = +2.5°, (d) θ = +5.0°, (e) θ = +7.5°, (f) θ = +10.0°,
(g) θ = �2.5°, (h) θ = �5.0°, (i) θ = �7.5°, and (j) θ = �10.0°.

7

The Influence of Inclined Barriers on Airflow Over a High Speed Train under Crosswind…
DOI: http://dx.doi.org/10.5772/intechopen.112751



crosswind. It should be stated that the pressure on the left side of the train is approx-
imately identical. When two barriers with θ = 0° are placed, a low-pressure zone is
formed between two barriers. The pressure gradient in this low-pressure zone is small
and the relatively low pressure occurs around the top of the left barrier. When the
angle increases to +2.5°, the pressure on the right side of the train increases slightly.
However, there is one noticeable lower pressure region between the left barrier and
the train, which also leads to the pressure gradient. When the inclined angles are
negative value, as seen in Figure 5g–f, the area of the lower pressure region increase
and occupies almost the whole zone between the left barrier and the train. Moreover,
when the inclined angle of barriers varies, the pressure gradient between the train and
the right barrier is always small.

To analyse the flow pattern characteristics, the turbulence intensity is calculated to
show the turbulence level, which is presented in Figure 6. Firstly, the existence of the
barriers and the inclined angle affect the flow pattern characteristics. Without the
barriers, the high turbulence intensity occurs on the train's leeward side, and the
turbulence intensity on the windward side is almost equal to 0. However, when two
barriers with θ = 0° are placed on both sides of the train, the turbulence intensity
around the train is affected significantly. Both the windward and leeward sides expe-
rience a rise in turbulence intensity. The windward side, which is between the train
and the right barrier, has larger turbulence intensity than the leeward side. Besides,

Figure 5.
The total pressure contours (a) without barriers, (b) θ = 0°, (c) θ = +2.5°, (d) θ = +5.0°, (e) θ = +7.5°, (f)
θ = +10.0°, (g) θ = �2.5°, (h) θ = �5.0°, (i) θ = �7.5°, and (j) θ = �10.0°.
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the turbulence intensity on the right side of the right barrier is adjacent to 0. As the
barrier inclined angle increases to +2.5°, the turbulence intensity decreases and the
diminishment is more significant between the left barrier and the train, which shows
the effect of barriers on the turbulence intensity difference on both sides. However,
when the inclined angle increases to +5.0° and +7.5°, the turbulence intensity differ-
ence between both sides decreases. That’s to say, the difference between the leeward
and windward sides of the train becomes small. When the inclined angle increases
from +7.5° to +10.0°, the difference increases and the turbulence intensity on the
leeward of the train is slightly larger than on the windward. When the inclined angle
becomes minus, the turbulence intensity changes slightly.

Figure 7 shows the effect of barrier inclined angle on the drag force coefficient, lift
force coefficient, rolling moment coefficient, and lee-rail rolling moment coefficient.
Firstly, it can be found that using the barriers with a positive inclined angle cannot
decrease the drag coefficient. The barriers with zero or negative angles can decrease
the drag coefficient. The barriers with a positive inclined angle cause a positive drag
coefficient of the train, and the barriers with a negative angle lead to a negative value.
Besides, the absolute value of the drag coefficient of positive angles is larger than
those of negative ones. This can be analysed by comparing two types of barriers. The
positive angles of barriers lead to the narrower space around the train. It should be

Figure 6.
The turbulence intensity contours (a) without barriers, (b) θ = 0°, (c) θ = +2.5°, (d) θ = +5.0°, (e) θ = +7.5°, (f)
θ = +10.0°, (g) θ = �2.5°, (h) θ = �5.0°, (i) θ = �7.5°, and (j) θ = �10.0°.
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stated that the barriers with zero inclined angle have the smallest value of drag
coefficient. As for the lift coefficient, the existence of barriers is beneficial to the
diminution of the lift coefficient regardless of the inclined angle. The zero inclined
angles can cause the smallest lift coefficient. The barriers with positive angles lead to
the positive value of the lift coefficient and the negative angles cause the negative
value, which is similar to the effect on the drag coefficient. Concerning the rolling
moment and the lee-rail rolling moment coefficients, the presence of barriers can
decrease them. These parameters are important for the train, which is because they
are answerable for the loading and unloading of wheelsets. It is obvious that the
existence of barriers with any inclined angles, including zero, can decrease the rolling
and lee-rail rolling moment coefficients. As the inclined angle of the barrier become
θ = +5.0°, the value of the rolling moment coefficient become the minimum. And then
when the angle increases, the value also increases. The effect of inclined angle on the
lee-rail rolling moment coefficient is more distinct. The positive inclined angle leads to
the negative lee-rail rolling moment coefficient and the negative angle cause the
positive coefficient.

To demonstrate the impact of various types of barriers (with barriers or not,
barriers inclined angle), the effects of barrier type on aerodynamic coefficients are

Figure 7.
The aerodynamic coefficients: (a) drag force coefficient, (b) lift force coefficient, (c) rolling moment coefficient,
and (d) lee-rail rolling moment coefficient.
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shown in Figure 8. In summary, to reduce the aerodynamic coefficients of the train,
the barriers with zero inclined angle are the most optimal choice. It appears that the
barriers with a positive inclined angle have an inverse effect on the drag coefficient.
But the vertical barrier with zero inclined angles has the same effect as the negative
ones. As for the lift coefficient, one can find that the existence of any barriers,
including the zero inclined angle barriers, leads to a similar influence on the lift
coefficient of the train. The same trend also happens for the lee-rail rolling moment
coefficient and rolling moment coefficient.

6. Conclusions

In the present work, a 3D numerical model of a train-barrier-crosswind system is
adopted to investigate the influence of two inclined barriers on the aerodynamic
mechanism of a high-speed train by utilizing the Lattice Boltzmann Method. The
influence of barrier inclination angle and direction on the velocity, pressure, turbu-
lence intensity, streamlines, and aerodynamic coefficients are investigated. It has been
discovered that utilizing barriers with a positive inclination angle cannot reduce the

Figure 8.
The effects of barrier type on aerodynamic coefficients, (a) drag force coefficient, (b) lift force coefficient, (c)
rolling moment coefficient, and (d) lee-rail rolling moment coefficient.
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drag coefficient. The drag coefficient can be reduced by using barriers with zero or
negative angles. When all aerodynamic coefficients are taken into account, barriers
with zero or negative inclination angles are the best choice for reduction of its. The
value of the rolling moment coefficient reaches a minimum when the inclined angle of
the barrier becomes = +5.0°.
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