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ABSTRACT
Bilateral vertical noise barriers have been widely used along high-speed railway lines in coastal
cities where typhoons are frequent. When a high-speed train (HST) enters (or exits) a noise barrier
under strong crosswind conditions, its running safety will be more severely tested because of the
instantaneous switching of aerodynamic environment. Installing a buffer structure at the end of the
noise barrier is necessary to ensure the running safety of HSTs. In this study, two types of aerody-
namic buffer structures (triangle and fence types) for the end of the noise barrier are proposed. The
buffering effects of the two structures on the sudden change amplitude of the aerodynamic load of
the carriage are compared by using an improved delayed detached eddy simulation method. The
difference in the influence of the two buffer structures on the aerodynamic responses of the car-
riage is discussed by using a wind–train–bridge coupling dynamic response calculation method.
The buffer mechanisms of the two structures are revealed in terms of the flow field. Results show
that the buffering effect of fence type is superior triangle type, and the buffer length of 4 L is the
most reasonable.
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1. Introduction

At present, high-speed rail networks in China’s coastal
cities have been completed. Coastal areas, especially in
southeast China, are subject to periodic extreme weather
conditions such as strong winds and typhoons (He et al.,
2022). The safety of a high-speed train (HST) is seriously
threatened when it encounters strong winds during its
operation (Gao et al., 2021; Liao et al., 2023). The noise
generated by HSTs affects the quality of life of urban res-
idents when they pass through the centre of a city where
residents gather (Li et al., 2022). Accordingly, a noise bar-
rier is covered along this section. As shown in Figure 1,
the most common type is bilateral vertical noise barrier
(Xiong et al., 2020). This type of noise barrier installa-
tion scheme covers only the railway segment with noise
reduction requirement to save construction cost. When a
HST enters (or exits) a noise barrier under strong cross-
wind conditions, its running safety will be more severely
tested because of the instantaneous switching of aerody-
namic environment. Installing a buffer structure at the

CONTACT You-WuWang youwu.wang@polyu.edu.hk Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University,
Hung Hom, Hong Kong 999077, People’s Republic of China; National Rail Transit Electrification and Automation Engineering Technology Research Center (Hong
Kong Branch), The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, People’s Republic of China.

Supplemental data for this article can be accessed here. https://doi.org/10.1080/19942060.2022.2162585

end of the noise barrier is necessary to ensure the running
safety of HSTs.

Some researchers have conducted a series of studies
on the aerodynamic effects caused by the relative motion
between the train and the noise barrier. For the enclosed
noise barrier, Jing et al. (2022) studied the longitudinal
transmission law of aerodynamic pressure waves and the
attenuation characteristics of peak pressure inside a fully-
enclosed noise barrier when a HST passes through based
on computational fluid dynamics (CFD) simulation. Sim-
ilarly, Zheng et al. (2022) conducted a series of field tests
on the train-induced aerodynamic pressure wave propa-
gation law near the entrance of the fully-enclosed noise
barrier and revealed the generation mechanism of inlet
compression wave from the perspective of influencing
factors, such as train marshalling length and running
speed. For the vertical noise barrier, Soper et al. (2019)
performed a series of field tests and found that the train
type has a remarkable impact on the aerodynamic pres-
sure exerted on a unilateral vertical noise barrier. Xiong
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Figure 1. Typical bilateral vertical noise barrier.

et al. (2020) focused on the dominant frequency char-
acteristics of the aerodynamic pressure impact of HSTs
on vertical noise barriers based on field tests. Qiu et al.
(2022) further studied the aerodynamic pressure pulse
characteristics of the vertical noise barrier beside the
trackwhen two trainsmeet throughCFDdynamicmodel
simulation. The above studies researches mainly focus
on the characteristics of train-induced aerodynamic pres-
sure on the noise barrier itself and ignore the influence of
crosswind.

Some researchers have observed noticed that the aero-
dynamic performance of vehicles deteriorates remark-
ably when they pass the trackside facilities with abrupt
boundaries under crosswind conditions. For the road
vehicles, Zhang et al. (2020) andWang et al. (2021) estab-
lished a coupling model of aerodynamic dynamics and
multi-body dynamics to reveal the aerodynamic charac-
teristics of a sedan when it exits the tunnel and passes
through the bridge pylon area under action of crosswind.
Chen et al. (2019) revealed that the yaw stability of a
truck is remarkably worse when it drives from a bridge
to a tunnel under the action of strong crosswinds based
on the driving simulator. Compared with road vehicles,
trains have a much larger slenderness ratio. In particu-
lar, HSTs run several times faster than road vehicles. Liu
et al. (2018) and Chen et al. (2022) conducted a series of
CFD simulation studies on the aerodynamic characteris-
tics of a HST passing through a transition from ground
to cutting in a windy area and described the yaw motion
of the train body over time during the sudden change in

the flow field in this section. Zhou et al. (2021) analysed
the variation of flow structure around the HST running
on a bridge–tunnel section with and without crosswinds
by using CFD and revealed the influence mechanism of
rapid infrastructure switching on the aerodynamic char-
acteristics of the train. The installation ofwindproof facil-
ities is often necessary to ensure the running safety of
HSTs in crosswind environment. For the deterioration
of aerodynamic performance at the end of a windproof
structure, Zhang, Thurow, et al (2018) derived the calcu-
lation formula of sudden wind load acting on the train
body when the train enters or exits the wind barrier and
analysed the influence of sudden wind load on the run-
ning safety. On this basis, Yang et al. (2019) and Deng
et al. (2019) systematically evaluated the traffic safety
deterioration degree of HSTs at the end of windproof
facilities (anti-wind open-cut tunnel andwindbreakwall)
in windy area. However, mitigation measures are still
lacking for the above-mentioned train running safety
hazards.

Current studies on the aerodynamic buffer structures
of high-speed railway infrastructure aremainly limited to
alleviating pressure wave gradient at the tunnel entrance
and micropressure wave at the tunnel exit without con-
sidering the crosswind. In the early stage, Winslow and
Howe (2005) designed two types of aerodynamic buffer
structure of a tunnel portal, namely, flared type and
stepped-portal type, to alleviate the initial compression
wave generated when a HST enters a tunnel. Similarly,
Wang et al. (2022) designed a variable cross-section
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tunnel entrance to improve passenger pressure comfort
when trains intersect in the tunnel. Subsequently, the
equal-transect oblique tunnel portal structure has been
gradually popularised and applied to high-speed railway
tunnels. Zhang, Xia, et al. (2018) confirmed the effec-
tiveness of a hat oblique tunnel portal structure to alle-
viate the pressure gradient and micropressure wave, and
revealed its buffering mechanism by using CFD simu-
lation and moving model tests. For the suppression of
the micropressure wave in high-speed railway tunnel,
Miyachi and Fukuda (2021) found that the gradient of
compression pressure wave can be effectively reduced by
optimising the hole layout on the tunnel entrance hoods
based on moving model test. From the perspective of
bionics, Kim et al. (2021) designed an entrance hood
with air slits attached on each side to alleviate the micro-
pressure wave at the exit of the tunnel, inspired by shark
gill respiration. Unfortunately, few studies are reported
on the buffer measures for sudden aerodynamic loads of
trains under crosswind conditions.

Two types of aerodynamic buffer structures (triangle
and fence types) are proposed for the end of the noise
barrier in this study to address the aerodynamic perfor-
mance deterioration of trains passing through the end
of the bilateral vertical noise barrier under crosswind.
The buffering effects of the two structures on the sudden
change amplitude of the aerodynamic load of the carriage
are compared by using an improved delayed detached
eddy simulation (IDDES) method. The difference in the
influence of the two buffer structures on the aerodynamic
response indexes of the carriage is discussed by using a
wind–train–bridge coupling dynamic response calcula-
tion method, and the sensitivity analysis of the design
parameters (longitudinal length of buffer structure) is
conducted. The buffer mechanisms of the two structures
are revealed in terms of the flow field, and the optimal
buffer scheme is determined.

2. Methodology

2.1. IDDESmethod

2.1.1. Turbulencemodel
The detached eddy simulation (DES) method combines
the advantages of Reynolds-averaged Navier–Stokes
(RANS) and large eddy simulation (LES) methods. The
delayed DES (DDES)method can prevent the vortex sep-
aration caused by the model stress loss and improper
mesh refinement. The improved DDES (IDDES) method
can solve the problem of logarithmic region mismatch
well (Dong et al., 2022). Thus, the IDDES scheme is used
in the CFD simulation in this study. The shear stress
transport k–ω two-equation model (SST k–ω) is used to

simulate the flow field near the train surface (Li et al.,
2021). The length scale of the IDDES method can be
estimated as follows.

lhyb = fhyb(1 + fe)lRANS + (1 − fhyb)lLES, (1)

fhyb = max

⎧⎨
⎩tanh

⎡
⎣(20 νt

κ2d2w
√
0.5(S2 +�2)

)3
⎤
⎦ , fstep

⎫⎬
⎭ ,

(2)

where fhyb is a mixed function; fe is a boost function
that is designed to prevent excessive reduction of RANS
Reynolds stress; lRANS and lLES represent the scales of
RANS and LES regions, respectively; dw is the distance
from the wall; νt is the eddy viscosity; κ is the Von Kar-
man constant; S and� are the stain rate and rotation rate
tensors normalised by the turbulence time scale, respec-
tively; fstep is a function that provides a quick switch from
RANS to LES at the depth of the boundary layer, which
can only be activated under thewall-modelled LESmode.

2.1.2. Buffer structural parameters and geometric
model
Two types of buffer structures for the end of the bilateral
vertical noise barrier, namely, triangle and fence types,
are discussed in this study (Figure 2). The buffer struc-
tures corresponding to the noise barrier are bilateral. For
the triangle type (TRI), three length parameters, namely,
2, 4 and 6 L (L is the length of the head carriage ofHST, 25
m) are considered. For the fence type, the fence with gra-
dient porosity along the longitudinal direction (FGPL)
is assembled from several unit plates, each of length L.
The porosity of the unit plate decreases linearly from
the outside to the inside along the longitudinal direction.
Three length parameters corresponding to the TRI are
obtained by adjusting the number of unit plates, as shown
in Figure 2(b).

Figure 3 shows the geometric parameters and bound-
ary conditions of the CFD model calculation domain in
this study. The HST model is CRH380B. It adopts the
marshalling form of three carriages (head, middle and
tail), the width of the carriage cross section isW (3.26m),
and the height is H (3.89 m). The distance between the
initial position of the HST noise tip and the inlet end of
the noise barrier is 7.6 L. The origin of the coordinate
system of the global model is located at the initial posi-
tion of the gravity centre of head carriage. The bridge is
modelled with reference to the 32 m simply supported
box girder made of prestressed concrete. The height of
the noise barrier is 1.3 H, the thickness is 0.5W, and the
length is 5.8 L.

The atmospheric boundary of the model was con-
structed with a semicylindrical wall with a diameter of
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Figure 2. Parameters of the buffer structures: (a) triangle type and (b) fence type.

Figure 3. Geometry and boundary conditions.

73.6 W, and the corresponding boundary condition was
set as pressure-far field. A constant crosswind condition
with a velocity of 30 m/s can be obtained by setting a
Mach number of 0.0864 along the positive Z direction on
the pressure-far field boundary. No-slip wall is applied to
the outer walls of the train, bridge, noise barrier, buffer
structures and the ground. The setting of the remaining
boundary conditions is shown in Figure 3.

2.1.3. Grid details and solution strategies
As shown in Figure 4, the computation is divided into two
regions, the static grid region (B) and the moving grid
region (A). Region A is further divided into three seg-
ments, namely, A0, A1 and A2. Regions A1 and B are dis-
cretised by using polyhexcore grids, and regions A0 and
A2 are discretised by using structured grids. The dynamic
layering method is used to realise the train movement.
The train runs in the positive X direction at a constant
speed of 250 km/h and is controlled by a user-defined
function programme. The average size of the grids on the
train surface and noise barrier surface is about 0.02 and

0.05 m, respectively. The grid size of the first refinement
region covering the bridge and noise barrier is limited
to within 0.05 m. The boundary layer parameters of the
train, bridge and barrier are shown in the zoom window
of Figure 4. The total number of elements in the base
line (BL, the bilateral vertical noise barrier without buffer
structure) model is about 35 million.

The grid model is imported into Fluent and solved by
using transient mode and second-order implicit scheme.
The number of iterations per time step is 20, and the
time step is 0.001 s. The computing equipment is a super-
computer with a 6-node, 144-core processor, and the
computing time of each case is about 2 weeks.

2.2. Wind–train–bridge–noise barrier coupling
model

A simplified calculation model of wind–train–bridge–
noise barrier coupling dynamic response is established by
considering the aerodynamic loads on the train, bridge
and noise barrier simultaneously. This model is used to
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Figure 4. Grid model.

evaluate the buffering effect of the buffer structure on
the dynamic response of the vehicle system. A schematic
of the coupling system is shown in Figure 5, and the
equation of motion is as follows.{

MTẌT + CTẊT + KTXT = FT
MBẌB + CBẊB + KBXB = FB

, (3)

FT = [
Ftc Ftb1 Ftb2 Ftw1 Ftw2 Ftw3 Ftw4

]T ,
(4)⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Ftc = [
Fty − Gc Ftz Mt

x Mt
y Mt

z
]T

Ftbi = [ −Gbi 0 0 0 0
]T
(i = 1, 2)

Ftwj =
[
Firryj − Gwj Firrzj Mirr

xj Mirr
yj 0

]T
(j = 1, 2, 3, 4)

,

(5)

FB=
[
Fby−GB−Firry Fbz +Firrz Mb

x+Mirr
x 0 0

]T
,

(6)

where M, C and Krepresent the mass, damping and
stiffness matrices, respectively, subscript T refers to
the train subsystem (single carriage), and B refers
to the bridge–noise barrier subsystem; Ẍ, Ẋ and X rep-
resent the acceleration, velocity and displacement matri-
ces, respectively; F represents the external excitation load
on the corresponding subsystem; Gc, Gb and Gw rep-
resent the gravity of carriage body, bogie and wheelset,

respectively; Fty, Ftz, Mt
x, Mt

y and Mt
z represent the aero-

dynamic lift and side forces, rolling, yawing and pitching
moments on the carriage body, respectively (Yang et al.,
2019); Firry , Firrz and Mirr

x represent the excitation gener-
ated by the track irregularity at the corresponding degrees
of freedom, respectively; GB represents the gravity of a
single-span 32 m box girder; Fby , Fbz andMb

x represent the
aerodynamic lift and side forces and rolling moment on
the single-span box girder, respectively.

In the present couplingmodel, five degrees of freedom,
namely, Ytc, Ztc, φtc, ψtc and βtc, are considered for the
carriage body. Only three degrees of freedom, namely Yb,
Zb and φb, are considered for the single-span box girder.
On the basis Hertz nonlinear elastic contact theory, a 3D
space trace method is used to solve the geometry contact
relationship between the wheel and rail. The track irreg-
ularity spectrum is based on China high-speed railway
ballastless track spectrum (TB/T 3352-2014, 2014). The
specific values of the corresponding parameters in Equa-
tions (3)–(6) and the solution details are given in (Deng
et al., 2019).

2.3. Verification

2.3.1. Grid independence verification
The mesh size is related to the computational accuracy
and computational efficiency of the numerical model.
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Figure 5. Schematic of thewind–train–bridge–noise barrier coupling system: (a) Three-dimensional view; (b) wheel–rail contactmodel
and (c) cross section view.

Figure 6. Verification of mesh independence: (a) train meshes with different resolutions; (b) aerodynamic load coefficient of the head
carriage.

Figure 6 shows the comparison of the five peak coeffi-
cients (i.e. lift force coefficient Cy, side force coefficient
Cz, rolling moment coefficient Cmx, yawing moment
coefficient Cmy and pitching moment coefficient Cmz,
and the dimensionless method is based on BS EN, 2006
and Deng et al., 2019) of the head carriage of the numer-
ical model with different mesh quantities when the train
enters the noise barrier, where the number of bound-
ary layers and the height of the first boundary layer are
kept unchanged. The grid volumes corresponding to the
three grid sizes are about 25 million (coarse), 35 mil-
lion (middle) and 40 million (fine). From the analysis

of Figure 6(b), the positive and negative peaks of each
aerodynamic load corresponding to the coarse mesh are
larger than the corresponding values of the medium and
fine meshes. For example, the positive lift peak value of
the coarse mesh is 17.6% higher than the corresponding
value of the medium mesh, and this remarkable differ-
ence is reflected in the yawing moment and pitching
moment coefficients. The positive peak lift of themedium
mesh is only 4.2% higher than that of the fine mesh, and
the difference between the positive and negative peak
coefficients of the medium and fine meshes is less than
10% in the other four aerodynamic load coefficients. The
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Figure 7. Verification of wind tunnel test: (a) Schematic of the wind tunnel laboratory of Central South University; (b) train model; (c)
location of measuring point; (d) time-history curve of measuring point P1.

mediummesh can save computing resources whilst keep-
ing the calculation error between the fine and medium
meshes. Therefore, the medium mesh is chosen as the
mesh generation scheme of the numerical model in this
study.

2.3.2. Comparison with the results of wind tunnel
movingmodel test
To verify the reliability of the numerical method pre-
sented in this study, a corresponding CFD model was
established by referring to the moving train model test
device with a scale of 1:16.8 in the wind tunnel laboratory
of Central South University, China. The grid scheme of
the train boundary layer of the CFD model is consistent
with that in Figure 4. The incoming crosswind velocity
and the train speed are 8 and 6m/s, respectively. The train

runs on the leeward side line, and the measuring point
P1 is located on the windward side of the train. v and l
represent the train speed and width of the wind tunnel,
respectively. Figure 7 shows the comparison between the
numerical model and the time-history curve of the train
measuring point pressure coefficient in the wind tunnel
test. The time-history curve of the pressure coefficient of
the measuring point obtained based on the IDDES tur-
bulent model is in good agreement with the wind tunnel
test results in terms of numerical value and curve fluctu-
ation law. When the train leaves tunnel A, the pressure
coefficient curve in the numerical model rises faster than
the test curve, and the time difference for the pressure
coefficient at the measuring point to reach the peak value
is 0.02 s. This finding is mainly because when the train
enters tunnel A, its speed will be disturbed and will be
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Figure 8. Time-history curves of aerodynamic load coefficient of the three carriages corresponding to BL: (a) lift force, (b) side fore, (c)
rolling moment, (d) yawing moment and (e) pitching moment.

slightly lower than the speed of the numerical model due
to the limitation of the test conditions. Other subtle dif-
ferences in the curve may be affected by the following
conditions: (1) The train speed is constant in the numer-
ical model, whereas the train speed in the wind tunnel
test is disturbed by many factors, such as wheel rail fric-
tion. (2) In the test, the bottom of the train is closely
connected with the track, and the distance between the
bottom of the train and the bridge deck in the numeri-
cal model is about 1 cm. Therefore, the parameters of the
IDDES turbulence model are suitable in this study, and
the calculation results are reliable.

3. Results and analysis

3.1. Buffering effect analysis

3.1.1. Aerodynamic load coefficient
Figure 8 shows the time-history of aerodynamic load
coefficient of the HST in the whole process of running
through the noise barrier under 30 m/s crosswind con-
dition corresponding to the BL case. The train running
speed is 250 km/h. In the figure, ‘EN’ represents the time
period (2.75–3.85 s) between the time when the nose tip
of the head carriage reaches the noise barrier to the time
when the noise tip of the tail carriage enters the noise
barrier. ‘EX’ represents the time period (4.95–6.05 s)
between the time when the nose tip of the head carriage
exits the noise barrier to the timewhen the noise tip of the
tail carriage exits the noise barrier. In accordancewith the
analysis fromFigure 8, the aerodynamic loads of the three

carriages in the processes of ‘EN’ and ‘EX’ show dramatic
changes, which indicates that the running safety of train
is reduced remarkably. Except for the aerodynamic lift
force, the amplitude values (	C = Cmax − Cmin) of the
remaining four aerodynamic loads during ‘EN’ and ‘EX’
processes are all the highest for the head carriage, which is
2–3 times of the corresponding values of the middle and
tail carriages. Considering that the contribution of aero-
dynamic lift amplitude to running safety deterioration is
relatively weak, the head carriage can be used as the tar-
get carriage to test the buffering effect of the two types of
structures. The aerodynamic load amplitudes of the head
carriage in the ‘EN’ process are comparable to the cor-
responding values in the ‘EX’ process, and the former is
slightly higher than the latter (Figures 8(d) and (e)).

Figure 9 shows the comparison of the aerody-
namic load time-history curves of the head carriage
when entering the noise barrier under the condition
that the two types of buffer structures take different
lengths. From the perspective of aerodynamic load, the
reduction rate of aerodynamic load amplitude (	 =
[(	Cbuffer −	CBL)/	CBL] × 100%) is used to quantita-
tively reflect the buffering effect, and the specific value is
shown in Table 1.

On the basis of the analysis in Figure 9 and Table 1,
the two types of buffer structures have a certain buffer-
ing effect on the sudden amplitude of aerodynamic load
on the whole. For the TRI, the amplitudes of aerody-
namic lift and side forces and rolling moment are abnor-
mally increased after the buffer structure is installed. For
example, the installation length of 2 L TRI can lead to an
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Figure 9. Time-history curve of the aerodynamic load coefficient of the head carriage when entering the noise barrier under two types
of buffer structures: (a1)–(e1) triangle type; (a2)–(e2) fence type.
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Table 1. Reduction rate of the aerodynamic load amplitude under two types of buffer structures.

BL TRI-2 L TRI-4 L TRI-6 L FGPL-2 L FGPL-4 L FGPL-6 L

Coefficient |	C|max 	1 	2 	3 	4 	5 	6

Cy 0.18 −73.5% −31.9% −48.1% 24.8% 28.0% 26.3%
Cz 0.67 −8.7% 0.6% 13.8% 0.4% 1.2% 12.0%
Cmx 0.07 −22.5% 15.5% 16.9% 1.6% 4.8% 9.7%
Cmy 0.88 12.8% 47.2% 45.7% 50.3% 65.2% 67.6%
Cmz 0.61 0.3% 2.3% 0.2% 10.4% 25.1% 25.1%

inverse increase of 73.5% in the lift amplitude. With the
increase in the buffer length, the buffering effect of TRI
appears gradually. The buffering effect when the length
of TRI is 6 L is less different from that when it is 4 L,
which indicates that the buffering effect tends to be stable
after the length of TRI increases to 4 L. However, TRI still
causes the aerodynamic loads to drop in a step-like man-
ner, such as the rolling and pitching moments (Figures 9
(c1) and (e1)). FGPL shows a certain buffering effect
under different length conditions. Compared with TRI,
FGPL can make the aerodynamic load change process
smoother, especially the buffering effect on the ampli-
tudes of aerodynamic lift, yawing and pitching moments.
For example, the reduction rate of the above three indexes
can reach 26.3%, 67.6% and 25.1%when the FGPL length
reaches 6 L, respectively. However, the buffering effect
levels off when its length reaches 4 L.

3.1.2. Dynamic responses
Figures 10(a) and (b) show the vertical and lateral accel-
eration time-history curves of the head carriage when
entering the noise barrier under the condition that the
two types of buffer structures take different lengths,
respectively. Figure 10(c) shows the quantitative rela-
tion between peak lateral acceleration and corresponding
buffer length.

As shown in Figure 10(a), the vertical acceleration
of the carriage presents the characteristics of wavy low-
frequency fluctuation. This condition is mainly caused
by the vibration of the carriage under the action of the
suspension system when the carriage body is excited by
the sudden aerodynamic lift force. The vibration fre-
quency depends on the natural frequency of the carriage
body. The lateral acceleration of a carriage is an impor-
tant index of running safety. The vertical acceleration
amplitude in TRI is higher than that in BL, and the cor-
responding amplitude in the FGPL is lower than that
in the BL. This finding further reveals the safety hazards
of the TRI scheme. Compared with the vertical acceler-
ation, the lateral acceleration can better reflect the train
running safety and passenger comfort. As shown in Fig-
ures 10(b) and (c), the peak lateral acceleration decreases
monotonically with the length of the buffer section (TRI
or FGPL).When the buffer length increases from 0 L to 6

L, the peak lateral acceleration for TRI decreases by only
55%. The peak lateral acceleration for FPGL is reduced
by 62%. The buffering effect of FGPL is still better than
that of TRI from the perspective of lateral acceleration.

The derailment coefficient of carriage wheelset can
directly reflect the train running safety. Figures 11 (a)–(d)
show the time-history curves of derailment coefficient of
the four wheelsets of the head carriage when entering
the noise barrier under the condition that the two types
of buffer structures take different lengths, respectively.
Figure 11(e) shows the quantitative relation between the
peak derailment coefficient (including the correspond-
ing wheel position) and corresponding buffer length. In
the figure, WWS and LWS represent the windward and
leeward sides, respectively.

As shown in Figure 11, the high amplitude fluctua-
tion of derailment coefficient appears in the four lee-
ward wheels, especially in the second and fourth wheels.
The reason for this phenomenon is that when the car-
riage is affected by the crosswind, the whole carriage is
inclined to the leeward side, and the leeward side wheel
tread is in close contact with the rail top surface. For the
BL, the derailment coefficient of the windward side four
wheels has a slight upward trend when the head carriage
enters the noise barrier; the leeward side wheels suddenly
exhibit high amplitude immediately. This condition is
due to the sudden unloading of the aerodynamic load,
and the windward side wheel has transient impact with
the rail top surface during the falling process. From the
quantitative point of view (Figure 11(e)), the peak derail-
ment coefficient of the train exceeds the corresponding
safety limit (Deng et al., 2019) under the condition that
the noise barrier is not installed with the buffer structure.
For the TRI, the peak derailment coefficient increases to
0.85 when the buffer length is 2 L. whereas it decreases
by 33% when the buffer length is increased to 6 L com-
pared with the BL. For the FGPL, the peak derailment
coefficient decreases by 33% when the buffer length only
increases to 4 L, and the decrease is no longer remark-
able with the continuous increase in the length com-
pared with the BL. In conclusion, the buffering effect
of FGPL is superior to TRI, and the buffer length of 4
L is the most reasonable (considering the construction
cost).
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Figure 10. Accelerationof theheadcarriagewhenentering thenoisebarrier under two typesofbuffer structures: (a) vertical acceleration
time-history; (b) lateral acceleration time-history; and (c) peak value.

3.2. Buffermechanism

3.2.1. Distribution of wind velocity
The longitudinal distribution gradient of theZ-component
wind velocity on the train running line is the main fac-
tor affecting the sudden change amplitude of the train
aerodynamic loads. Figure 12 shows the mean value dis-
tribution of Z-component wind velocity on the longitu-
dinal profile of the windward line centre (Figure 12 (a))
under each case before the train arrives at the noise bar-
rier (or buffer section). The sample for calculating the
mean value is taken from the data of 100 consecutive

time steps; the wind velocity value is dimensionless by
dividing the value of incoming flow velocity (Uif ).

In accordance with the analysis in Figure 12, the wind
velocity distribution law is the same in the longitudinal
area except the buffer section, namely, the open line area
and the leeward area of the noise barrier. This condi-
tion shows that the setting of the buffer section has no
effect on the wind velocity distribution in the longitu-
dinal area outside the buffer section. The wind velocity
in the open line area is in the positive direction, which
is consistent with the incoming flow. The wind velocity
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Figure 11. Derailment coefficient of the head carriage when entering the noise barrier under two types of buffer structures: (a) first
wheelset; (b) second wheelset; (c) third wheelset; (d) fourth wheelset; and (e) peak value.
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Figure 12. Distribution of wind speed on the centre longitudinal profile of windward line: (a) location of monitoring surface (b) BL; (c)
TRI; and (d) FGPL.

in the leeward area of the noise barrier is close to zero,
and reverse wind appears. This condition may be caused
by the vortex formed on the leeward side of the noise
barrier after the incoming flow bypasses the top of the
noise barrier. For the BL, the cliff-like abrupt area of the
wind velocity distribution appears at the vertical end of
the noise barrier. This area is bounded by the vertical
end of the noise barrier, the outside is the acceleration
area of wind velocity (the dimensionless value is up to
1.5), and the inside is the negative direction area. The
existence of the cliff-like abrupt area is the fundamental
reason for the sudden change in train aerodynamic load.
For the TRI, the wind abrupt area is distributed along the
upper edge of the triangle. The slope of the abrupt area
boundary of the abrupt area decreases with the length
of the triangle, resulting in a buffering effect. However,
the dimensionless wind velocity value of the acceleration
area on the upper edge still reaches 1.5, which indicates
that the buffering effect of triangle type is potentially

problematic. For the FGPL, the wind velocity gradient
from outside to inside in the longitudinal direction is
smooth and decreases gently with the decrease in poros-
ity. The vertical distribution of the wind velocity in the
buffer zone is uniform because the height of each unit
plane remains the same. The longer the fence, the flat-
ter the gradient of wind velocity along the longitudinal
direction. No remarkable abrupt area is observed in wind
velocity along the upper edge of the fence. Thus, the
buffer effect of the fence type is better than that of the
triangle type on the whole.

3.2.2. Transient streamline structure
Figure 13 shows the schematic of the four typical posi-
tions #1, #2, #3 and #4 when the train enters the noise
barrier. Figure 14 shows the evolution process of stream-
line structures on the middle cross sectional slice of the
three carriages when the train enters the noise barrier
(corresponding to the four positions in Figure 13) under
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Figure 13. Schematic of the train position.

the condition that the two types of buffer structures take
different lengths.

As shown in Figure 14, the high-velocity area ismainly
distributed on the top of the carriage, and the highest
velocity can reach twice the incoming flow velocity. For
the BL (Figure 14(a)), a large number of chaotic small
vortex structures appeared around the carriage body that
has entered the noise barrier due to the blocking effect
of the solid noise barrier. The flow speed of the corre-
sponding area is remarkably reduced (position #4), which
is in sharp contrast to the area around the carriage body
which is still on the open line, thereby causing the sudden
change in the aerodynamic load of the train.

For the TRI, an obvious high velocity area is still
observed on the carriage top when the head carriage
enters the triangular buffer section, as shown in Figures
14(b) position #3, (c) position #2 and (d) position #2.
This phenomenon is because the height of the triangle
at the corresponding position has not reached the extent
of completely covering the height of the carriage, and
the crosswind flow forms a new accelerated flow around
the carriage top after bypassing the triangle top. The
high-velocity area disappears immediately at the corre-
sponding immediate next position. Thus, the fluctuation
amplitude of train aerodynamic load in different triangle
lengths still exhibits the phenomenon of inverse increase.

For the FGPL, the flow velocity decreases to different
degrees (the decreasing amplitude is negatively corre-
latedwith the porosity) after the streamlines pass through
the pores of the fence, and this decrease is uniform in
the vertical direction. This finding is consistent with the
phenomenon revealed in Figure 12(d), showing that the
rectangular fence has a good energy dissipation effect on
incoming flow. As shown in Figures 14(f) and (g), the
flow structure around the carriage body has good consis-
tency in the longitudinal direction when the carriage is
completely driven into the fence section and has low flow
velocity. This condition shows that the fence on the lee-
ward side has a good pressure relief effect on the flowfield

with high vorticity on the leeward side of the carriage
body. Thus, the FGPL can achieve a smooth transition of
train flow field from full-crosswind mode to solid noise
barrier mode, and sufficient effect can be obtained when
the buffer length reaches 4 L.

3.2.3. Pressure distribution on the carriage surface
The pressure distribution on the carriage body surface
directly determines the intensity of aerodynamic load
variation. Figure 15 shows the cloud diagram of the
pressure distribution on the carriage body surface cor-
responding to the typical positions in Figure 13 under
various cases. The following findings are obtained from
Figure 15.

For the BL, the windward side of the carriage body
exposed to the crosswind is subjected to a strong positive
pressure (Figure 15(a)), and the pressure on the carriage
body surface inside the noise barrier is approximately
zero. The vertical boundary of the end of the noise bar-
rier corresponds to the boundary of the pressure abrupt
area, which is consistent with the wind velocity distri-
bution law revealed in Figure 12(a). The huge difference
in the pressure distribution on the carriage surface along
the longitudinal direction leads to the sudden change in
aerodynamic load.

For the TRI (Figure 15(b)), a remarkable pressure
abrupt area is still observed on the windward surface of
the carriage body, and the abrupt boundary line corre-
sponds to the top edge of the triangle. The longer the
triangle, the smaller the slope of the abrupt boundary.
The presence of the slanted pressure abrupt boundary
line on the carriage windward surface makes the rolling
moment amplitude of the carriage reverse rise when it
enters the buffer section (Figure 9(c1)). This condition
is the root cause of the safety hazard of the TRI buffer
scheme. For the FGPL (Figure 15(c)), the pressure distri-
bution on the windward side surface of the train body is
uniform along the vertical direction. Only a weak pres-
sure gradient is observed in the longitudinal direction
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Figure 14. Streamline structures on themiddle cross sectional slice of the three carriages when the train enters the noise barrier: (a) BL;
(b)– (d) TRI; and (e)–(g) FGPL.
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Figure 15. Pressure distribution on the train surface: (a) BL; (b) TRI; and (c) FGPL.

when the buffer length reaches 4 L, which is caused by
the gradual change in porosity along the longitudinal
direction. Weak pressure gradient is a strong guarantee
for small aerodynamic load fluctuation amplitude. This
phenomenon confirms that the FGPL-4 L scheme has an
excellent buffering effect.

4. Conclusions and future perspectives

Two types of aerodynamic buffer structures (triangle
and fence) installed at the end of the noise barrier are
compared comprehensively based on IDDES and vehicle
multi-body dynamics to address the aerodynamic perfor-
mance deterioration of trains passing through the end of
the bilateral vertical noise barrier under crosswinds. The
optimal scheme and parameters are obtained. The main
conclusions are as follows.

(1) The head carriage can be used as the target car-
riage to test the buffering effect of the two types of
structures. The aerodynamic load amplitudes of the
HSTwhen entering the noise barrier are comparable
to the corresponding values when exiting, and the
former is slightly higher than the latter.

(2) From the perspective of aerodynamic load, the
buffering effect of FGPL is better than that of TRI.
The installation length of 2 L TRI can lead to an
inverse increase of 73.5% in the lift amplitude. Com-
pared with the TRI, the FGPL can make the aerody-
namic load change process smoother.

(3) From the perspective of dynamic response, the
buffering effect of FGPL is superior to TRI, and
the buffer length of 4 L is the most reasonable. For
the TRI, the peak derailment coefficient increases
to 0.85 when the buffer length is 2 L compared

with the BL. For the FGPL, the peak derailment
coefficient decreases by 33% when the buffer length
only increases to 4 L, and the decrease is no longer
remarkable with the continuous increase in length
compared with the BL.

(4) From the perspective of dynamic response, the pres-
ence of the slanted pressure abrupt boundary line
on the carriage windward surface makes the rolling
moment amplitude of the carriage reverse rise when
it enters the TRI buffer section; whereas the FGPL
can achieve a smooth transition of train flow field
from full-crosswind mode to solid noise barrier
mode.

However, only single wind velocity and train speed
conditions were considered in this study. The perfor-
mance of the buffer structure may behave differently
when the aforementioned conditions change. Therefore,
a more systematic and comprehensive study on train
running safety assessment based on the proposed buffer
scheme is needed in the subsequent work, such as wind
tunnel moving model test.
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