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ABSTRACT

A recent trend in railway development around the world is the extension of high-speed railways to areas with harsh climatic environments.
The aerodynamic performance of high-speed trains deteriorates when they run through embankment–bridge sections in a windy environ-
ment, posing potential safety risks. The present study aims to reveal the evolution mechanism of wake field in the transition section of the
windbreak wall and wind barrier under natural strong crosswinds. First, the fluctuating characteristics of natural wind field collected by ultra-
sonic anemometers during a period of strong wind are captured. Next, the improved delayed detached eddy simulation scheme combined
with the shear stress transfer k–w model is used to elucidate the difference of flow field modes on the leeward side of the windproof structure
in the transition section under the conditions of constant and fluctuating crosswinds. Finally, the effects of model scale ratio (1:20, 1:10, and
1:1) on wind field simulation results on the leeward side of the windproof structure are revealed. Results show that the incoming flow with
time-varying velocity evokes the instability of wake vortices of the windbreak wall in the embankment. The transient evolution results of the
vortices obtained by the 1:10 model are in good agreement with those of the 1:1 model, whereas the results obtained by the 1:20 model have
a large deviation.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147079

I. INTRODUCTION

With the booming development of high-speed rail, railway lines
are bound to reach out to areas with harsh climate environments, such
as the Lanzhou–Urumqi high-speed railway across China’s windy
northwest. China’s terrain is undulating, and high-speed railway lines
often need to cross mountains and valleys. A large number of tunnels
and bridges have been built. According to statistics, bridges and tun-
nels along the high-speed railway in northwest China account for
more than 80% (Yang et al., 2022a; He and Li, 2020; and He and
Zhou, 2021). The wind direction in the windy area of Northwest
China is usually single, so single-sided solid windbreak wall on the

windward side of the embankment can achieve well windproof effect.
However, in order to ensure the balance of the bridge, wind barriers
need to be set on both sides of the bridge (Gu et al., 2020). To ensure
the running safety of trains in windy areas, various forms of windproof
structures have been applied along high-speed railways, e.g., concrete
windbreak walls on embankments and porous wind barriers on brid-
ges. Most of the railway windproof structures can offer favorable shel-
ter effects against strong incoming crosswind flow. However, the
aerodynamic performance of high-speed trains (HSTs) deteriorates
when they pass through the transition section of a windproof structure,
thus posing potential safety risks (Gao et al., 2021, Wei et al., 2022).
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Elucidating the evolution characteristics of the wake vortex structure
on the leeward side of the windproof structure in this transition sec-
tion is necessary to reveal the deterioration mechanism of the aerody-
namic performance of HSTs. Field test of the wind field outside the
windproof structure is easy, whereas the wind field inside the wind-
proof structure is difficult to monitor when the railway line is in nor-
mal operation. In order to explore the reasons for the deterioration of
the aerodynamic performance of the train, the study monitored the
wind field on the windward side of the line and then combined the
computational fluid dynamics (CFD) numerical simulation method
to predict the wind field characteristics on the embankment–bridge
section.

Numerous researchers have conducted investigations on the flow
field characteristics of the leeward side of windproof structures on the
flat grounds, embankments, and bridges under a strong wind environ-
ment. Niu et al. (2018a) compared the aerodynamic performance of
trains with and without a windbreak wall on an embankment under
the action of crosswind by means of delayed detached eddy simulation
(DDES). Subsequently, they Niu et al. (2022) investigated the effects of
single and double windbreak walls on the aerodynamic loads of HSTs
running on the windward and leeward lines in a crosswind environ-
ment. The results showed that the two-side windbreak walls have dif-
ferent effects on the unsteady aerodynamic loads of trains running on
the windward and leeward lines. Making use of the lattice Boltzmann
method, Masoud et al. (2019) conducted a study on the influence of
the height and porosity of a railway porous windbreak wall founded
on flat ground on its windproof performance. The results showed that
the windbreak wall with 15% porosity can remarkably reduce the dete-
rioration of aerodynamic performance of trains caused by the kinetic
energy of incoming crosswind. Hashmi et al. (2019) studied for the
first time the influence of different types of windbreak wall transition
sections on the surface pressure of trains based on wind tunnel tests.
Liu et al. (2018) and Chen and Ni (2022a) combined field tests and
computational fluid dynamics (CFD) simulation to reveal the relation-
ship between the deterioration of HST running safety and the sudden
change boundary of the windbreak wall in windy areas. In contrast to
embankments, wind barrier structures of bridges are usually ventilated
to seek a compromise between windproof performance and wind load
reduction. Kozmar et al. (2014) studied the influence of the porosity
and height of a wind barrier of a bridge on the average velocity field
and vorticity field of the leeward side by using the particle image veloc-
imetry technique. He et al. (2019) investigated the aerodynamic effect
of a new louver-type wind barrier on a train–bridge system via wind
tunnel tests. Gu et al. (2020) combined wind tunnel test and CFD sim-
ulation to study the variation of flow field structure on the leeward
side of a corrugated wind barrier on a bridge and its shielding perfor-
mance for HSTs under crosswinds. A difference is often observed
between the windproof structure on embankments and that on brid-
ges, and all kinds of semi-enclosed windproof structures cannot
completely protect HSTs from the interference of crosswind flow.
However, the flow field on the leeward side of the windproof structure
in the embankment–bridge transition section was often ignored by
researchers.

The establishment of incoming flow conditions is essential to the
simulation of windy environment. The previous studies have mainly
focused on constant wind velocity conditions. For example, Telenta
et al. (2014) and Xu et al. (2022) studied the flow characteristics of

turbulent wakes on the leeward side of a wind barrier with different
openings under the constant crosswind condition by using the
unsteady Reynolds-averaged Navier–Stokes CFD method. Bendjebbas
et al. (2018) used the COMSOL Multiphysics® software to study the
influence of a wind barrier on the flow around the heliostat on the lee-
ward side under the atmospheric boundary layer (ABL) incoming flow
with constant wind velocity. Based on CFD simulation and on-site
measurements, Dong et al. (2021) studied the influence law of the
porosity of the windbreak wall of an embankment on the dynamic
response of the leeward catenary under the condition of ABL cross-
wind flow with constant wind velocity. Several researchers have paid
attention to the influence of incoming flow with time-varying wind
velocity on the wake vortex of target objects. For example, Chen et al.
(2022b) used the synthetic eddy method embedded in CFD to generate
three incoming turbulence modes, studying the difference in dynamic
characteristics of wind turbine wake vortices under different incoming
flow conditions and revealing the influence of fluctuating incoming
wind on the wake vortex shedding law of wind turbine blades. Various
simulation methods for fluctuating wind field have been proposed; for
example, Li et al. (2017) and Hu et al. (2019) proposed a set of fluctu-
ating flow generation methods for moving trains on the basis of the
empirical wind power spectrum. However, the wind field simulation
methods in these studies deviate from the characteristics of natural
wind field to a certain extent.

Some researchers adopted scale models to study the dynamic
evolution characteristics of wake vortices around target objects under
the condition of fluctuating incoming flow. For example, Niu et al.
(2017) used a wind tunnel test scheme with a scale ratio of 1:8 to
observe the influence of the turbulence intensity of incoming flow on
the aerodynamic pressure fluctuation characteristics of a train model.
The results showed that the turbulent incoming flow leads to a prema-
ture reattachment of the shear layer on the train surface. Noguchi
et al. (2019) used a wind tunnel model with a scale ratio of 1:40 to test
the aerodynamic coefficient of a carriage on embankment under ABL
incoming flow. Chen et al. (2020) used a CFD model with a scale ratio
of 1:10 to compare the difference of flow field on the leeward side of a
railway windbreak wall near a mountain ridge under two inlet bound-
ary conditions (uniform and ABL). Niu et al. (2018b) compared the
CFD simulation results of train–tunnel models with different scaling
ratios and found that the thickness of the boundary layer on the train
surface increases with the reduction of the model scale, thus affecting
the computational results of the pressure on the train surface to a cer-
tain extent. However, no study was reported about the effect of scale
Reynolds effect on the dynamic characteristics of wake on the leeward
side of windproof structures under crosswinds.

In this paper, the embankment–bridge transition section along a
typical high-speed railway line in northwest China is taken as a testbed
to investigate its wake dynamic characteristics under crosswinds. First,
the spectral coherence characteristics of the wind field collected by
ultrasonic anemometers during a period of strong wind are captured.
Then, the measured time-history samples of wind velocity are used as
incoming flow boundary conditions for CFD simulation. The
improved DDES (IDDES) scheme combined with the shear stress
transfer k–w (SST k–w) model is employed to elucidate the difference
of flow field modes on the leeward side of a windproof structure in the
transition section under the conditions of constant and fluctuating
crosswinds. Finally, the effects of model scale ratio (1:20, 1:10, and 1:1)
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on the wind field simulation results of the leeward side of the wind-
proof structure are revealed. The primary contributions of this study
include: (1) elucidation of the influence mechanism of natural fluctuat-
ing incoming flow on the shedding of leeward vortex of solid wind-
break wall and porous wind barrier, and (2) development of a
procedure for predicting the wake flow field of windproof structures
by adopting a reasonably reduced scale CFDmodel. (3) The study pro-
vides scientific evidence for the design of windproof facilities in
embankment–bridge section along high-speed railway. (4) The
Reynolds number effect between different scale models is studied to
provide guidance for wind tunnel experiments.

II. FIELD TEST
A. Site overview and layout of measuring points

The test site is in the core of the Baili wind zone in northwest
China, as shown in Fig. 1. Local meteorological data show that the
wind in this area is strong all year round (the highest instantaneous
wind velocity reaches up to 60m/s), and the wind direction is relatively
stable, mainly from the north. The high-speed railway section at the
test site basically runs east–west, about 5� south by west. The embank-
ment section is located on the east side, while the bridge section is

situated on the west side. The type of windproof facilities in the
embankment section is single-sided solid windbreak wall with a height
of about 5.2m. The double-side porous barrier installed on the bridge
section is about 4.2m high, and the porosity is 30%.

As shown in Fig. 2, three ultrasonic anemometers (3-axis, Gill
Wind Master Pro, sampling frequency: 32Hz) were arranged side by
side on the flat ground on the windward side of the high-speed rail
line by a wind detector tower. Each tower was anchored to the ground
by three anchor cables to ensure that the sensor’s pointing needle is
strictly north of the geographical direction and does not shake with
the increase in wind velocity. The measuring points were numbered as
#1, #2, and #3 from east to west. The height of the measuring points is
5m above the ground, and the perpendicular distance from the rail
line center is about 50m. The model of the data acquisition system is
Campbell CR6, which was positioned near measuring point #2 and
was continuously powered by a 12-V battery.

B. Data processing

Given that the wind velocity component in the vertical line (per-
pendicular) direction on the horizontal plane is mainly concerned, the
positive direction of wind velocity is designated as the vertical line and

FIG. 1. Location of field test.
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pointed south (Fig. 3). The raw data collected by each ultrasonic ane-
mometer include the horizontal wind velocity UH, the horizontal wind
direction angle h, and the vertical wind velocity Uw. To obtain the
wind velocity components Uu and Uv in the directions of u and v, the
resultant wind velocity UH is decomposed on the horizontal plane by
using the following formulas:

Uu ¼ UH cos ðh0 � hÞ;
Uv ¼ UH sin ðh0 � hÞ;

(
(1)

where h is the wind direction angle corresponding to the resultant
wind velocity on the horizontal plane; its value ranges from 0� to
359.5�, where 0� denotes the direction of due north and the angle
increases clockwise. h0 is the direction wind angle (355�).

An eight-carriage HST running at normal speed takes less than
3 s to cross the embankment–bridge junction. Therefore, when cal-
culating the average wind velocity and turbulence intensity, a 3 s
time interval was adopted to segment the time-history samples of
wind velocity. The formulas for calculating average wind velocity
and turbulence intensity of the U component of each sample are as
follows:

Uu ¼
Xn
i¼1

Uui=n; (2)

Iu ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ðUui � UuÞ2=n� 1

s

Xn
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UHi

2 þ Uwi
2

p
=n

; (3)

where n is the number of data points on a component of wind
velocity at a measuring point within a 3 s time interval, and its value
is 96.

FIG. 2. On-site layout of measuring points.

FIG. 3. Diagram of wind velocity decomposition.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 055109 (2023); doi: 10.1063/5.0147079 35, 055109-4

VC Author(s) 2023

 05 April 2024 04:48:54

https://scitation.org/journal/phf


C. Result analysis

1. Wind velocity and direction

During the test, each anemometer recorded a complete sample of
strong winds lasting for 2 h. Figure 4 shows the time-history curves of
wind velocity at the three measuring points, and Fig. 5 shows the cor-
responding rose diagrams of wind direction.

It is seen from Fig. 4 that the fluctuations of wind velocity at the
three measuring points are quite consistent. The fluctuation of wind
velocity in the first half of the duration is violent, with the highest
instantaneous wind velocity reaching up to 27m/s; the wind velocity
fluctuation in the latter half of the duration is relatively weak. The W
component of wind velocity at the three measuring points fluctuates
slightly around zero value. The wind field in this area exhibits remark-
able two-dimensional characteristics. Furthermore, it is observed from
Fig. 5 that the wind direction of incoming flow at the three measuring
points is consistent and stable. The mainstream direction is nearly per-
pendicular to the railway line, and the angle between it and the U
direction is kept within 5�, indicating that the U component of wind
velocity can approximately represent the resultant wind velocity at
each measuring point. For convenience of analysis, the subsequent
work will focus only on the U component.

To characterize the correlation of wind velocity between adjacent
measuring points quantitatively, Fig. 6 shows the curve fitting results
on the correlation of 3 s samples of the U component of wind velocity
between the adjacent measuring points. As shown in Fig. 6, the slopes
of the two fitted curves between #1 and #2 and between #2 and #3 are
both close to 1, and the sample points converge to the fitted curves
with the increase in wind velocity. This indicates that the U compo-
nent of wind velocity between the adjacent measuring points holds a
high degree of correlation, and the wind velocity samples collected at
the measuring points are representative.

2. Turbulence characteristics

Figure 7 shows the relationship between the turbulence intensity
of the U component and the corresponding 3 s average wind velocity
at three measuring points. It is seen that the distribution patterns of
turbulence intensity samples at the three measuring points are similar,
and the slopes of the external envelope are the same. When wind
velocity is low, the turbulence intensity samples are scattered, and the
maximum value of the turbulence intensity is 0.16. With the increase
in wind velocity, the turbulence intensity tends to be a fixed value. The
trend value is 0.04 for points #1 and #2 and about 0.03 for point #3.

FIG. 4. Time-history curves of wind velocity lasting 2 h: (a) horizontal H component and (b) W component.

FIG. 5. Rose diagrams of wind direction: (a) #1; (b) #2; and (c) #3.
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3. Power spectral density (PSD)

With the wind velocity samples in Fig. 4, the wind power spectral
densities (PSDs) of the time-varying U component at three measuring
points and the corresponding average integral scale are obtained by
the Yule method (10th order, NFFT¼ 10 240), as shown in Fig. 8. It is
found that the morphological characteristics of the time-varying PSD

plane on the U component at the three measuring points are highly
consistent. In the frequency domain, the value of PSD decreases
monotonically with the increase in frequency, and the dominant fre-
quency is about 0.008Hz. In the time domain, the value of PSD is sta-
ble, and the peak value decreases slightly with time. The average
integral scale of the wind field on the U component at the three

FIG. 6. U component wind velocity correlation between adjacent measuring points: (a) #1 and #2; (b) #2 and #3.

FIG. 7. Scatter plot of turbulence intensity vs wind velocity: (a) #1; (b) #2; and (c) #3.

FIG. 8. Time-varying U component wind PSD: (a) #1; (b) #2; and (c)#3.
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measuring points is maintained around 350m, which is about 70 times
that of the height of the windbreak wall.

To capture the spectral coherence of the U component
between adjacent measuring points, 10 min consecutive PSD sam-
ples from the three measuring points in the same period with the
highest average wind velocity are extracted, and then the mscohere
function of MATLAB is used to calculate the spectral coherence
between two adjacent measuring points. The obtained spectral
coherence and the fitted curves obtained using the formula given in
Yang et al. (2022b) are illustrated in Fig. 9. In the figure, C repre-
sents the attenuation coefficient, K is the coherence degree of the
PSD of two measuring points when the frequency approaches 0, D
represents the distance between two measuring points, and �U rep-
resents the mean value of the average wind velocity of two sampling
points selected. As shown in Fig. 9, the coherence between two
adjacent measuring points decreases rapidly with the increase in
frequency, whereas the value of K approaches 1 when the frequency
approaches 0. The coherence degree between #2 and #3 in the low-
frequency band (K¼ 0.94) is slightly higher than that between #1
and #2 (K¼ 0.89). Given that the dominant frequency of the wind
field in this site is about 0.008Hz (corresponding to the horizontal
coordinate value of about 0.02 in Fig. 9), the time-history samples
of fluctuating wind velocity collected at each of the three measuring
points are representative.

III. IDDES-BASED CFD method
A. Overview of the model

1. Geometry domain and boundary conditions

The CFD model considered in the present study has three scales:
1:1, 1:10, and 1:20. Taking the 1:10 scale model as an example, the geo-
metric parameters, boundary conditions, and grid strategy of the
model are described below.

Figure 10 illustrates the geometric parameters of the computa-
tional domain and the corresponding boundary conditions. The geo-
metric dimensions in the model are nondimensionalized according to
the dimensions of the HST (CRH380B, three-carriage grouping).
Among them, the longitudinal dimensions are measured by the length

of the head carriage L; the transverse dimensions are measured by
the width W; the vertical dimensions are measured by the height H.
When the scale ratio is 1:10, the values of L,W, and H are 2.5, 0.327,
and 0.389m, respectively. The windbreak wall on the embankment
is solid with its porosity being 0. The porosity of the wind barrier on
the bridge is simulated by square holes, and the porosity is 30%. The
lengths of the embankment and bridge sections are 5L each. The
zero point on the X coordinate is the junction of the windbreak wall
and wind barrier, which is positive from the embankment to the
bridge. Other details of the geometric dimensions are given in
Fig. 10. As for the boundary conditions, velocity inlet is applied to
the boundary of the incoming flow, symmetry is applied to the top
of the computational domain, and no-slip wall is applied to the sur-
faces of the ground, embankment, windbreak wall, wind barrier,
bridge, and train. Pressure outlet is applied to both ends of the com-
putational domain and to the opposite sides of the incoming flow
boundary.

2. Computational mesh and solution strategy

Figure 11 shows the corresponding grid model. The whole com-
putational domain is discretized by poly-hexcore mesh cells. The grid
model of the train is considered only in the dynamic model (the details
of dynamic grid setting can be found in Yang et al. (2022b), whereas
the train model is not considered in the static model. A total of 10
boundary layers are set on the surfaces of the train, embankment,
bridge, as well as the windbreak wall and wind barrier. The corre-
sponding boundary layer parameters are given in the figure, which do
not change with the scale ratio of the model. The value of yþ < 10,
and the computational time step is set as 1� 10�4 s. Transient solu-
tion is pursued with 20 iterations at each time step. The setting
schemes of other computational parameters in line with the IDDES
method can be found in Yang et al. (2022c). In the embankment–
bridge model, a two-layer mesh refinement zone is set up with the
junction of the embankment–bridge being the center. Under the 1:10
scale ratio, the mesh size range of the embankments, bridges the wind-
break wall and wind barrier is between 0.004 and 0.01m, and the
thickness of the first layer is 0.4–1mm. The mesh size range of the first

FIG. 9. Spectral coherence of the U component between two adjacent measuring points and its fitted curves: (a) #1 and #2 and (b) #2 and #3.
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refinement zone is between 0.004 and 0.02m. The global size of the
model ranges from 0.004 to 0.05. The mesh size of 1:1 model and 1:20
model increases or decreases by 10 times. The total number of grid
cells in the model is about 45� 106.

In this study, IDDES turbulence model was used to solve
the computational mesh. The IDDES-SST model is based on
modifying the sink term in the k-w of the SST model (Shur et al.,
2008),

FIG. 10. Computational domain and boundary conditions.

FIG. 11. Mesh model.
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@qk
@t

þr � ð�q ~UkÞ ¼ r � lþ lT
rk3

� �
rk

� �
þ Pk � qb�kxFIDDES;

(4)
@qx
@t

þr � ð�q ~UxÞ ¼ r � lþ lT
rx3

� �
rx

� �
þ 1� F1ð Þ2q

�rk � rx
rxzx

þ a3
x
k
Pk � b3qx

2; (5)

FIDDES ¼ lRANS
lIDDES

; (6)

where lRANS ¼
ffiffiffi
k

p
=ðb�xÞ, FIDDES is based on the Reynolds-averaged

Navier-Stokes (RANS) turbulent length scale and the large eddy simu-
lation (LES) grid length scales.

3. Verification

To verify the reliability of the boundary layer scheme and turbu-
lence simulation scheme, the mesh strategy described in Sec. IIIA 1
was introduced by referring to Maruyama (2008) wind tunnel test
setup, and three CFD models were established in accordance with
three boundary layer schemes (Fig. 12). In Fig. 12, coarse, medium,
and fine indicate generating 5, 10, and 20 grid layers around a fence
model, respectively. In the CFD simulation, the incoming flow has a
constant wind velocity of 10m/s, and the computational parameter
settings are the same as given in Sec. IIIA 1. The measuring lines L1

and L2 are located on the windward and leeward sides of the fence,
respectively, and 0.1m away from the fence. When the computational
result stabilizes, the continuous sampling time is 6 s. Figure 13 pro-
vides a comparison of wind velocity distribution results obtained by
the three grid schemes and the wind tunnel test results, where the
value of wind velocity is the average value of the component along the
direction of incoming flow in a 6 s period. It is observed from Fig. 13
that the results of the medium and fine mesh schemes are in good
agreement with the experimental results, whereas the deviation of the
results of the coarse scheme is slightly larger. The medium grid scheme
is reasonably compromising computational cost and accuracy.

B. Result analysis

The sudden change of train aerodynamic load is due to the huge
difference in wind field environment between the single solid wind-
break wall of embankment and the double-side porous barrier of
bridge. The change of train aerodynamic load is inevitable due to the
switch of infrastructure during train operation. The average wind
speed of incoming flow is the main factor affecting the aerodynamic
load of trains. Under high wind speed crosswind, trains will be sub-
jected to higher aerodynamic load. The larger the turbulence intensity
of the incoming flow, the fluctuation extent of the train aerodynamic
load increases. In addition, a large number of vortices falloff the lee-
ward side of the windbreak wall under the crosswind, which will
change the flow field structure around the train and lead to the deteri-
oration of the aerodynamic performance of the train. Therefore, the

FIG. 12. Maruyama’s wind tunnel test setup and the corresponding grid model.
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mean field, turbulence, and vortex cores are directly related to the
aerodynamic behavior of trains (Yang et al., 2022d). Therefore, the
premise of studying the change of train aerodynamic load is to study
the characteristics of wind field, such as average wind velocity, turbu-
lence intensity, and transient vortex.

1. Time-history of wind velocity

Figure 14 illustrates the wind velocity time-history samples of the
U component (corresponding to the Z direction in the CFD model)
collected at measuring point #2. As shown in Fig. 14, two samples
with a duration of 6 s, i.e., samples 1 and 2, are selected in the time-

history in the high- and low-speed segments, respectively. These two
samples are, respectively, taken as boundary conditions of incoming
flows for subsequent analyses.

Figures 15 and 16, respectively, show the time-history curves of the
Z-component wind velocity at measuring points along the Z and X direc-
tions under the sample 1 condition calculated by the model with 1:10
scale ratio. Here, �U is the average wind velocity at the boundary of the
corresponding incoming flow, which is 23m/s under sample 1 and
13.8m/s under sample 2. The red curve in Fig. 16 represents the time-
history of sample 1 input on the corresponding incoming flow boundary.

As shown in Fig. 15, the time-history of wind velocity fluctuation
maintains good consistency in the direction of incoming flow. In the

FIG. 13. Comparison of experimental results and the corresponding numerical results: (a) L1 and (b) L2.

FIG. 14. Sample selection of the U-component wind velocity.
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range of 0–7W, the wind velocity fluctuation amplitude decreases
slightly along the positive direction of Z. On the measuring line corre-
sponding to the embankment section, the fluctuation amplitude of
wind velocity suddenly increases near the position of the solid wind-
break wall due to the windbreak of the incoming flow blocking effect,
resulting in flow diversion and acceleration effect. As observed in Fig.
16, the wind velocity fluctuation amplitude on the leeward side of the
windproof structure is considerably higher than that of the incoming
flow at the boundary. In the embankment section, the wind velocity
fluctuation amplitude on the windward and leeward lines is the same,
both fluctuating around zero value, and the time-history keeps good
synchronization in the longitudinal section. In the bridge section, the
wind velocity on the leeward side of the wind barrier increases, and
the fluctuation range of wind velocity on the leeward line is consider-
ably higher than that on the windward line, but it is lower than the
corresponding value in the embankment section overall.

2. Evolution of transient vortex

Figure 17 shows the evolution process of the transient wake vor-
tex structure on the leeward side of the junction section of the

windbreak wall and wind barrier based on the Q-criterion
(Q¼ 30 000) under the conditions of samples 1 and 2, respectively,
calculated by the model with a scale ratio of 1:10. Here, the vortex
structure is dyed with dimensionless resultant wind velocity; the con-
stant incoming flow indicates the condition that the wind velocity on
the inlet boundary is constant as the average wind velocity; the
descriptions of typical moments t1–t5 and t10–t50 are given in Fig. 14.

It is observed in Fig. 17 that after the incoming flow bypasses the
top of the solid windbreak, it generates the acceleration effect and sep-
arates into numerous cordlike vortex structures on the leeward side. In
the near area of the wall top, the cordlike vortex is parallel to its edge.
With the increase in distance, the posture of the vortex structures
evolves to be perpendicular to the wall after separation and rupture.
Due to inertia, the interaction between vortices leads to the attenuation
of turbulent kinetic energy along the incoming flow direction.
Therefore, the large vortex on the leeward side of the windbreak wall
gradually evolves into a middle vortex, and the middle vortex gradu-
ally evolves into a small vortex. The energy on the small-scale vortex is
converted into heat and finally dissipated. The number of wake vorti-
ces generated under the condition of high-speed incoming flow is
remarkably more than that under the low-speed condition, and the

FIG. 15. Time-history of the Z-component wind velocity on three measuring lines along the Z direction under the sample 1 condition: (a) Lz1; (b) Lz2; and (c) Lz3.

FIG. 16. Time-history of the Z-component wind velocity on two measuring lines along the X direction under the sample 1 condition: (a) Lx1 and (b) Lx2.
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acceleration effect at the top of the windbreak wall is considerably
higher than that under the low-speed condition (the maximum
dimensionless wind velocity can reach 1.3).

Under the condition of constant incoming flow, the shedding
evolution process of the vortex structure on the leeward side of the
windbreak wall is relatively stable. While under the condition of fluc-
tuating incoming flow, the time-varying incoming wind velocity
evokes the instability of the wake vortex, and this phenomenon is par-
ticularly crucial under the condition of low-speed incoming flow. The
evolution of wake vortices may be related to the variation of incoming
wind velocity. When the fluctuating wind velocity at the inlet bound-
ary reaches its peak (t2 or t20), the corresponding wake flow velocity is
not the highest; when the incoming flow velocity decreases (t3 or t30),
the wake flow velocity and the number of vortex structures increase;
when the incoming flow velocity reaches its trough (t4 or t40), the wake
flow velocity and the number of vortex structures decrease. This shows
that the evolution of wake vortex structure of the windbreak wall
exhibits hysteretic behavior relative to the change of wind velocity at
the inlet boundary. However, the above characteristics are not remark-
ably featured in the bridge section.

3. Average wind velocity

Figure 18 shows a comparison of the distribution curves of the
average wind velocity values of the Z-component on three measuring

lines along the direction of the incoming flow under the conditions of
samples 1 and 2, calculated by the model with a scale ratio of 1:10. As
shown in Fig. 18, the distribution characteristic of the average wind
velocity along the direction of incoming flow is consistent with that
given in Fig. 15, and the attenuation law under the condition of fluctu-
ating incoming flow is consistent with that under the condition of con-
stant incoming flow. On the measuring line corresponding to the
embankment section, the average wind velocity attenuation amplitude
can reach 5% under the condition of samples 1 and 2. Interestingly,
under the condition of sample 1, the wind velocity under the condition
of fluctuating incoming flow is slightly higher than its counterpart
under the condition of constant incoming flow. However, the two val-
ues are consistent under the condition of sample 2. The reason may be
that compared with the constant incoming flow condition, the turbu-
lent kinetic energy of the incoming wind is higher under the fluctuat-
ing incoming flow condition, and the energy dissipation along the
direction of the incoming flow is lower.

Figures 19–21 show the distributions of average wind velocity on
the leeward side of the windproof structure under incoming flow con-
ditions of samples 1 and 2, respectively. As illustrated in the figures, in
terms of longitudinal distribution, regardless of sample 1 or sample 2,
the wind velocity increases sharply at the junction of the windbreak
wall and wind barrier. The Z-component of wind direction on the lee-
ward side of the windbreak wall is mainly negative because of the gyro
vortex falling off the top of the wall. The Z-component of wind

FIG. 17. Evolution process of the wake vortex structure in the transition section of windbreak wall and wind barrier (Q¼ 30 000): (a) sample 1 and (b) sample 2.
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FIG. 18. Average wind velocity distribution curves of the Z-component along three measuring lines in the Z direction: (a) sample 1 and (b) sample 2.

FIG. 20. Average wind velocity distribution curves of the Z-component along two measuring lines in the X direction: (a) sample 1 and (b) sample 2.

FIG. 19. Z-component mean wind velocity
distribution on the central longitudinal sec-
tion of the windward and leeward lines: (a)
sample 1 and (b) sample 2 (subscripts 1
and 2 denote the fluctuating and constant
incoming flows, respectively).
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direction on the leeward side of the wind barrier is positive, which is
caused by the ventilation holes. This means that when the train runs
through this section at high speeds, it will encounter a sudden change
of wind environment and thus will be imposed by huge aerodynamic
load, which threatens the running safety. The influence of incoming
flow conditions on the longitudinal distribution of wind velocity is
mainly reflected in the windward line. For example, under the sample
1 condition, the jump amplitude (0.73) under the condition of fluctu-
ating incoming flow is 7.3% higher than its counterpart (0.68) under
the condition of constant incoming flow. However, under the sample
2 condition, the jump amplitude under the condition of fluctuating
incoming flow (0.69) is 5.5% lower than that under the condition of
constant incoming flow (0.73).

The incoming flow condition has a weak effect on the vertical
distribution. In terms of vertical distribution, the wind velocity varia-
tion amplitude along the windward line is higher than that along the
leeward line. At the position of�2L, from bottom to top (1.33H corre-
sponding to the wall top), the wind velocity first increases negatively

and then positively. Even, at the height of 1.1H, the dimensionless
wind velocity in the negative direction reaches the highest value
(�0.3). At the 2L position, the dimensionless wind velocity can reach
0.5 at the height of 0.5H. The above phenomenon has also been
revealed in the study of Gu et al. (2020). Regardless of the section
(whether in the embankment or bridge section), the wind velocity
starts to show remarkable positive increase at the height of 1.5H (the
area where the catenary is situated). Especially, in the bridge section,
the dimensionless value of the wind velocity reaches up to 1.5, indicat-
ing that the installation of a wind barrier generates additional wind
load acting on the catenary structure.

4. Turbulence intensity

Figure 22 shows the distribution of average turbulence intensity
on the central longitudinal section of the windward and leeward lines
on the leeward side of the windproof structure under the incoming
flow conditions of samples 1 and 2, calculated by the model with a

FIG. 21. Average wind velocity distribution curves of the Z-component along six measuring lines in the Y direction: (a) sample 1 and (b) sample 2.

FIG. 22. Average turbulence intensity dis-
tribution on the central longitudinal section
of windward and leeward lines: (a) sample
1 and (b) sample 2 (subscripts 1 and 2
denote the fluctuating and constant incom-
ing flows, respectively).
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scale ratio of 1:10. Figure 23 shows the distribution of turbulence
intensity along the corresponding measuring line. As found from Fig.
22, the turbulence intensity in the leeward region of the windproof
structure is remarkably higher than the highest turbulence intensity
obtained at the position of the inlet boundary (0.16, see Sec. II C 2),
indicating that the existence of the windproof structure remarkably
increases the intensity of changes in the leeward flow field. This result
is consistent with the findings from Fig. 16. In the vertical direction,
regardless of the structure (the windbreak wall or wind barrier), a con-
siderably high-turbulence area appears above the top (at the height of
1.5H), which is caused by frequent vortex shedding in this area (as
shown in Fig. 17). This phenomenon indicates that the wind-induced
vibration of the catenary structure in this area will be aggravated by
the existence of a windproof structure. In the longitudinal direction, a
remarkable difference is observed in the distribution of turbulence
intensity between the embankment and bridge sections. The range of
high turbulence intensity above the top of the windbreak wall in the
embankment section is evidently larger than that in the bridge section.

As shown in Fig. 23, in the region below the top of the windproof
structure (1.33H), the turbulence intensity on the windward line is
about 50% higher than that on the leeward line (sample 1), and the

turbulence intensity under sample 1 is generally higher than that
under sample 2. Compared with sample 2, the difference in the vertical
distribution of turbulence intensity between fluctuating and constant
incoming flows under sample 1 is more remarkable, and the difference
is mainly reflected in the corresponding area in the bridge section. For
example, Fig. 23(a) shows that the high-turbulence region in the corre-
sponding section of the wind barrier ranges from 0.25H to 0.5H under
the condition of fluctuating incoming flow, whereas the corresponding
high-turbulence region ranges from 0.5H to 1.0H under the condition
of constant incoming flow. However, evidence for fluctuating incom-
ing flow is insufficient to indicate higher turbulence intensity of the
leeward side of the wind barrier under either sample 1 or sample 2, rel-
ative to the constant incoming flow condition.

IV. DISCUSSION ON MODEL SCALING EFFECT
A. Difference in turbulence attenuation

Figure 24 shows the distribution curves of average wind velocity
and turbulence intensity of the Z-component on Lz2 under the sample
1 condition, which are calculated by the 1:1, 1:10, and 1:20 models,
respectively. It is observed in Fig. 24(a) that the distribution of the
average wind velocity along the incoming flow direction is consistent

FIG. 23. Average turbulence intensity distribution along six measuring lines in the Y direction: (a) sample 1 and (b) sample 2.

FIG. 24. Distribution curves of the Z-component (a) average wind velocity and (b) turbulence intensity on Lz2 under the sample 1 condition.
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under the three scaling ratios, showing a trend of decreasing first and
then increasing (the reason for increase has been revealed in explain-
ing Fig. 15). The 1:1 model reaches the lowest value at 6W away from
the inlet boundary, whereas the 1:10 and 1:20 models reach the lowest
value at 7 and 7.5W, respectively. According to Fig. 24(b), in the range
of 0–10W along the incoming flow direction, the attenuation of turbu-
lence intensity from the 1:10 and 1:20 models is weak, whereas the 1:1
model shows a monotone attenuation trend, with a maximum ampli-
tude of up to 14%.

In summary, the average wind velocity at the boundary of incom-
ing flow can be simulated with acceptable fidelity when a proper
reduced-scale model is adopted. As for the turbulence intensity at the
boundary of incoming flow, necessary corrections must be performed
when using a reduced-scale model.

B. Difference in evolution of transient flow field

Figure 25 shows the evolution process of transient flow field on
cross-sections at �2L (embankment) and 2L (bridge) obtained by the

1:1, 1:10, and 1:20 models, respectively. In the figure, the cloud dia-
gram color is dyed by the dimensionless transient wind velocity of the
Z-component, and the white dotted line marks the larger vortex
region. The following findings are obtained from Fig. 25.

In the case of 1:1 model [Fig. 25(a)], the evolution process of flow
field structure on the cross-section of the embankment is quite differ-
ent from that of the bridge section. In the embankment section, the tri-
angular area under the leeward side of the windbreak wall is a
gathering area of small vortex structures (its boundary has been
marked approximately by a white dotted line in the figure), which
mainly covers the windward line. As a result, the turbulence intensity
of the wind field on the windward line is higher than that on the lee-
ward line. The shedding and evolution of individual large vortex struc-
tures can be observed in the upper area. In the bridge section, the
small vortex structures mainly appear in the area near the pavement,
and the wind velocity field in the upper area is distributed mainly in
the positive direction. In accordance with the changing process of
incoming flow velocity [increasing (t1–t2) to decreasing (t2–t3) and
decreasing (t3–t4) to increasing (t4–t5) in Fig. 14], the boundary line of

FIG. 25. Evolution process of transient flow field in the leeward side of the windproof structure under fluctuating incoming flow condition of sample 1: (a) 1:1; (b) 1:10; and (c)
1:20.
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the small vortex structure gathering area on the leeward side of the
windbreak wall in the embankment section exhibits a pattern of “inter-
nal concave”–“external convex”–internal concave–external convex
(consistent with the hysteretic behavior shown in Fig. 17). However,
the evolution of the vortex structure region of flow field in the bridge
section is not evident.

In the case of 1:10 model [Fig. 25(b)], the evolution characteris-
tics of the boundary line of the small vortex structures’ gathering area
in the embankment section along with the wind velocity of the incom-
ing flow are consistent with the law described by the 1:1 model. The
shedding evolution process of the large vortex structures can also be
observed in the upper area. Compared with the results from the 1:1
model, the gathering area of the small vortices near the pavement in
the bridge section is thickened. As for the results obtained by the 1:20
model [Fig. 25(c)], the characteristics of the corresponding transient
flow field evolution are largely different from those obtained by the 1:1
model, regardless of section (i.e., in either embankment or bridge sec-
tion). The specific manifestations are as follows: On the embankment,
the gathering area of the small vortices has extended to the leeward
line, and its evolution characteristics are largely different from the
results presented by the 1:1 model. On the bridge, the small vortex
gathering area near the pavement thickens further, and its morpholog-
ical changes mainly appear on the leeward line.

As regards simulating the transient evolution characteristics of
the vortex structures on the leeward side of the windbreak wall, the
results obtained by the 1:10 model are in good agreement with the 1:1
model, whereas the results obtained by the 1:20 model have a large
deviation.

C. Difference in mean field

The four physical quantities commonly used to describe the flow
field are wind velocity, turbulence intensity, turbulence kinetic energy,
and vorticity. To compare the prediction performance of the two scale
models (1:10 and 1:20) on the wake vortices on the leeward side of the
transition section of the windproof structure in terms of the above
four quantities, Figs. 26–29, respectively, show the distributions of
average wind velocity, turbulence intensity, average turbulence kinetic
energy and vorticity calculated by the three scale models on three typi-
cal cross-sections under the sample 1 condition. Here, turbulence
kinetic energy is dimensionless with respect to the square of the aver-
age wind velocity (�U 2) on the corresponding inlet boundary (Wang
et al., 2021), and vorticity is dimensionless with respect to H and �U
(Chen et al., 2022b). The following findings can be obtained from
Figs. 26–29.

For the average wind velocity (Fig. 26), the distribution characteris-
tics of the average wind velocity on the corresponding cross-section
under different scale ratios are consistent. From the embankment sec-
tion to the bridge section, the average wind velocity in the Z-component
on the leeward side of the windproof structure varies from negative to
positive (consistent with the results shown in Fig. 19). No remarkable
difference is observed between the corresponding results under the con-
ditions of fluctuating and constant incoming flows.

For turbulence intensity (Fig. 27), the difference between the
results from different scale models is mainly reflected in the embank-
ment section. In the 1:1 model, a high-turbulence area at the top of the
windproof structure and the upper area of the leeward side is observed,
and the thickness of this area gradually becomes thinner from the

FIG. 26. Average wind velocity distribution of the Z-component on three typical
cross-sections under the sample 1 condition: (a) 1:1; (b) 1:10; and (c) 1:20 (sub-
scripts 1 and 2 denote fluctuating and constant incoming flows, respectively).

FIG. 27. Average turbulence intensity field on three typical cross-sections under
the sample 1 condition: (a) 1:1; (b) 1:10; and (c) 1:20 (subscripts 1 and 2 denote
fluctuating and constant incoming flows, respectively).
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embankment to the bridge (consistent with the characteristics shown
in Fig. 22). The thickness of the high-turbulence area under fluctuating
incoming flow is slightly larger than that under constant incoming
flow. The turbulence intensity on the leeward area of the windproof
structure is lower than that on the upper area, and many discrete
high-turbulence areas remain on the windward line. In the 1:10 model,
the number of high-turbulence areas resolved in the embankment sec-
tion is reduced. Overall, although its distribution characteristics are
still consistent with the results from the 1:1 model, the distribution
pattern of the high-turbulence area has changed remarkably.
Compared with the turbulence field results from the 1:1 model, the
corresponding results from the 1:20 model show great variation. As
shown in Fig. 27(c1), the high-turbulence area at the top of the wind-
break wall has spread downward under the condition of fluctuating
incoming flow, and the difference between the results and those under
the corresponding constant incoming flow condition is further
highlighted. For turbulence kinetic energy and vorticity, the difference
between the results obtained from different scale models is similar to
that on turbulence intensity because both indices depend on the turbu-
lence intensity.

In summary, in terms of simulation performance of the average
wind velocity field, the results obtained by the scale models are compa-
rable to those obtained by the full-scale model, and no remarkable dif-
ference is observed between the results obtained under the fluctuating
and constant incoming flow conditions. In terms of simulation perfor-
mance of the turbulence field, the results from the 1:20 model show a
large deviation. As the scale ratio decreases, the corresponding indica-
tors on the leeward side of the windproof structure decrease, and the
difference between the results obtained under the fluctuating and con-
stant incoming flow conditions is gradually highlighted.

D. Difference in PSD

Figure 30 shows the PSD curves of the Z-component wind veloc-
ity on the measuring points at 0.5H height on measuring lines Ly1�1,
Ly2�1, and Ly3�1, calculated by three scale models (1:1, 1:10, and 1:20)
under the sample 1 condition. As shown in the figure, the PSD of each
measuring point decreases with the increase in frequency. In the case
of 1:1 model, the peak PSD in the embankment section [Fig. 30(a1)] is
higher than the corresponding value in the bridge section [Fig. 30(a3)].
For the wind field on the leeward side of the windbreak wall, the PSD
under the condition of fluctuating incoming flow is in good agreement
with that under the condition of constant incoming flow. For the wind
field on the leeward side of the wind barrier, the high-frequency PSD
under the condition of fluctuating wind incoming flow is largely
higher than its counterpart under the condition of constant incoming
flow. In the case of 1:10 model, the PSD characteristics of the three
measuring points and the difference of the results between the con-
stant and fluctuating incoming flow conditions are still in good agree-
ment with the 1:1 model. The peak PSD in the embankment section
[Fig. 30(b1)] is about 10 times higher than the corresponding value in
the bridge section [Fig. 30(a3)]. However, compared with the results of
the 1:1 model, the characteristics of the 1:20 model show a large devia-
tion, especially in the bridge section. The specific performance is as fol-
lows: in the low-frequency band, the PSD under the condition of
fluctuating incoming flow is about 10 times higher than that under the
condition of constant incoming flow; in the high-frequency band, the
PSD values under the two conditions are consistent.

FIG. 28. Average turbulence kinetic energy field on three typical cross-sections
under the sample 1 condition: (a) 1:1; (b) 1:10; and (c) 1:20 (subscripts 1 and 2
denote fluctuating and constant incoming flows, respectively).

FIG. 29. Average vorticity field on three typical cross-sections under the sample 1
condition: (a) 1:1; (b) 1:10; and (c) 1:20 (subscripts 1 and 2 denote fluctuating and
constant incoming flows, respectively).
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V. CONCLUSIONS

Leveraging field tests and numerical simulation by IDDES, a
series of analyses were conducted to elucidate the evolution character-
istics of the wake vortex of windproof structures on the embankment–
bridge transition section along a high-speed railway and to reveal the
effect of scaling ratio (1:20, 1:10, and 1:1) on the turbulence field simu-
lation. The main conclusions are as follows:

(1) The incoming wind field in a flat windy area exhibits remark-
able two-dimensional characteristics. When the fluctuating
wind velocity reaches 25 m/s or above, the representative value
of turbulence intensity is 0.03–0.04, and the average turbulence
integral scale can reach 350 m.

(2) In the range of 0–10W along the incoming flow direction, the
attenuation of the average turbulence intensity obtained from
1:10 and 1:20 models is weak, whereas that from the 1:1 model

can reach 14%. The average wind velocity at the boundary of
incoming flow can be simulated with acceptable fidelity when a
proper reduced-scale model is adopted.

(3) The average wind velocity along the longitudinal windward line
increases sharply at the junction of the windbreak wall and the
wind barrier under fluctuating incoming crosswind with high
speeds.

(4) The incoming flow with time-varying velocity evokes the insta-
bility of wake vortex of the windbreak wall in the embankment,
and this phenomenon is particularly crucial under the condi-
tion of low-speed incoming flow. The transient evolution results
of the vortices obtained by the 1:10 model are in good agree-
ment with the 1:1 model, whereas the results obtained by the
1:20 model exhibit a large deviation.

(5) The results of the average wind velocity field obtained by the
scale models are comparable to those obtained by the full-scale

FIG. 30. PSD curves of the Z-component wind velocity at 0.5 H height on windward line under the sample 1 condition: (a) 1:1; (b) 1:10; and (c) 1:20 (subscripts 1, 2, and 3
denote Ly1�1, Ly2�1 and Ly3�1, respectively).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 055109 (2023); doi: 10.1063/5.0147079 35, 055109-19

VC Author(s) 2023

 05 April 2024 04:48:54

https://scitation.org/journal/phf


model, and no remarkable difference is found between the
results obtained under the fluctuating and constant incoming
flow conditions. The results of the turbulence field of the 1:20
model show a large deviation.

In the future research, the wind-vehicle-embankment–bridge
CFD dynamic model will be established to study the time-varying reg-
ularities of the train’s flow field structure and aerodynamic load.
What’s more, wind-vehicle-embankment–bridge coupling dynamic
model will be also established to study the effect of infrastructure
switching on dynamic response indexes the train.
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