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ABSTRACT

The acceleration of land desertification has led to an increasingly serious threat to the operation
safety of tunnel entrance in the Gobi and desert regions by wind-sand flow, and it is urgent to study
and enhance the running safety of train. Firstly, an ultrasonic anemometer is used to collect the
characteristics of wind-sand flow at a tunnel entrance site in Xinjiang, China. Then, based on the
Euler multiphase flow and the SST k-w model, the variation difference law of the train running at
the tunnel entrance is revealed under the four inflow conditions of constant crosswind, constant
wind-sand flow, pulsating crosswind and pulsating wind-sand flow respectively. Finally, the distur-
bance law of the solid wind barrier at the tunnel entrance on the wind-sand flow and the influence
mechanism on the train’s flow field structure and pressure are revealed. The results show that com-
pared with other cases, the pulsating wind-sand flow has the most significant effect on the moving
trains’ aerodynamic loads (ALs), and the sand particles carried in the air cause the trains’ ALs to fluc-
tuate within 9.09%. The solid wind barrier has a significant disturbing effect on the wind-sand flow,
and the lightweight sand particles follow the air flow over the top of the wind barrier and are not
deposited on the embankment during a short period, and the wind-sand flow’s impact on the HSTs
is dramatically reduced. The wind barrier changes the HST's flow field, and the AL fluctuation of
the train is sharply reduced. The maximum values of the head train’s AL coefficients are reduced
by 46.53-85.75%.

ARTICLE HISTORY
Received 31 August 2023
Accepted 1 November 2023

KEYWORDS

Wind-sand flow; High-speed
train (HST); tunnel entrance;
wind barrier; modeling

1. Introduction situation, sand still exists on the HSRL on the leeward side

As the development of Northwest China continues to
progress, the high-speed rail lines (HSRLs) are being
extended into areas of harsh environments such as the
desert and Gobi. When the HSRL passes through the
windy areas in Xinjiang (Deng et al., 2023; He et al., 2019;
He & Li, 2020), the dust and debris on the ground under
the strong crosswind are swept up to form the wind-sand
flow that will jeopardize the operation safety of high-
speed trains (HSTs). At the same time, wind-sand flow
will bury infrastructure (such as tunnel and embank-
ment) and affect their service life and function. During
the operation of the HSTs, the wind-sand flow will impact
the HST’s surface, and in serious cases, it can penetrate
the window glass of the HSTs, so plenty of wind barri-
ers have been constructed along the HSRL from Lanzhou
to Urumgqi. However, the tunnel-embankment transition
section is at the weak point of the HSRL section due
to the rapid shear of the infrastructure. In the actual

(LS) of wind barriers at the tunnel entrance. Therefore,
it is of great significance to study the aerodynamic load
(AL) changes of the carriage, the wear law of the carriage
surface when the HST crosses the tunnel-embankment
transition section under the wind-sand flow, as well as the
movement and deposition law of the sand in the HSRL
under the wind barrier’s sheltering to ensure the safe
operation of the HSTs.

At present, numerous researchers have conducted
studies on the wind-sand flow’s motion laws in North-
west China (Giudice & Preziosi, 2020; He et al., 2022;
Horvat et al., 2021; Huang et al., 2018; Jiang et al., 2018;
Tan et al., 2022, 2016; Wang et al., 2022b; Yao et al., 2012;
Zhang et al., 2020). Wang et al. (2023) studied the motion
pattern of sand in the Gobi stand in the strong wind area.
The wind-sand hazard on sandy Gobi is more serious
than that on gravel Gobi, and the sandy Gobi of Nanhu
Lake is the main sand source of sand hazard on the rail
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from Hami to Lop Nor. Horvat et al. (2022) studied the
sand deposition and erosion patterns around embank-
ments under different wind speeds and directions and
proposed an active sand blowing sand cleaning device.
Huang et al. (2023) investigated the base shear force
of low-rise buildings by different levels of sandstorms
and found that the average shear force of the buildings
increased as the level of the sandstorm increased. Tom-
inaga et al. (2018) conducted wind tunnel experiments
for erosion and deposition of cubic obstacles by wind-
sand flow, which revealed the movement and deposition
patterns of sand particles around cubic obstacles with
wind speed and sand delivery, and verified that CFD
can accurately predict the wind erosion patterns around
cubic obstacles. Therefore, the function and safety of
infrastructure such as embankment and track are affected
under the wind-sand flow.

When the train runs in the desert and Gobi Beach, the
AL of the train fluctuates significantly under the impact
of crosswind, and the train surface is eroded and abraded
by sand particles, even the train’s laminated glass is bro-
ken (Arias-Cuevas et al., 2011; Carrascal et al., 2016;
Faccoli et al., 2018; Hao et al., 2016; Kian et al., 2022;
Li et al, 2021b; Zhang et al., 2021). Deng et al. (2019)
studied the influence laws of wind barriers on the aerody-
namic characteristics and dynamic response of the HSTs
in a windy region of Xinjiang. Based on the discrete phase
model (DPM) of computational fluid dynamics (CFD),
Paz et al. (2015) evaluated the effects of suspended sand
particles with different particle sizes and particle loads
on the drag force and surface wear of the head train
(HT). The accuracy of the DPM numerical simulation of
sand impact on trains was verified by experiments. Deng
et al. (2021) compared the dynamic response and dam-
age rupture mechanism of laminated glass of the HST to
the impact of wind-sand load through full-scale experi-
ments. It was shown that the impact loading of sand parti-
cles caused the generation and extension of cracks in lam-
inated glass, and with the increase of the diameter of sand
particles the scratches of laminated glass extended dra-
matically and the laminated glass cracked rapidly. Based
on the cohesive unit finite element model considering the
covariant residual stress, Wang et al. (2022a) explored
the effect of residual stress on the fracture mechanism
and cracking pattern of laminated glass in trains, and
found that an appropriate increase in the thickness of the
polyvinyl butyral film can consume more kinetic energy
of the impact to prevent the cracking of laminated glass.
However, the above studies have only investigated the
aerodynamic characteristics of trains under crosswinds
or the wind-sand flow’s impact on trains under station-
ary conditions, and few scholars have paid attention to
the impact effect of wind-sand flow on moving trains.

The impact of strong wind-sand flow has serious harm
to the HSTs and rail track facilities, many wind barri-
ers have been built in desert and Gobi areas to prevent
wind-sand flow, so as to ensure the safety of train oper-
ation (He et al., 2023; Li et al., 2019, 2021a; Masoud &
Mohammad, 2013, 2018a, 2018b; Mehdipour & Bani-
amerian, 2019; Raffaele et al., 2021). Niu et al. (2022)
compared the mitigation effects of single and double side
wind barriers on nonlinear AL fluctuations of trains in
a strong wind environment. The single-side wind bar-
rier can effectively restrain the aerodynamic fluctuation
of the train, and is an economical and efficient design
scheme. Masoud et al. (2023) investigated the effect of
different fence arrangements on the flow field structure
around a high-speed train and analyzed the abrupt fluc-
tuations of the aerodynamic force factor of the train.
The results show that different fencing structures have
considerable influence on the aerodynamic performance
of the train. In order to determine the optimal design
model of porous wind barriers, Masoud and Amir (2021)
investigated the porousness level of the fence and the
distance between the barriers based on the computa-
tional model of the ‘lattice Boltzmann method’ and the
multi-objective genetic algorithm, and finally proposed
the optimal design of the barriers. Based on the work-
ing principle of different types of solid barriers against
wind-sand flow, Bruno et al. (2018a) linked the key
geometric features of sand barriers to the sand block-
ing performance and introduced aerodynamic param-
eters as an approximate metric for their performance
evaluation to provide guidance for sand barrier design.
Sarafrazi and Talaee (2020) investigated the sand reten-
tion performance of a wind barrier on a HRSL during
a sandstorm based on the Reynolds time-averaged tur-
bulence model and the DPM. The results showed that
the larger the diameter of sand particles, the smaller
the effective sheltering distance behind the wind bar-
rier, which is increased by increasing the wind speed.
The optimal distance between the wind barrier and the
track was finally determined. Bruno et al. (2018b) found
that the sand particles carried by the wind often are
deposited in the HSRLs, and the long-term sand reten-
tion performance of solid wind barriers fails to obtain
the desired effect. The tunnel entrance’s flow field is
complex, and sand particles are easily deposited at the
tunnel entrance, and when the train leaves the tunnel
and encounters wind-sand flow, the operation safety of
the train will be seriously deteriorated. However, few
researchers have studied the disturbance characteristics
of tunnel-embankment transition section wind barriers
on wind-sand flow and the aerodynamic impact of wind-
sand flow on the train under the condition of moving
train.
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In this study, based on the multiphase flow theory,
the slip grid technique is adopted to realize the move-
ment of the train, so as to obtain the characteristics
of the sand deposition on the embankment on the LS
of wind barriers at the tunnel entrance-embankment
transition section; as well as the impacts of the wind-
sand flow on the train surface and the transient aero-
dynamic evolution law of the carriage under the distur-
bance of wind barriers. Firstly, based on the wind-sand
flow test of a tunnel-embankment transition section sce-
nario in Xinjiang, the pulsating incoming wind speed
data and sand samples are obtained, and the particle
size distribution characteristics of the sand samples are
obtained by sieving method. Then, a full-size 3D CFD
dynamic model of train-tunnel-embankment-wind bar-
rier is modeled based on the ‘mosaic’ grid technology
of Fluent meshing, and the measured wind speed and
sand parameters are loaded into the CFD model through
the user-defined functions (UDF) program, which real-
izes numerical reconstruction of the wind-sand flow in
the tunnel entrance of the HRSL. Finally, the deposition
law of the wind-sand flow on the embankment under the
disturbance of the wind barrier is analyzed, and the aero-
dynamic impact of the wind-sand flow on the train after

g

7

_ . oo
D e il

Crosswind

Figure 2. On-site layout of the measuring point.

the disturbance of the wind barrier is explored, as well
as the evolution mechanism of the flow field behind it.
The contribution of the paper is to propose a modeling
method of wind-sand flow, which can provide guidance
for the protection and control of wind-sand flow at the
tunnel entrance of the HRSL.

2. Field test of wind field
2.1. Measuring point arrangement

The test site is located in a tunnel entrance of the
Lanzhou-Xinjiang HSRL between Turpan and Hami (as
shown in Figure 1). The tunnel-embankment transition
section is located in the Baili wind zone, where the wind
speed exceeds 30 m/s during the windy period, and the
Lanzhou-Xinjiang HSRL runs geographically from east
to west, with a counterclockwise deflection of about 5°.
The tunnel entrance type of is the hat oblique, and a sin-
gle solid wind barrier is built on the north side of the
embankment. The wind barrier is 5.2 m high and 0.2 m
thick.

As shown in Figure 2, a Gill Wind Master Pro
ultrasonic anemometer (sampling frequency: 32 Hz) is
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Figure 3. Weighing and screening of sand particles.

installed on the windward side (WS) of the wind barrier.
The anemometer is mounted on the solid wind barrier’s
WS by means of a wind tower, with the sensor height
of the anemometer 5 m above the ground and a vertical
distance of about 40 m from the wind barrier. The data
acquisition system is the Campbell CRé6.

2.2. Data processing

The study focuses on the horizontal crosswind impact
effect. The original data collected by the ultrasonic
anemometer include horizontal wind speed (Uy,), hori-
zontal wind Angle (0) and vertical wind speed (Uy,).

The HST running on a HSRL takes less than 3 s to
exit the tunnel. Therefore, a time interval of 3 s is used to
segment the samples, and the turbulence intensity of the
samples is calculated according to the relevant formula
(Yang et al., 2020).

As shown in Figure 2, a QN-JSY stepped sand accu-
mulator is arranged at the tunnel entrance. As shown
in Figure 3, electronic scales and national standard soil
sieves are used for weighing and sieving of the sand par-
ticles in the laboratory of the High Speed Railway of
Central South University.

2.3. Average wind speed and direction

The anemometer recorded 2 h samples of strong winds.
Figure 4 shows the wind speed date of the measure-
ment point, and Figure 5 shows the corresponding rose
diagram of the wind direction.

As shown in Figure 4, the wind speed at the measure-
ment point fluctuated dramatically during the two hours,
with instantaneous wind speeds up to 32 m/s. The aver-
age wind speed at the station is 24 m/s (Ujy) The wind
speed of the U,, at the measurement point fluctuated at
0. In addition, as shown in Figure 5 that the wind direc-
tion of measurement point (Up) is consistent and stable.

Table 1. Distribution of particle size range

Size(mm)  0-0.075 0.075-0.1 0.1-0.25 0.25-0.5 0.5-1 >1
Weight (g) 0.26 3.37 9.95 39.98 2276  9.63

When the wind speed exceeds 22 m/s, the wind direction
is basically perpendicular to the HSRL, so the reconstruc-
tion of the wind-sand flow considers the wind speed on
the horizontal plane as the vertical train direction and the
other direction is perpendicular to the ground.

2.4. Turbulence intensity

Figure 6 shows the corresponding relationship between
the turbulence intensity and the Uj,. As shown in Figure 6,
when the wind speed is low, the turbulence intensities are
relatively dispersed, with the increase of wind speed, the
turbulence intensity tends to a constant value of 0.04.

2.5. Characteristics of wind-sand flow

The sand particles collected by the sand accumulation
instrument in the field experiment are weighed and
screened in the laboratory. The sand particles are divided
into [0-0.075], [0.075-0.1], [0.1-0.25], [0.5-1], [ > 1] Six
particle size ranges, the sand particle size distribution
table is shown in Table 1, and the particle grading dis-
tribution curve is given as shown in Figure 7.

As shown in Table 1 and Figure 7: the total sand
accumulation reaches 85.95 g. The particle size analy-
sis of sand particles can better study the characteristics
and sand deposition law of wind-sand flow. The light
weight of small-sized sand particles makes it easy for
them to be swept up by air flow and move, and easier
to be deposited. The particle size range of sand parti-
cles is mainly concentrated in 0.1-2 mm, accounting for
95.78% of the total sand volume, of which the proportion
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U, Wind speed (m/s)
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Figure 4. Instantaneous wind speed sample: (a) Uy, (b) Uy.
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Figure 5. Wind rose diagram.

of 0.50 mm is as high as 46.52%. The particle size distri-
bution of the sand particles showed normal distribution,
and the sand particles were mainly medium and fine
sand.

3. Methodology
3.1. Modeling scheme of wind-sand flow

3.1.1. Modeling of pulsating wind speed

The UDF program is compiled and loaded on the
velocity-inlet boundary to establish a correspondence
link in time between the measured date and the input date
of the numerical model. The input time interval is 0.125s,
the computational time step is 0.001s, and the wind speed
values between the two input time points are interpolated
using linear difference. To validate the reliability of the
numerical simulation of pulsating wind speed, Figure 8
gives a comparison between the simulation to obtain the
pulsating wind speed on the horizontal and vertical com-
ponents (U and U,,) monitored by the velocity inlet and
the corresponding input values. As shown in Figure 8,
monitoring values at the velocity inlet are consistent with
UDF inputs, indicating that the UDF procedure is reliable
and the simulated pulsating incoming flow is consistent
with the target wind field.

3.1.2. Reconstruction of sand patrticle
Xiong et al. (2011) gives the sand volume fraction corre-
sponding to sand concentration under different intensity
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Figure 6. Turbulence intensity — wind speed.

of sandstorms. The linear difference method is also used
to compile the sand volume fraction for different wind
speeds into a UDF loaded into the velocity-inlet, so as
to realize the real-time correspondence between wind
speed and sand concentration. The measured sand parti-
cle size distribution is set in the sand phase of the Eulerian
two-phase flow. When the crosswind speed is 24 m/s, the
volume fraction of the sand phase is 3.12 x 10~%3AC

3.2. Geometry and solution model

The geometrical dimensions of the computational model
and the boundary conditions are given in Figure 9. The
geometric dimensions of the model are dimensionless
with reference to the actual dimensions of the CRH380B
HST. The values of the length (L), width (W) and height

25.5

(a) — Monitored value
25.0 o UDF input value

24.5

24.0

U, Wind speed (m/s)

t(s)

Percentage (%)
—_— D N W W
hnh O Whnh O W

—_
S
T

5L r
0 S LN b ~
Q
S

“ v
>

S

Particle size of sand (mm)

Figure 7. Proportion of sand size distribution.

(H) of asingle carriage are 25, 3.27 and 3.89 m. The height
and width of the computational domain of the tunnel
entrance are 17.7 H and 31.4 W. The mountain wall is
at an angle of 45° to the ground. The length of both the
tunnel and the wind barrier section is 6.6 L. The tunnel
is modeled as a standard two-line tunnel with a design
speed of 350 km/h and a tunnel area of 100 m?. The solid
wind barrier at the tunnel entrance is 1.34 H and 0.055
W, with a porosity of 0. The pulsating wind speed and
sand data of measured wind field are compiled into a
UDF loaded into the velocity inlet. Symmetry boundary
are used at the model’s top. No-slip Wall is used for solid
wall surfaces such as tunnels, floors, embankments, wind
barriers and HST surfaces. Pressure-outlet is used for the
tunnel outlet and incoming flow boundaries and at the
opposing boundaries, respectively.

2.0

—— Monitored value
UDF input value

L5F °
1.0

0.5

U,, Wind speed (m/s)

t(s)

Figure 8. The pulsating wind speed monitored and the UDF input value: (a) U, (b) Uy.
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Velocity-inlet

Tunnel portal

10 layers

Figure 10. Overview of the grid.

3.3. Computational mesh Fluent meshing with a total number of grids of 36 million.

The model adopts the layered moving mesh method to
The grid details of the computational model are shown  realize the relative motion of the HST, and Yang et al.
in Figure 10. The overall model is discretized using poly- ~ (2020) provides a detailed description of the moving
hedral grid cells using mosaic meshing technique of the =~ mesh method. Considering the complex evolution of the
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Figure 11. Different resolution grid.

flow field at the regions of the tunnel entrance, LS of the
wind barrier and tail train (TT), the grid of the region
needs to be refined. The grid size of the refined region
at the tunnel entrance and the LS of the wind barrier
is limited to 4 x 1073 L, and the extent of the region is
23 L,5.7 W and 2.3 H. 10 layers of surface are gener-
ated at the tunnel wall and the wind barrier wall. The
response of the HST are the focus of the study, so the grids
around the HST are refined. The grid size of the HST
surface is 5-x 10~*L, and 10 layers are also generated on
the HST surface, with the thickness of the first grid layer
being 5 x 107*L (y* < 10). The computational model is
solved transiently using the SST k-w turbulence model
with 0.001s time step. Therefore, the model is computed
at the supercomputer center in Wuxi, and each model
takes 10 days to complete using 144 cores.

3.4. Mesh sensitivity study

The fine grid can get a more accurate solution result,
especially in the study of the train dynamic mesh refine-
ment area plays a crucial role in the whole calculation
process. Therefore, the grid independence verification is
carried out for the surface grid and the attached surface
layer of the train, and the three encryption schemes for
the attached surface layer are shown in Figure 11, with
the total grids of 30, 38 and 46 million representing the
coarse, medium and fine resolution levels, respectively.
Using the 24 m/s crosswind and sand volume fraction of
3 x 1078 as an example, Figure 12 shows the correspond-
ing lateral force of the three grid schemes.

As shown in Figure 12, the number of surface layers
has a significant effect on the HT’s lateral force coefficient
(C,), especially in the tunnel entrance and the wind bar-
rier section. Compared to the 46 million grid model, the
maximum difference in lateral force between the 30 and
38 million grid models is 12.4% and 2.9%, respectively.
The computation times for the 30, 38,46 million grids are
7,10 and 15 days, respectively. Therefore, the medium

(NN

04
03F
O o02f
e
S
= oo0af
Fine
0.0 —— Middle
Coarse
-0.1 L L
1 2 3

1(s)
Figure 12. Lateral force values of the three resolution grids.

resolution model is able to guarantee accuracy having
less number of grids and the 38 million grid encryption
scheme is reasonable and efficient.

3.5. The cases considered

As shown in Table 2, 5 cases are considered in the study.
The effects of sand particles of the air on the HST’s aero-
dynamic characteristics when it exits a tunnel entrance
are investigated for the C1 and C2 under the effect of a
crosswind with a constant 24 m/s. The natural crosswind
at the tunnel entrance is the turbulent wind with complex
pulsation components. Therefore, C3-C4 investigates the
influence of sand particles on the HST’s aerodynamic
characteristics and the sand movement law under the tur-
bulent wind. Finally, based on the measured wind speed
data in the field, C5 explores the disturbance pattern of
the wind-sand flow by wind barrier and the change of ALs
of the HSTs.

3.6. CFD validation

A wind-train-tunnel-embankment model is modeled by
reference to the tunnel-embankment transition section
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Table 2. Calculation cases considered in the study.

Turbulence Wind

Case Incoming flow Wind speed intensity barrier
a Constant wind 24 0 Without
C2 Pulsating wind Fluctuations up 0.04 Without
and down 24
a3 Constant wing-sand 24 0 Without
Cc4 Pulsating wind-sand  Fluctuations up 0.04 Without
and down 24
(&) Pulsating wind-sand  Fluctuations up 0.04 Exist
and down 24

experiments in the XNJD-3 atmospheric boundary layer
wind tunnel (1:20 scale) at Southwest Jiaotong Univer-
sity (shown in Figure 13). The type of boundary con-
ditions and turbulence model used are consistent with
the case in the paper. A steady crosswind of 8 m/s is
added in the wind tunnel to impact a stationary train
at the embankment section to monitor the HST’s C,.
Simulation results are validated with the experimental
datas of Zhang et al. (2019). To make the dates compa-
rable, the ALs are dimensionless. As shown in Figure 13,
the C; of train is simulated by the SST k-w model is in
basic agreement with the wind tunnel dates, with the
difference within 7%. Therefore, the wind-train-tunnel-
embankment model based on the SST k-w in the paper is
considered reliable.

4. Results and discussions

4.1. Aerodynamic loads of the moving train under
four inflow conditions

The ALs of the carriages are calculated by using the unit
surface pressure integration method and are dimension-
less (i.e. C,, the lift coefficient Cy, the roll moment coefli-
cient Cy,y, the yaw moment coefficient Crny> and the pitch
moment coefficient C,;). Table 3 counts the peak values
of the five AL coeflicients for the three carriages during

the HST exiting the tunnel and when the HST is fully run-
ning on the open line. According to Niu et al. (2022), the
standard deviation can quantitatively characterize the AL
fluctuations of the HST and indirectly obtain the vortex
shedding frequency around the HST. In the study, the AL
coeflicients of the three carriages are processed to obtain
the standard deviation as shown in Table 4.

During train operation, its ALs are largely influenced
by the local flow around the train, and the degree of
fluctuation of the ALs is caused by the oscillation of the
incoming wind speed. However, when there are sand par-
ticles on the ground, sand particles are wrapped in the
HST’s airflow to form the wind-sand flow. The dynamic
response of the train to the wind-sand flow will be more
complicated under the interaction of airflow and sand
particles. Figure 14 gives the five AL coefficients of the
HT, middle train (MT) and TT under four incoming
flows.

Comprehensive analysis of Figure 14, Table 3 and
Table 4 shows that:

The HST’s AL coefficients fluctuate drastically during
the HST exiting the tunnel, especially for the HT. When
the wind speed is constant, the five ALs of the carriages
are maintained at the peak level and fluctuate steadily on
the embankment. When the air contains sand particles,
it takes energy for the air to drive the sand particles into
motion, resulting in a decrease in the crosswind speed.
As a result, the maximum values of the coefficients of Cj,
Cmx and Gy of the HT are reduced by 0.004 (1.27%),
0.001 (9.09%) and 0.002 (0.40%), respectively, when the
train exits the tunnel under the wind-sand flow. However,
the sand movement leads to the change of the HST’s flow
field, and the C, and Cj, of the HT increase by 0.017
(4.93%) and 0.002 (1.39%). The HST’s running process
is more bumpy and passenger comfort is reduced.

However, the actual natural wind field is often tur-
bulent wind, and the HST’s external flow field structure
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Table 3. Maximum value of the AL coefficient of the three carriages.

out Crosswind
Carriage a 2 a C4 C1 (] a c4
Head Max Cy 0.345 0.335 0.362 0.351 0.328 0.325 0.340 0.339
Max Cz 0316 0.363 0312 0.363 0.308 0.379 0.301 0.379
Max Crx 0.011 0.018 0.010 0.018 0.010 0.019 0.019 0.020
Max Crny 0.502 0.501 0.500 0.504 0.345 0.381 0.347 0.389
Max Cpnz 0.144 0.139 0.146 0.144 0.119 0.124 0.122 0.127
Middle Max Cy 0.267 0.267 0.277 0.272 0.255 0.251 0.261 0.259
Max Cz 0.152 0.235 0.146 0.228 0.149 0.236 0.139 0.227
Max Cinx 0.012 0.022 0.012 0.022 0.011 0.023 0.011 0.023
Max Cmy 0.159 0.174 0.144 0.169 0.051 0.063 0.049 0.058
Max Cpnz 0.014 0.014 0.012 0.014 —0.023 —0.024 —0.024 —0.026
Tail Max Cy 0.198 0.196 0.216 0.210 0.188 0.189 0.204 0.204
Max Cz 0.086 0.160 0.085 0.160 0.009 0.097 —0.001 0.087
Max Cpnx 0.006 0.016 0.006 0.015 0.001 0.012 0.000 0.010
Max Cny 0.287 0.280 0.272 0.270 0.265 0.276 0.263 0.277
Max Cpnz 0.020 0.013 0.017 0.018 —0.102 —0.101 —0.113 —0.111
Table 4. Standard deviation values of the AL coefficients for three carriages.
out Crosswind
Carriage @ (@) (6] c4 1 C2 a c4
Head AG 0.143 0.139 0.149 0.146 0.001 0.007 0.002 0.007
ACz 0.142 0.143 0.141 0.143 0.002 0.035 0.001 0.035
A Cng 0.005 0.006 0.005 0.005 0.000 0.004 0.000 0.004
ACy 0.196 0.194 0.198 0.197 0.003 0.014 0.001 0.014
A Cmy 0.074 0.072 0.078 0.077 0.001 0.003 0.001 0.003
Middle ACy 0.093 0.091 0.097 0.096 0.002 0.007 0.002 0.007
ACz 0.057 0.059 0.053 0.056 0.001 0.036 0.001 0.037
A Cng 0.004 0.005 0.004 0.005 0.000 0.005 0.000 0.005
ACny 0.047 0.047 0.046 0.046 0.001 0.005 0.002 0.006
A Cmz 0.064 0.063 0.068 0.067 0.003 0.003 0.003 0.004
Tail AG 0.068 0.067 0.074 0.074 0.002 0.007 0.002 0.008
AC 0.026 0.030 0.026 0.029 0.001 0.036 0.001 0.036
A Cg 0.003 0.003 0.002 0.003 0.000 0.004 0.000 0.004
AChyy 0.091 0.091 0.087 0.087 0.002 0.013 0.001 0.013
A Cry 0.064 0.063 0.069 0.068 0.002 0.003 0.002 0.003

changes significantly under the turbulent wind. There-
fore, when the incoming flow is turbulent wind, the
HST’s AL not only changes abruptly in the infrastruc-
ture switching situation, but also the HST’s ALs fluctuates
dramatically in the embankment section with the change
of the incoming wind speed. Compared to the pulsat-
ing wind-sand flow condition, the maximum value of the
five AL coeflicients of the HT under constant wind-sand
flow decreases by 0.020 (60.61%), 0.173 (96.11%), 0.022
(95.65%), 0.087 (91.58%), and 0.013 (54.17%), respec-
tively. The standard deviations of the HST’s AL coeffi-
cients for the constant wind-sand flow are all below 0.03.
However, the standard deviations of the HST’s AL coeffi-
cients for the pulsating wind-sand flow are all more than
0.03, and it is noteworthy that the standard deviation of
the C, coefficient is as high as 0.36, and the strength of the
leeward vortex shedding of the HST under the turbulent
wind is significantly changed. Therefore, the change of
wind speed in the pulsating wind field plays a significant
influence on the HST’s flow field characteristics.

When the incoming flow are pulsating wind, and sand
particles are present in the airflow, the change of the
HST flow field is more complicated. Compared with the
constant wind-sand flow (C3), the variation of the ALs
of the HST increased slightly. In the tunnel entrance
section, the maximum values of the five AL coeflicients of
the HT increased by 0.011 (3.02%), 0.001 (0.24%), 0.001
(4.55%), 0.007 (1.24%) and 0.017 (6.01%), respectively. In
the embankment section, the maximum values of the five
AL factors for the HT increased by 0.001 (3.13%), 0.004
(2.27%), 0.001 (4.55%), 0.002 (2.13%) and 0.001 (4.35%),
respectively.

In summary, the HST’s AL coefficients have the largest
change amplitude under pulsating wind-sand flow, and
the HST’s operation safety is under the greatest threat.
Compared with the constant wind-sand flow, the pul-
sating wind-sand flow will cause the fluctuation of the
AL of the HST, the maximum difference of the AL
coefficients fluctuation is 96.11%, the standard devia-
tion of the C, coeflicient has the largest change. The
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Figure 14. Five AL coefficients: (a) Gy, (b) C, (¢) Cinx, (d) Cmy and (e) Cppz.
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intensity of vortex shedding on the HST’s LS under
the impact of pulsating wind-sand flow fluctuates dra-
matically, which in turn causes the HST’s compart-
ment body to agitate. When sand particles are wrapped
in the air, it will cause the HST’s ALs to change
within 9.09%.

4.2. Aerodynamicloads of the moving train under
wind barriers

In practice, wind barriers are constructed on the WS of
the HSRL in windy areas to resist the impact of high-
speed crosswinds on HSTs. The wind barriers reduce the
fluctuation of the HSTs” ALs of and protect the opera-
tion safety of the HSTs. Figure 15 gives the AL coeffi-
cients when the HST leaves the tunnel under the pulsat-
ing wind-sand flow (with or without windbreaks), and
the maximum values and standard deviations of the AL
coefficients of the three carriages are shown in Table 5.

As shown in the Figure 15 and Table 5:

The fluctuation of the HST’s AL decreases sharply
when the wind barrier is installed at the tunnel entrance,
and the HST exits the tunnel and operates in the pulsat-
ing wind-sand flow. The maximum values of Cy, C;, Cyy,
Cmy and Cy. of the HT are reduced by 0.301 (85.75%),
0.234 (64.46%), 0.009 (50.00%), 0.410 (81.35%) and
0.067 (46.53%), respectively. The wind barrier changed
the HST’s flow field, and the C; and C,,, of the train
changed from positive Z direction (incoming flow direc-
tion) to negative Z direction. The wind barrier reduces
the impact of wind-sand flow on the HST, the fre-
quency and intensity of vortex shedding on the LS of
the HST are decreased, and the standard deviation of
the train’s AL coeflicients are significantly reduced. The
standard deviation of the C,, C;, Cyx, Ciny and Cpyz of
the HT are reduced by 0.301 (85.75%), 0.234 (64.46%),
0.009 (50.00%), and 0.41 (81.35%), and 0.067 (46.53%),
respectively.

4.3. Flow field structure

In order to study the effect of wind barrier on the evo-
lution of transient vortex structures around the HST,
the HST’s flow field and vortex structures at the tun-
nel entrance-embankment segments under the impact
of pulsating wind-sand flow are given in Figure 16 and
Figure 17. The isosurfaces of the vortex structures are
generated based on the Q-criterion and colored with a
dimensionless velocity (U, = 35.7 m/s).

As shown in Figure 16: When the HST leaves the
tunnel, under the impact of pulsating wind-sand flow,
the airflow forms a vortex above the LS of the carriage,
which leads to the train’s C;, Cyy and Cpy. to grow in a

negative direction first. Many separating vortices exist on
the HST’s LS under the impact of pulsating wind-sand
flow, and these vortices are the main cause of aerody-
namic fluctuations of the HST. The coupling of HST’s
wind and pulsating wind-sand flow leads to the devel-
opment of vortices from the HT to the TT gradually
increasing and moving away from the train. As a result,
the HST’s ALs grow from the negative direction to the
positive direction. Since the wind speed of the wind-sand
flow is fluctuating in real time, the HST’s flow field will
also change continuously, resulting in the ALs of the HST
fluctuating with the change of wind speed.

Wind barriers can reduce the violent changes in the
HST’s flow field structure, minimize the fluctuation of the
ALs of the HST and thus ensure the safety of the train.
When a wind barrier is installed at the HSRL, the wind-
sand flow bypasses the tunnel entrance and evolves into
vortex structures on both the WL and LS of the HST.
The vortex structure on the LS of the HST is larger and
shifted downward compared to the one without a wind
barrier (C4). Due to the formation of vortex structures
on both sides of the HST, both sides of the carriage are
subjected to negative pressure at the same time, which
partially offsets the pressure difference of the carriage and
thus reduces the ALs on the HST.

As shown in Figure 17: A large detached vortex struc-
ture can be captured at the tunnel entrance when the HST
operates on the HSRL without wind barrier. Two large
vortex structures are detached from the HST’s LS under
the impact of pulsating wind-sand flow, a longitudinal
vortex is continuously detached from the streamlined
nose of HT, and the other one develops from the middle
of the HT toward the MT gradually increasing and vortex
detachment. The streamlined nose of HT, the WS and the
roof of the HST all become positive pressure, and the LS
of the HST becomes negative pressure. Due to the exis-
tence of the pressure difference of the carriage, the HST
as a whole is subjected to C, and C,, under the incoming
flow. While the HST runs on the embankment with wind
barrier, the longitudinal vortex structure on the HST’s LS
disappears. Striped vortex structures are captured around
the top of the wind barrier, and multiple separated vortex
structures are captured on the HST’s WS, especially on
the TT’s WS. The presence of a single-side wind barrier
significantly reduces the strength and size of the vortices
around the HST.

4.4. Cross-sectional pressure of the train

To analyze the influence law of the wind barrier on the
HST’s aerodynamic pressure, Figure 18 gives the pressure
distribution in the cross section of the carriages (middle
section of the HT, MT and TT) when the HST is running
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Table 5. Maximum and Standard deviation values of the AL coefficients of the three carriages.

ouT Crosswind ouT Crosswind
C4 5 c4 (&) Cc4 5 Cc4 (&
Head Max Cy 0.351 0.050 0.339 0.056 ACG 0.146 0.025 0.007 0.023
Max Cz 0.363 0.129 0.378 0.147 ACz 0.143 0.036 0.035 0.036
Max Cmx 0.018 0.009 0.019 0.013 A Cmx 0.005 0.003 0.004 0.004
Max Cry 0.504 0.094 0.389 0.111 ACny 0.197 0.040 0.014 0.039
Max Cz 0.144 0.077 0.127 0.084 A Cmz 0.077 0.030 0.003 0.022
Middle Max Cy 0.272 0.064 0.259 0.059 ACG 0.096 0.021 0.007 0.010
Max Cz 0.228 0.006 0.227 0.039 ACz 0.056 0.041 0.037 0.034
Max Cnx 0.022 0.003 0.023 0.005 A Cmx 0.005 0.015 0.005 0.016
Max Crny 0.169 0.043 0.058 0.032 ACyy 0.046 0.100 0.006 0.025
Max Cmz 0.014 0.017 —0.026 0.033 A Cmz 0.067 0.033 0.004 0.032
Rear Max Cy 0.210 0.070 0.204 0.068 AGy 0.074 0.023 0.008 0.005
Max Cz 0.160 0.007 0.087 0.039 ACz 0.029 0.022 0.036 0.031
Max Cnx 0.015 0.001 0.010 0.001 A Cmx 0.003 0.003 0.004 0.004
Max Cryy 0.270 0.004 0.277 —0.078 AChy 0.087 0.061 0.013 0.015
Max Cmz 0.018 0.030 —0.111 0.012 A Cmz 0.068 0.015 0.003 0.006
0
Unprotected S

Figure 16. Evolution of the HST's flow field structure.

on the embankment under the impact of the pulsating
wind-sand flow, P, = 300 Pa.

As shows in Figure 18, under the impact of pulsat-
ing wind-sand flow, the HT’s WS is subject to positive
pressure and the roof is subject to negative pressure.
Therefore, the HT is subjected to C; in the direction of
incoming flow and vertical upward C,. The WS and the
junction of the MT is under positive pressure, and the
roof and the junction of the roof and the WS of the MT is
under negative pressure. In addition, due to the existence
of the vortex on the LS of the MT, the MT is subject to
the greatest negative pressure. The positive on the TT is
minimized. When the WS of the HSRL is equipped with
a wind barrier, the wind barrier is subjected to aerody-
namic pressure from the pulsating wind-sand flow, and
the carriages’ surfaces are subjected to negative pressure
and the negative pressure decrease. The change in the

HST’s pressure distribution leads to the corresponding
shift in the HST’s ALs, and all five ALs are reduced. How-
ever, there are multiple separating vortex structures at the
TT’s top, and the top of the compartment body of the
tail car is negatively pressurized and subjected to upward
pulling force, and the TT’s C, and Cy,. are larger than that
of the HT and the MT.

4.5. Sediment characteristics of sand

In addition to the effect of wind-sand flow on the aero-
dynamic response of the HST, sand particles will be
deposited and attached to the embankment and HST sur-
face. The presence of sand particles affects the service life
and operational safety of the HST, so the movement and
deposition pattern of the sand particles are very impor-
tant. After the wind-sand flow passes through the wind
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Figure 18. Cross-sectional pressure distribution of the HST.
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The volume fraction of sand
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Figure 19. 3D volume fraction distributions of the sand phase.

barrier, the flow field structure behind the wind barrier
and around the HST is changed, which is conducive to
the improvement of the overturning stability of the HST
and has a significant protective effect on the safe opera-
tion of the HST. The wind barrier can also prevent the
movement of sand particles, reduce the deposition of
sand particles on the embankment and track, and reduce
the impact and erosion of sand particles on the HST
surface. In order to analyze the effect of wind barriers
on the movement and deposition of sand particles, the
3D volume fraction distributions of the sand phase are
given in Figure 19, and the 2D volume fraction distribu-
tion of the middle cross section of the HT, MT and TT
are also given in Figure 20. The turbulent kinetic energy
(TKE) distributions of the HST” cross-section is given in
Figure 21.

As shown in Figure 19: when the HST exits the tun-
nel, it suddenly encounters a wind-sand flow, and the thin
layer sand is attached to the surface of the streamlined
nose of HT. There is a large amount of sand particles
deposited on the WS of the tunnel entrance, and there
is a risk of the tunnel entrance being buried over time.
Under the continuous impact of the wind-sand flow, the
nose surface is eroded by the sand particles. Many sand
particles remaining on the surface of the streamlined
nose, which may seriously affect the driver’s visibility.
The entire carriage is covered with a large number of sand
particles due to the bypassing effect of the air flow (espe-
cially at the joints of the carriages). Sand particles are
deposited on the LS of the track due to the response of the
embankment and track to wind-sand flow. As the train

passes, the train winds swirl the sand particles around
the embankment and track mixing with airborne sand
particles and moving with the vortex structures shed on
the TT, eventually settling around the track. There, there
are fewer sand particles attached to the TT’s surface, and
the track over which the train travels accumulates a lot of
deposited sand particles. The sand particles on the track
slab will cause great harm to the bogies and wheels of the
HST, so it is necessary to take measures to prevent the
sand particles from being deposited on the track or to
clean the accumulated sand on the HSRL in time.

When the HSRL is not protected by the wind barrier,
pulsating wind-sand flows move to the embankment and
track system and sand particles are deposited on the LS
of the track slab. Under the impact of the wind-sand flow,
the nose of the HT is severely eroded and many sand
particles are attached to the nose of the HT. When there
is the wind barrier on the embankment, the wind bar-
rier changes the flow structure of the wind-sand flow and
the trajectory of the sand particles. The train surface and
track plate are almost free of sand particles attachment
and deposition.

As shown in Figure 20: the wind drives the sand par-
ticles into motion, the sand particles mainly exist in the
high wind speed region and the vortex. The wind-sand
flow bypasses the HST’s top to form a vortex on the LS of
the HST. Sand particles are swept up by the airflow and
impacted on the WS of the HST, and then deposited on
the LS of the HST bypassing the roof of the HST. Sand
particles are distributed in strips and vortices in the vicin-
ity of the HST due to the accelerating effect of bypassing
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Figure 20. 2D volume fraction distribution of the middle cross section.

and sand particles concentrate on solid surfaces, and sand
particles are distributed in strips as they follow the air-
flow around the WS and top of the HST. The airflow
bypasses the carriage and forms a vortex on the LS, and
the sand particles are involved in the vortex and move
along with it, so the sand particles are distributed in a
vortex shape on the LS of the carriage. When the wind
barrier is installed on the HSRL, the top of the wind bar-
rier has an accelerating effect on the wind-sand flow, and
the airflow bypasses the embankment and track. Most of
the lightweight sand particles bypass the wind barrier’s
top with the airflow, avoiding deposition on the HSRL
and significantly reducing the harm to the HSTs and track
structures.

As shown in Figure 21: when the HST is running on
the HESL, there is a large area of strong TKE region on
the LS of the HT and the ground of the embankment
under the impact of the wind-sand flow, so the sand par-
ticles deposited on the embankment are swept up by the

airflow; for the MT, the strong TKE region shifts to the
roof and bottom of the LS, and the sand particles rise with
the vortex. For the TT, the intensity of TKE decreases, and
the sand particles are dispersed with the tail vortex and
deposited again on the track.

5. Conclusions

Based on the multiphase flow and SST k-w model, the
variation law of the HST’s ALs at tunnel-embankment
scenarios under different wind-sand flow conditions is
investigated. The motion and deposition characteristics
of pulsating wind-sand flow on the tunnel-embankment
under the disturbance of wind barrier are revealed. The
results of the study prove that the pulsating wind-sand
flow has the greatest impact on the operational safety of
HST, and the single-side solid wind barrier can consider-
ably reduce the HST’s aerodynamic load fluctuation. The
wind-sand flow modelling method proposed in the paper
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Figure 21. The turbulent kinetic energy (TKE) distributions of the HST.

provides a new research scheme for wind-sand flow con-
trol and HSTS’ operational safety protection. The main
conclusions are as follows:

(1) Under pulsating wind-sand flow, the five AL coef-
ficients have the greatest amplitude of maximum
value, and the HST’s operation safety is most
affected. When sand particles are wrapped in the air,
the HST’s ALs changes within 9.09%.

(2) Compared with the constant wind, the pulsating
wind causes the fluctuation of the HST’s ALs, and the
maximum AL coefficient has a difference of 96.11%,
which will cause the HST carriages vibration.

(3) Under the impact of wind-sand flow, a large num-
ber of sand particles are deposited on the WS of the
tunnel entrance and the embankment, there is a risk
that the tunnel entrance and track could be buried
without protection of the wind barrier. The stream-
lined nose of the HST is impacted by the wind-sand
flow, and many sand particles deposit on the surface
of the streamlined nose.

(4) The single-side solid wind barrier has a significant
disturbing effect on wind-sand flow. The wind bar-
rier changes the flow field mechanism around the
HST, and the HST’s ALs fluctuation are dramatically
reduced. The maximum values of Cy, C;, Cyux, Ciy
and C,; of the HT are reduced by 85.75, 64.46, 50.00,
81.35 and 46.53%, respectively.

(5) The wind barrier disturbs the movement and depo-
sition pattern of the wind-sand flow. Lightweight
sand particles bypass the top of the wind barrier with
the airflow and are not deposited on the embank-
ment and track for a short period, and the erosion
of the HST’s surface is sharply reduced.

The limitation of this study is the lack of wind tun-
nel experiments for aerodynamic performance of mov-
ing trains at the tunnel entrance under wind and sand
flow. In addition, the Euler two-phase flow method
used in the study is unlikely to simulate the motion
patterns of individual sand grains well. Therefore, a
comparative study of the motion of sand particles
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can be carried out by combining the Euler-Lagrange
method.

The paper discusses and analyzes the transient aero-
dynamic performance of a train under wind-sand flow.
The dynamic response and the safety performance of the
train under wind-sand flow are the focus of the next
research. The wheel-rail contact relationship between the
wheels and the rails of HSTs will change under the action
of sand particles. The friction between the rails and the
wheels may be reduced and the trains’ derailment possi-
bility will be much higher. In addition, sand particles may
cause the wave abrasion effect on the rails, thus affect-
ing the service life of the rails and the operational safety
of HSTs.
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