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Abstract: The dynamic performance of high-speed trains is significantly influenced by sudden changes in aerodynamic loads
(ADLs) when exiting a tunnel in awindy environment. Focusing on a double-track tunnel under construction in a mountain railway,
we established an aerodynamic model involving a train exiting the tunnel, and verified it in the FLUENT environment. Overset
mesh technology was adopted to characterize the train's movement. The flow field involving the train, tunnel, and crosswinds was
simulated using the Reynolds-averaged turbulence model. Then, we built a comprehensive train-track coupled dynamic model
considering the influences of ADLs, to investigate the vehicles' dynamic responses. The aerodynamics and dynamic behaviors of
the train when affected by crosswinds with different velocities and directions are analyzed and discussed. The results show that the
near-wall side crosswind leads to sharper variations in ADLs than the far-wall side crosswind. The leading vehicle suffers from
severer ADLs than other vehicles, which worsens the wheel-rail interaction and causes low-frequency vibration of the car body.
When the crosswind velocity exceeds 20 m/s, significant wheel-rail impacts occur, and running safety of the train worsens rapidly.
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1 Introduction

With the continuous development of Chinese
railway networks, railway construction is in progress
in the central and western mountain regions. Due to
the complex topography of these areas, a large
number of tunnels are constructed to cross the
mountains, and the maximum bridge-tunnel ratios of
some mountain railway lines exceed 80%. The rolling
mountains and complex topography greatly affect the
speed and direction of natural winds (Bullard et al.,
2000; Zhang et al., 2019). Moreover, the transition
between tunnels and open-air sections applies
additional aerodynamic loads (ADLSs) to trains in
crosswind environments (Li et al., 2017; Li et al.,
2021). The sudden variation in ADLs has significant
effects on the operational quality of vehicles (Sun et
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al., 2019). Therefore, it is of great significance to
investigate the dynamic behavior of vehicles when a
train exits a tunnel in a crosswind environment.

Field testing and simulation are the primary
methods for analyzing the wind-related running
safety of trains. Niu et al. (2017) field-tested the
aerodynamic performance of different high-speed
trains (HSTs) in crosswinds, with and without
windbreaks. They used both field testing and dynamic
simulation to study the dynamic responses of the
HSTs to the scenario transformation that occurs under
crosswinds. Liu et al. (2017a) measured the car-body
lateral vibration responses when a HST passed
through complex terrain sections, and observed a
car-swaying phenomenon. Sun et al. (2018) measured
the wheel-rail forces (WRFs) when a HST passed a
windbreak breach in strong crosswinds. The
derailment coefficient of the first wheelset on the
windward side was found to reach the allowable value
in the test. However, field tests have limitations. The
safety of the HST must be ensured during testing, and
environmental conditions are unpredictable, which
makes it difficult to study the dynamic responses of a
HST under extreme conditions by testing. As a result,
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simulation is still the most commonly used method
for analyzing the dynamic response of trains running
in crosswind environments.

Determinations of ADLs and vehicle dynamic
characteristics are the key elements for assessment of
the operational quality of a HST during simulation.
ADLs are typically obtained from wind-tunnel tests
on reduced-scale models (Lu et al., 2020) or
computational fluiddynamics (CFD) models (Yao et
al., 2020). Vehicle dynamic characteristics are often
simulated with vehicle dynamic models(Baker et al.,
2011; Li et al., 2015). Using a full-scale field test and
wind-tunnel test, along with CFD and vehicle system
dynamics, Baker et al. (2009) designed a study
framework for the effects of crosswinds on trains, and
proposed risk-analysis methods for trains. Liu et al.
(2020) investigated the influence of continuously
varying wind speed on train overturning safety. The
effects of interval time, wind-speed amplitude
variation, wind-speed change rate, and peak
wind-speed duration on train dynamic performance
were analyzed. Liu et al. (2017b) studied the flow
structure around a HST passing through a
discontinuous windbreak transition region, and
proposed a critical wind speed based on the
EN14067-6. Deng et al. (2019) analyzed the ADLs on
a HST travelling through tunnel and bridge
infrastructures in crosswinds, and were able to
determine the influence of wind speed and angle on
time-resolved ADLs. Yang et al. (2020) analyzed the
running safety of trains entering tunnels under
crosswinds, using a single-vehicle dynamics model.

Because strong winds occur frequently in
mountainous areas, the effect of crosswinds on the
operational quality of HSTs in mountain railways is
considered highly important. Sun at el. (2019)
revealed that sudden loading of ADLs leads to more
severe dynamic responses of vehicles compared to
sudden unloading of ADLs. The HST will be exposed
to higher safety risk when leaving a tunnel with
crosswinds at the tunnel exit, which is worthy of
special attention. Previous studies have devoted their
attention to the operational quality of HSTs passing
through different complex crosswind scenarios.
However, studies on the aerodynamics and dynamic
behaviors of a HST leaving a tunnel under crosswind
conditions are still lacking, and the related
investigations remain to be conducted.

This study focuses on a double-track tunnel
under construction in a mountainous area of China.
Using the CFD technology available in FLUENT
software, we simulated the time-variant ADLSs acting
on vehicles when a train exits a tunnel and is
subjected to crosswinds. A train-track coupled
dynamic model was then formulated to calculate the
dynamic responses of the vehicles influenced by
crosswinds. The influence of the direction and
velocity of crosswinds are analyzed and discussed.
The goal of the study was to provide a reference for
train operation in this complex environment.

2 Simulation models

To investigate the aerodynamics and dynamic
performance of a train exiting a tunnel in a crosswind
environment, we established a full-scale aerodynamic
model of a HST passing through a tunnel in the
FLUENT environment to obtain the ADLs applied to
vehicles. We also built a detailed numerical dynamic
model to calculate dynamic responses. The ADLs
applied to vehicles were equivalently converted to the
focused forces and moments applied to the car-body
barycentre, and then imported into the dynamic model
for dynamic analysis.

2.1 Aerodynamic model
2.1.1 Geometric model and meshing strategy

Fig. la shows the computational domain of a
train traveling through a typical double-track tunnel
with a total clear area of 81.4 m” in a Chinese moun-
tain railway. The open-air regions at both ends of the
tunnel are considered as two half-column spaces with
a diameter of 121.5 m in the computational domain.
The total length of the tunnel is 300 m, and the lengths
of the open-air regions in front of the tunnel entrance
and behind the tunnel exit are 300 m and 200 m, re-
spectively. The geometric model of the HST consists
of the leading, middle, and tail vehicles. The length,
height, and width of the train model are 75 m, 4.05 m,
and 3.36 m, respectively, and the barycenter of the car
body is 1.67 m from the ground.

Non-slip walls in the model include the flat
ground, both ends of the tunnel, and the train and
tunnel surfaces. Standard wall functions are used at
these walls. The atmospheric boundaries at the tunnel
entrance and exit use the pressure-outlet and pres-



sure-far-field boundary conditions, respectively. Both
ends of the computing domain in the longitudinal
direction are set to the symmetry boundary condi-
tions. The train running speed and direction are con-
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trolled by user-defined functions. The direction of
crosswinds which are set at the pressure-far-field
boundaries is perpendicular to the train running di-
rection.
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Fig. 1 Boundary conditions and mesh details of the computational domain: (a) computational domain of the aerodynamic
model; (b) schematic diagram of mesh details

The motion of the train is characterized by em-
ploying the overset mesh technique. The computa-
tional domain consists of the foreground region (FR)
and background region (BR), which are first meshed
separately and then coupled to form the overset re-
gion, as shown in Fig 1b. The structural hexahedral
cells are employed to discretize the BR, which in-
cludes the open air and tunnel space. The volume
surrounding the train, i.e. the FR, is discretized by
utilizing the polyhedral cells. The carriage surface is

divided into a 10-layer boundary layer with a
first-layer thickness of 2 mm and growth ratio of 1.2;
correspondingly, the y* values are between 50 and
120. Meanwhile, the mesh size specified for the train
surface ranges between 0.04 m and 0.09 m. To im-
prove interpolation accuracy at the overset interfaces
and better reflect the characteristics of the air flow
near the train, the grid elements of the BR are refined
in the train running direction to match the element
size of the FR.
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2.1.2 Computational method and simulation setups

In the simulation, the air is considered as the
ideal compressible gas. As a HST passes through a
tunnel or a crosswind environment, the air flow
around it presents significant unsteady turbulence
characteristics (Deng, et al., 2019). Reyn-
olds-averaged Navier-Stokes (RANS) turbulence
models have been employed to solve the flow field
involving the train, tunnel, and crosswind. A previous
study (Szudarek et al., 2022) revealed that there were
no significant differences in the aerodynamic forces
predicted by different RANS models when the yaw
angle was below 45 degrees. As the resulting wind
inflow angle was below 30 degrees in this study, a
realizable k-¢ turbulence model (Shih et al., 1995) was
adopted to simulate the aerodynamic characteristics
of the train exiting the tunnel in a crosswind envi-
ronment.

Table 1 Details of computer specifications for simulation

Configuration Specifications

System Windows 10 (64 bit)
Software Version Fluent 2021 R2
CPU Intel(R) Xeon(R) Gold 6142 =<2
RAM SAMSUNG DDR4 2666MHz 16GB %<8
. KSG60ZSE512G SATA512GB
Hard Drive

& AVAGO MR9440-8i 4TB %3

With a reasonable courant number and good
convergence efficiency, the time-step size in the
simulation was set as 5x10° s. The entire running
time of the HST was about 9.2 s. Simulations were
conducted on the workstation, and the computer
specifications are listed in the Table 1. The average
calculation time for each case (using 24 physical
cores) was about 120.7 hours, including the time
needed to save case and data files with an interval of
20 time-steps. The user-defined functions are em-
ployed to obtain the aerodynamic forces and mo-
ments. The calculation for each time step was re-
garded as completely convergent when the residuals
of all variables descended to 10, as all of the ADLs
were in a steady state in the duration, and the residual
error of energy remained below 10™.

2.1.3 Verification

We checked the mesh independence of this
model by comparing target indicators for three
meshing cases with different cell numbers. Side

forces acting on the leading, middle, and tail car
bodies were compared between case 1 (0.9x10° cells
in FR and 7.0 <10° cells in BR), case 2 (1.5>10° cells
in FR and 10.2 <10° cells in BR), and case 3 (2.3<10°
cells in FR and 13.6 <10° cells in BR). The speeds of
the crosswind and train were 20.8 m/s and 200 km/h
(55.6 m/s), respectively; and the resultant wind angle
was 24 degrees. It can be seen in Table 2 that the
target indicators for case 1 are obviously greater than
those for case 2. However, the target indicators for
cases 2 and 3 were highly similar. The side forces
remained stable when the number of cells increased to
11.7x10°. Therefore, we adopted the meshing scheme
in case 2 to carry out the simulation.

Table 2 Effects of cell count on simulated side forces

Forces (kN) Leading Middle Tail
Case 1l 48.17 25.54 3.32
Case 2 46.11 23.71 2.01
Case 3 45.94 23.52 1.98

To verify the modeling methodology, we estab-
lished a verification model using the same modeling
method. Accordingly, the same mesh scheme was
adopted to discretize the computational domain, as
shown in Fig 2a.

We compared the time-variant pressure of the
car-body surface obtained from the verification model
with a full-scale field-test result reported by Liu et al.
(2010). The measurement point was located outside
the side window in the middle of the car body of the
leading vehicle. The dimensions of the train geomet-
ric model were scaled to match those of the test train.
Based on the test conditions, the length of the tunnel
was set to 1320 m and the train speed was 200 km/h.
The cross-section of the modelled tunnel was con-
sistent with that of the test tunnel, and the velocity of
the crosswind at the tunnel exit was regarded as 0 m/s.

210m

48.6m’

Measure point
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— one; small differences between the simulation and test
******** Simulation results ) )
— Field test results results could not be avoided. According to the results,
the maximum positive and negative pressure error of
the measurement point were 3.5 % and 2.7%, respec-
tively, and the maximum peak-to-peak pressure error

=

Pressure (kPa)

B S R T TR TR T was 6.2%, which verified the reIi_abiIity of the metr_]-
Time (s) odology. Therefore, the established aerodynamic
(b) model can accurately simulate the transient variation

Fig. 2 Model validation: (a) schematic diagram of
verification model; (b) comparison of simulation results
and the test results reported by LIU et al. (2010).

in the pressure around a train when it is passing
through a tunnel.

Fig 2b presents a comparison between the tran- 2 1 pynamic model
sient pressure results obtained by simulation and by
field testing. The simulated results generally accorded In this section, based on vehicle-track coupled
with the field-test results in terms of variation trends. ~ dynamics theories (lwnicki, 2020; Zhai, 2020), we
As the train adopted for the model was not the same as established a detailed dynamic numerical model to
that in the test, there were differences in geometry simulate the transient and non-linear dynamic per-
features between the two trains. Moreover, the simu- formance of a train in the situation, as shown in Fig 3.
lation environment was ideal compared to the testing

A A A
E'\\': M‘\\: Fm\\'i}Ml]\\: F\\\': MI\\:
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Fig. 3 The train-track coupled dynamic model. F and M with subscripts represent the aerodynamic forces and

moments applied to vehicles, respectively.

The dynamic train model consists of three vehi-  tems. More details of the model can be found in Refs
cles, which are connected to the adjacent vehicles by  (Ling et al., 2015; Ling et al., 2017b). The ADLSs are
inter-vehicle components. Each vehicle is composed  considered as concentrated forces and moments,
of seven rigid components, including the car body,  which are applied to the barycenter of car bodies. The
two bogies, and four wheelsets, with 42 total degrees  governing equation of the coupled dynamic system
of freedom. We adopted spring-damper elements to  can be constructed as follows.
model the primary and secondary suspension sys-

[MV 0 HXV"}{CV 0 HXV}{KV 0 HXV}:{FV +va} "
0 Mif|x,’ 0 Crf|x, 0 K| X F,
where M, C, and K with the subscripts Vand T arethe  Fy, and Ft are vectors of the interactive forces and
mass, damping, and stiffness matrices of the vehicle  moments in the vehicle-track dynamics system; and
system and track system, respectively; X represents  Fwy represents the wind-load vector. The key pa-

the generalized displacement vectors of components;  rameters of this dynamic model are listed in Table 3.
Table 3 Key parameters of the dynamic model

Parameters Definition Values
m; Car-body mass 3.66x10% kg
my Bogie mass 2.78x10° kg
My Wheelset mass 1.69x10°% kg

ey Car-ody roll moment of inertia 1.18%10° kg'm?



6 | J Zhejiang Univ-Sci A (Appl Phys & Eng) in press

S
2

o
N

Car-body pitch moment of inertia
Car-body yaw moment of inertia

1.78x10% kg'm?
1.67%10°% kg'm?

Kssy Secondary suspension lateral stiffness 1.4010° N/m
Kss; Secondary suspension vertical stiffness 1.25%10° N/m
Kpsy Primary suspension lateral stiffness 6.47>10° N/m
Kosz Primary suspension vertical stiffness 1.28x10° N/m
Kisx Anti-hunting damper stiffness 8.82>10°% N/m
Her Height of the car-body center from the rail profile 1.67 m
Hy, Height of the bogie center from the rail profile 0.61m
Hur Height of the wheelset from the rail profile 0.46 m

The models of inter-vehicle components, in-
cluding the dampers and couplers, were established
according to the Ref (Ling et al., 2017a), and were
simulated as the nonlinear three-dimensional
spring-damper elements.

We used the modified spatial model (Zhai et al.,
2009) to solve the geometric relationship of the wheel
and rail, which enabled us to calculate the dynamic
contact point between the wheel and rail and handle
the separation of wheels and rails. The FASTSIM
algorithm (Kalker, 2007) was adopted to calculate the
creep forces, which is considered a reasonable
method for derailment simulations (Vollebregt et al.,
2012). Considering a unilateral-restraint nonlinear
Hertzian contact spring, the normal contact forces
between wheel and rail could be written as follows:

3/2
1 :
E (0= [szm(t)} if Z,,(®) >0,

0, if Z,,(t) <O.

O]

where F, represents the wheel-rail normal force (N)
attime t; G is the Hertzian contact constant (m/N*?);
and Z, represents the normal compression amount at
the wheel-rail contact point (m).

3 Aerodynamic loads on HST

In this section, we discuss the ADLs on car
bodies in the time domain when the train exits the
tunnel and is subjected to crosswinds with different
velocities. The difference between the variations of
ADLs caused by the near-wall side (NS) and far-wall
side (FS) crosswinds is investigated. Concretely, a NS
crosswind means that the crosswind is from the di-
rection of the near-wall side (referring to the position
of the train in a double-track tunnel), while a FS
crosswind is from the opposite direction.

3.1 Influence of wind velocities

Based on minimum wind velocities of the wind
scale of levels 7-10, we set the crosswind velocities to
13.9 m/s (Wy), 17.2 m/s (W,), 20.8 m/s (W3), and 24.5
m/s (W,). The resulting wind angles were 14, 17, 21,
and 24 degrees, respectively. The crosswind at the NS
was set with a wind angle of 90 degrees, and the train
speed was 200 km/h (55.6 m/s). Fig 4 shows the
ADLs acting on the vehicles at different velocities.
The leading vehicle began to enter the open air at t =
5.86 s, and the time difference for ADLs applied to
adjacent vehicles was about 0.45 s, which is related to
train speed and vehicle length.

It can be seen that ADLSs fluctuate slightly as the
train approaches the tunnel exit. In addition, the
asymmetrical flow field around the running train in
the double-track tunnel leads to the initial Fy, M, and
M, applied to vehicles. However, these variations of
ADLs in the tunnel are much smaller than those
caused by crosswinds in the open air. Meanwhile,
there was a phase delay in the flow when a vehicle
was exposed to a sudden crosswind (Volpe et al.,
2014), resulting in a time delay for stabilization of the
ADLs. For example, the leading vehicle left the tun-
nel completely at t = 6.31 s, but the F, applied to the
vehicle stabilized at t = 6.68 s, as shown in Figure 4a;.
After the vehicle had been out of the tunnel for around
45.6 m, all the ADLSs stabilized.

Some differences can be observed by comparing
the ADLs exerted on the three vehicles. Firstly, the
most significant variations in the Fy, M,, and M, oc-
curred for the leading vehicle, followed by the middle
vehicle, while the tail vehicle suffered the lowest
ADLs. Moreover, the lift forces applied to the leading
and tail vehicles were similar when the wind velocity
was greater than W,, and both of them were larger
than those applied to the middle vehicle. The differ-
ence between the changes in pitching moments of the



three vehicles is significant, but the variation ampli-
tude of all the pitching moments is within 180 kN m.
In addition, the steady-state ADLs on the leading

vehicle are the largest among all vehicles.

For the leading vehicle, ADLs are mainly caused
by the blocking effect of the car body to the cross-
wind, which appears to be significantly correlated
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velocities changes the resulting wind angle, which
significantly affects the generation of separation flow
and vortex at the leeward side of the train. The com-

plex flow-field structures are mainly located at the

with wind velocities. However, variation in wind
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middle and tail parts of the train, resulting in
wind-speed-related nonlinear variations in ADLS
applied to rearward vehicles (Zhou et al., 2023).
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Fig. 4 ADLs applied to vehicles subjected to crosswinds of different velocities. a, b and ¢ represent the leading, middle and
tail vehicles, respectively; subscripts 1-5 represent the side and lift forces, rolling, pitching and yawing moments, respec-
tively. The orange area in each panel represents the length of time vehicles run in the tunnel. The side and lift forces, and
rolling, pitching, and yawing moments, are represented by F,, F,, M,, M, and M,, respectively

For the middle vehicle (Fig 4b; — 4bs), load
fluctuation increased with the increase of wind ve-
locity, except for My. The M, in steady-state was
smallest when the wind velocity was W;. As the wind
speed reached W,, the changes in F, and M, were
especially sharp, and the direction of My changed as
well. For the tail vehicle (Fig 4c, — 4cs), both Fy and
M fluctuated within a small range at wind velocities
of Wi—W,. F, and M, exhibited sensitivity to changes
in wind velocity, and the instantaneous F, on the tail
vehicle was even larger than that on the leading ve-
hicle when the wind velocity was greater than W3. The
differences between the steady-state yawing moments

applied to the leading and tail vehicles are small.
However, the peak values of the yawing moments
applied to the leading vehicle are much greater than
those for the tail vehicle.

3.2 Influence of crosswind direction

Fig 5 presents the ADLs on the leading vehicle
when subjected to crosswinds from different direc-
tions. For an intuitive display of the value differences
in ADLs caused by NS and FS crosswinds, the direc-
tions of Fy, M,, and M, caused by the FS crosswind are
reversed in Fig 5a, 5¢, and 5e.
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Fig. 5 The ADLs on the leading vehicle subjected to crosswinds with different directions

It can be seen that the NS crosswind causes
greater variations in F, and M, compared to the FS
crosswind. For example, when the wind speed is W,,
the Fy resulting from the NS crosswind reaches a peak
of 58.7 kN at t = 6.34 s, while the F, caused by the FS
crosswind is 52.8 kN at the same time. In contrast,

when the train approaches the tunnel exit, the fluctu-
ations in F, and M caused by the FS crosswind are
slightly larger than those caused by the NS crosswind.
However, these fluctuations within the tunnel are
much smaller than those caused by crosswinds in
open air.
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Fig. 6 Schematic diagram of pressure distribution around the leading vehicle at t = 6.0 — 6.3s

Fig 6 shows the aerodynamic characteristics of
the leading vehicle when exiting the tunnel att = 6.0 —
6.3 s with a wind speed of W,. Specifically, the figure
shows the static pressure on the car body at the in-
tersection of the car-body surface and the plane,
which is 2.5 m above the ground. The car-body sur-
face with pressure distribution marked on it (in the NS
crosswind condition) is used to reference the relative
position of the tunnel exit and the leading vehicle.
During the process, one part of the leading vehicle is

affected by the crosswind while the other part remains
inside the tunnel. In open air, the pressure distribution
caused by the NS and FS crosswinds at the windward
side (WS) of the vehicle is similar. However, com-
pared to the FS crosswind condition, the value of
negative pressure at the leeward side (LS) of the ve-
hicle is significantly larger when the crosswind is set
at the NS. The differences between the negative
pressures decrease as the train moves forward. As a
result, the side force and yawing moment caused by
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the NS crosswind change more dramatically com-
pared to those caused by the FS crosswind.

Inside the tunnel, there is little difference be-
tween WS and LS pressures on the vehicle, regardless
of crosswind direction. However, there is a negative
pressure zone adjacent to the in-tunnel part of the
vehicle, which leads to a force applied on the corre-
sponding part of the car body towards the WS (e.g., at
t=6.2 s) under NS crosswind conditions. By contrast,
the negative pressure zone is located near the tunnel
wall on the WS under FS crosswind conditions, which
has little effect on the loads applied to the vehicle.
This situation further aggravates the yawing moment
applied to the leading vehicle when affected by the
NS crosswind.

4 HST dynamic performance analysis

Based on the dynamic model formulated in Sec-
tion 2 and the calculated ADLs from Section 3, we
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further analyzed the dynamic performance. An un-
loaded train consisting of three vehicles was adopted
in the numerical simulation. The Chinese high-speed
ballastless track spectrum is adopted for track excita-
tions.

Fig 7 presents the vibration characteristics of car
bodies when the HST comes out of a tunnel under the
effects of a crosswind with a speed of W3. As shown
in Fig 7a and 7Db, the sudden change in ADLSs at the
tunnel exit greatly affects the vibration acceleration of
the car bodies. The car-body acceleration of the
leading vehicle also fluctuates more severely than that
of other vehicles, with maximum lateral and vertical
accelerations of 2.2 m/s® and 0.7 m/s?, respectively.
Compared to the tail vehicle, the car body of the
middle vehicle has a smaller amplitude of vertical
acceleration and a greater amplitude of lateral accel-
eration.
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Fig. 7 Vibration acceleration of car bodies: (a) lateral acceleration; (b) vertical acceleration; (c) time-frequency di-
agram of lateral acceleration; (d) time-frequency diagram of vertical acceleration

The simulation results for car-body vibration
acceleration are plotted on the time-frequency dia-
gram in Fig 7c and 7d. It can be seen that the sudden
changes in ADLs lead to low-frequency vibration of

car bodies, and the vibration energy of the middle and
tail vehicles is significantly lower than that of the
leading vehicle. For the leading vehicle, the ener-
gy-concentrating area is obviously darker than for



other vehicles, and the vibration frequency falls
within the range of 0.5 -1.0 Hz and 1.6 — 3.0 Hz. As
the vehicle enters open air and ADLs stabilize, the
vibration energy within the frequency range of 1.6 —
3.0 Hz decreases rapidly, while that in the range of 0.5
— 1.0 Hz decays relatively slowly.

Focusing on the leading vehicle, Fig 8 further
shows the kinematic relations between the car body,
the frame of the first bogie, and the first wheelset. As
the leading vehicle exits the tunnel and is subjected to
the crosswind, the yawing moment increases rapidly
and reaches its peak at around t = 6.2 s. Correspond-
ingly, the car body yaws towards the LS, thereby
restricting the bogie frame and wheelset from moving
in the same direction. The lateral displacement of the
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wheel reaches its first peak at around t = 6.4 s. Then,
the yawing moment weakens suddenly, while other
loads remain at a minor level. The yaw angle of the
car body decreases to near 0 rad under suspension
forces. Subsequently, the sideward ADLS increase
quickly and cause the car body to move to the LS. The
bogie frame and wheelset are also compelled to move
to the LS, resulting in a second peak of lateral
wheelset displacement which is larger than the first
peak. Meanwhile, it can also be observed that the
lateral movement of the wheelset is limited by the LS
rail at around t = 7 s. This indicates that the effect of
the transient variation in the yawing moment on
wheel-rail interaction is limited when the train exits
the tunnel subject to a crosswind with a speed of Ws.

20
First bogie frame

) e W First wheelset
g
=
£
Z
o=
o _20 L
~ Tunnel

305 6 7 9

Time (s)
(b)

Fig. 8 Dynamic motion of the: (a) car body; (b) bogie frame and wheelset.

The WRFs of the vehicles are presented in Fig 9.
The crosswind is from the NS at a speed of W3, and
the focus is on the first wheelset. Compared to the
other vehicles, the wheel-rail interaction of the lead-
ing vehicle is especially intense. The sudden change
in ADLs leads to more severe impacts between the
wheels and rails, as significant wheel-rail impacts
mainly occur upon the vehicle exiting the tunnel.
When the vehicle is exposed to the stabilized ADLs,
these severe wheel-rail interactions tend to be miti-
gated.

On the LS, WRFs of the leading and middle ve-
hicles periodically fluctuate as the vehicle moves in
open air. The initial peak in WRFs is clearly greater
than subsequent peaks. The fluctuation of WRFs also
decreases as the vehicle moves forward. We found
that some wheel-rail impacts occuratt=6.9s—-7.9s.
However, we did not observe any similar impacts
after t = 8.0 s. These results indicate that the sudden

change in ADLs can aggravate the wheel-rail inter-
action, but when ADLSs stabilize, the wheel-rail im-
pacts caused by the transient ADLs gradually disap-
pear, and the wheel-rail interaction is also mitigated.

On the WS, an obvious decrease in wheel loads
is observed for the leading and middle vehicles. In
particular, the vertical WRFs of the leading vehicle
decrease to 0 kN at around t = 7.0 s, indicating sepa-
ration of the wheels and rail. The sudden change in
ADLs has a significant impact on the running safety
of the leading vehicle. Compared to the middle vehi-
cle, the variations of pitching moments applied to the
tail vehicle are similar, while the lift force on the tail
vehicle changes even more intensely. However, the
fluctuations in WRFs for the tail vehicle are much
smaller than those for the middle vehicle. This sug-
gests that the intense wheel-rail interactions are
mainly caused by the lateral ADLs.
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Fig. 9 WRFs of the first wheelset

Figure 10a and 10b present the maximum values
of the vertical and lateral WRFs of the first wheelset.
These values increase with increasing wind velocity,
and the NS crosswind leads to a greater wheel-rail
impact compared to the FS crosswind. The maximum
WREF values caused by the FS and NS crosswinds are
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not obvious when the crosswind speed is below W,.
However, differences rapidly increase as wind speed
continues to rise. At a wind speed of W3, the differ-
ences in the lateral and vertical WRFs reach 9.2 kN
and 18.5 kN, respectively.
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Fig. 10 Maximum statistics of WRFs and safety indices of the first wheelset

Figure 10c and 10d show the maximum values
for the derailment coefficients and wheel unloading
ratios, respectively. The derailment coefficients of the
first wheelset are far below than the safety limit when
the wind speed is below W,. As the wind speed
reaches W, the maximal derailment coefficient ap-
proaches 1, indicating a high running risk. Mean-
while, the maximal wheel-unloading ratio also attains
1 under the effects of the NS crosswind at a speed of
W3, and wheel-rail separation occurs under these
conditions; while the corresponding indicator with a
crosswind from the FS is 0.78, which is still under the
safety limit (Cnra-Prc, 2019)(GB/T 5599-2019).
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Fig. 11 Maximum wheel-unloading ratio of the first

wheelset under different crosswind conditions

Fig 11 shows the maximum wheel-unloading
ratio of the first wheelset under different wind condi-
tions. The results show that the wheel-unloading ratio
exceeds the safety limit when the velocities of NS and
FS crosswinds increase to 19 m/s and 20 m/s, re-
spectively, indicating a high safety risk for the leading
vehicle. As the crosswind velocity exceeds 20 m/s,
wheel-rail separation occurs when the train exits the

double-track tunnel and is subjected to a NS cross-
wind. However, the velocity of a FS crosswind re-
sulting in wheel-rail separation is about 22 m/s. Thus,
a NS crosswind causes more severe wheel-rail inter-
action problems compared to a FS crosswind.

5 Conclusions

Here, we carried out an investigation on the
aerodynamics and dynamic behaviors of a train exit-
ing a double-track tunnel under crosswind conditions.
We established an aerodynamic model in FLUENT
software to obtain the time-variant aerodynamic loads
applied to vehicles, and built a train-track coupled
dynamic model to analyze the dynamic responses of
vehicles. Accordingly, the following main conclu-
sions can be drawn:

1. The sudden change in the infrastructure sce-
nario leads to severe fluctuations in ADLs when a
HST exits the tunnel into open air with strong cross-
winds. The leading vehicle is exposed to the severest
impact of ADLs, and the fluctuation in ADLs in-
creases with increasing wind velocity.

2. The near-wall side crosswind leads to more
severe changes in transient ADLs than the far-wall
side crosswind. A NS crosswind leads to higher neg-
ative pressure on the leeward side of the leading ve-
hicle in open air than does a FS crosswind. Mean-
while, the crosswind from the NS induces a negative
pressure region adjacent to the vehicle at the WS,
resulting in a force that is directed towards the WS
applied to the corresponding part of the car body.

3. Sudden variations in ADLs aggravate the
wheel-rail forces at the tunnel exit, and the fluctuation
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amplitude of these forces decreases as ADLs stabi-
lize. A NS crosswind leads to greater wheel-rail im-
pacts compared to a FS crosswind. As the speed of the
NS wind exceeds 19 m/s, the transient impact of
ADLs at the tunnel exit can critically worsen the
wheel-rail interaction, to the detriment of the running
safety of the train, while the FS crosswind speed to
ensure the running safety is below 20 m/s. In addition,
sudden changes in ADLs result in a low-frequency
vibration of car bodies within the frequency range of
0.5-3.0Hz.

Further work could investigate effective meth-
ods to improve the operational quality of a train suf-
fering from the transient impact of ADLs. The effects
of the wind-break wall and tunnel hood on reducing
the influence of crosswinds at tunnel exits should be a
focus. Additionally, bogies and the surrounding to-
pography should be thoroughly taken into account
when analyzing the aerodynamic model.
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