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Comparative analysis of windbreak configurations for unloaded
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dynamics and multi-body dynamics
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Abstract: Understanding the aerodynamic and dynamic characteristics of unloaded freight trains in crosswinds is pivotal for
ensuring their operational safety and reliability. The dynamic performance of unloaded gondola cars under varying windbreak
heights is therefore investigated in this study, revealing distinct differences in lateral stability and safety indicators, and enabling
the determination of an optimal windbreak height. A 3D unsteady aerodynamic model was developed using the improved delayed
detached eddy simulation (IDDES) method and an overset numerical mesh. Also leveraging a multi-body dynamics (MBD) model
of a three-wagon freight car configuration, we investigate time-averaged acrodynamic forces, transient flow field distributions,
and nonlinear dynamic responses. Parametric analyses reveal a non-monotonic relationship between the height of the windbreak
and the stability of the train. A windbreak with a critical height of 2 m (0.74 relative to the car body height) results in 76%, 64%,
and 81% lower values of the derailment coefficient C,, wheel unloading ratio R, and overturning coefficient C,, respectively.
Notably, when the height of the windbreak exceeds 2 m, vortices within the gondola induce an adverse pressure coefficient
distribution (C,=-2.17) on the leeward internal wall, intensifying the lateral force and overturning moment. Furthermore, frequency-
domain analysis reveals that the lateral sway and overturning vibration mode are associated with low-frequency (1.61 Hz) lateral
vibrations under crosswind conditions. This study provides a theoretical foundation for the design and optimization of railway

windbreaks.
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1 Introduction

Heavy haul freight trains play a crucial role in coal
transportation in Northwest China, helping ensure en-
ergy supply security. These trains, which are charac-
terized by lengthy formations and extensive running
lines, are particularly vulnerable to strong wind condi-
tions. When subjected to strong crosswinds, the later-
al force and overturning moment on the train increase
substantially, thereby compromising the safety of op-
erations (Andersson et al., 2004; Tian, 2015). Freight
trains are susceptible to strong crosswinds when oper-
ating in an unloaded state. The associated aerodynamic
loads can cause the empty containers to overturn and
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fall, increasing the risk of incidents such as derailment
and train overturning (Raib, 2009; Liu et al., 2022).
Extensive research has investigated the aerody-
namics of crosswinds and windbreaks. At present, wind
tunnel experiments, dynamic train model testing, and
numerical simulations are the primary approaches for
investigating train aerodynamics (Li et al., 2024; Pan
et al., 2025). Wind tunnel tests (Suzuki et al., 2003)
have revealed that the aerodynamic characteristics of
trains in crosswinds are influenced not only by the
shape of the vehicle but also by its surrounding infra-
structure, such as bridges, embankments, and tunnels
(Hu et al., 2025). Railway embankments positioned on
the windward side tend to lift and accelerate crosswind
airflow, deteriorating the aerodynamic performance of
the train (Cheli et al., 2010; Gao and Li, 2011; Noguchi
et al., 2019). Gao et al. (2024, 2025) employed the
Reynolds-averaged Navier-Stokes (RANS) method
to investigate the impact of windbreaks on crosswind
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airflow and train stability in complex terrains. Zhou
et al. (2023) explored the spatiotemporal evolution of
eddies and pressure distributions on a train’s surface
under crosswind conditions. To improve the aerody-
namic performance of trains, some scholars have in-
vestigated different types of windbreaks and geomet-
ric parameters, and proposed optimized configurations.
For instance, Hashmi et al. (2019) noted that wind-
breaks created a lower pressure distribution on the sur-
face of the model train due to shielding effects. Yang
et al. (2021) found that increasing the windbreak by just
one meter can effectively reduce the horizontal wind
speeds. Simulation of the dynamic passage of the train
through windbreaks indicated that a single windbreak
on the windward side can effectively resist strong cross-
winds, while also reducing the cost of construction
(Niu et al., 2022; Zhang et al., 2024).

Differing types of windbreaks, such as porous,
solid, or slope-type windbreaks, also influence the op-
erational performance of trains. Utilizing the Lattice
Boltzmann method, Mohebbi et al. (2019, 2025) ex-
amined the effects of windbreak height, slope, and po-
rosity on aerodynamic force coefficients, and concluded
that windbreaks with a porosity level of 15% offer su-
perior wind-mitigating performance. Moreover, Xue
et al. (2025) applied the improved delayed detached
eddy simulation (IDDES) method to simulate a 1/8
scale train model under solid windbreaks of varying
heights. Zhao et al. (2024) investigated the acrodynamic
behavior of high-speed trains traversing diverse terrains
and windbreak types, revealing that windbreaks can ef-
fectively alleviate the aerodynamic disturbances often
experienced in transition zones.

Flow separation is more prominent on the surfaces
of freight train compartments than on passenger trains.
To accurately capture the complex flow field charac-
teristics around freight vehicles, researchers have em-
ployed various predictive turbulence models. Aerody-
namic loads on a train can be influenced by various
configurations, including the gaps between adjacent
freight cars. Maleki et al. (2020) revealed the flow
mechanism over the roof and leeward side of train con-
tainer cars, while considering variations in the flow to-
pology between adjacent cars due to unstable flow.
Also, Maleki et al. (2017) evaluated the performance
of turbulent methods such as embedded large eddy
simulation (ELES), scale-adaptive simulation (SAS),
unsteady Reynolds-averaged Navier-Stokes (URANS),
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and RANS in capturing the flow around freight cars,
concluding that the ELES method most accurately
models flow separation.

Dynamics tests and multi-body dynamics (MBD)
simulations are the primary methods for studying the
stability and safety of train operations. Researchers
have numerically calculated the dynamic responses of
freight trains under crosswinds based on aerodynamic
loads. The risk of overturning can then be evaluated,
informing improved speed limits under crosswinds
(Zhang et al., 2023; Wen et al., 2024). Field tests in
another study measured the wheel—rail forces of trains
passing through windbreaks of varying lengths under
a 32 m/s crosswind, clarifying the dynamic mechanism
of train creeping caused by gaps in the windbreak, and
revealing that the sudden increase in transient acrody-
namic loads is the fundamental cause of this phenom-
enon (Sun et al., 2019, 2020). Additionally, Li et al.
(2025) demonstrated that frequencies closer to the sus-
pension vibration mode frequencies under unsteady
aerodynamic loads can cause greater vibration of the
train.

Most previous studies have focused on box cars
(Flynn et al., 2016), container freight cars (Quazi et al.,
2023), and passenger trains (Niu et al., 2018), and
optimized the shapes of new trains to adapt to strong
crosswinds (Zhang et al., 2011). However, research on
gondolas (open-top cars) in unloaded states remains
relatively scarce. The key differences between unloaded
freight trains and passenger trains in terms of aerody-
namic stability and dynamic behavior can be summa-
rized in three main aspects:

1. Aerodynamic flow characteristics: Unloaded
freight trains, especially those with open-top gondola
cars, exhibit significantly different airflow patterns than
passenger trains.

2. Structural and dynamic complexity: Heavy-duty
freight trains include unique structural elements such
as bolsters, wedges, and load-bearing saddles. These
components contribute to increased nonlinearities in
their MBD models.

3. Track irregularity sensitivity: Freight trains, par-
ticularly when heavily loaded or operating on long-haul
routes, often experience poorer track conditions than
passenger trains, and unloaded freight cars tend to be
more susceptible to the effects of track irregularities.

In this study, the variation law of aerodynamic
load is elucidated by analyzing the flow field structure
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surrounding train gondolas. Additionally, the influenc-
ing mechanism of different windbreak heights on the
aerodynamic load and nonlinear dynamic response of
the freight train is revealed. Our findings can serve as
a reference when constructing windbreaks on freight
or mixed passenger—freight railway lines.

2 Numerical method

In real railway operations, wagons are typically
arranged in groups of three, connected by two draw-
bars within the group and coupled at each end to adja-
cent groups. A typical 10000-t train is comprised of 108
wagons. Due to computational constraints, our simula-
tions are conducted using a simplified three-wagon con-
figuration, and in the MBD simulation, the coupler is
modeled in a simplified form. The aerodynamic loads
derived from computational fluid dynamics (CFD)
simulations are applied to the MBD model as external
excitations.

2.1 Aerodynamic model
2.1.1 Geometric description

The typical formation for a heavy haul train con-
sists of C80-type gondolas hauled by HXD1 electric
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locomotives. In actual operations, a long train forma-
tion with the three-wagon composition configuration
would be employed. To mitigate the impact of wake
flow on the third gondola (Golovanevskiy et al., 2012;
Liang et al., 2023) while also conserving computational
resources, a geometric model comprising one HXD1
electric locomotive and four C80-type gondolas is em-
ployed in this study for aerodynamic simulations. The
three-wagon composition configuration model is se-
lected for the dynamic simulations. Fig. 1 illustrates the
simplified model of the train and railway embankment,
where the complex geometric shapes of the C80-type
gondola and the locomotive have been simplified, and
the equipment at the rear of the gondolas has been ig-
nored. The gondola body has dimensions of 10.97 m
in length (L), 2.7 m in height (), and 3.23 m in width
(W). The gap between each gondola section is 0.8 m,
and the length of the locomotive is 20 m. The dimen-
sions of the embankment are determined based on pre-
vious studies and railway standards (NRA, 2016, 2017;
Niu et al., 2022). The reference plane for the aerody-
namic simulation is the top surface of the embankment.
The windward side windbreak is set to be 4.45 m from
the centerline of the embankment, and its base is 0.87 m
below the reference plane. The steel rail structure is
neglected, and the height of the train running surface
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Fig. 1 Dimensions of the vehicles and embankment: (a) simplified model of the heavy haul train; (b) dimensions of the

embankment; (c) dimensions of the C80-type gondola



was set to 0.375 m. Referring to practical railway limits
and previous studies, windbreaks with heights of 1 m,
2 m, and 3 m were often used for comparative studies
(Mohebbi and Rezvani, 2019). When the height of the
windbreak is insufficient, it causes an increase in the
train overturning moment. Therefore, in this study, we
use the height of the windbreak with the minimum over-
turning moment (Gao and Duan, 2011). The effective
heights of the windbreaks (H,) are defined as 0 m,
1.5 m, 2 m, 3 m, and 4 m. The relative heights (H,/H)
are 0, 0.56, 0.74, 1.11, and 1.48.

2.1.2 Numerical model

Since the Mach number of the flow field around
the train is significantly less than 0.3, the compressibility
of air can be neglected in the numerical simulation, in
keeping with previous research (Li et al., 2023). The
differential form of the 3D unsteady incompressible
Navier-Stokes equations is (Moukalled et al., 2016):

p _
5 TV (pu) =0, ©)
p% +pu-Vu=-Vp+Vr+S, 2)

where u, p, t, p, 7, and S are the air velocity, density,
time, pressure, shear stress, and source term, respectively.

A 3D unsteady incompressible numerical model
was established based on the governing equations. The
shear stress transport (SST) k- model and the IDDES
method (Menter, 1994; Shur et al., 2008) were em-
ployed. The RANS method has a few limitations in
capturing flow field features, such as flow separation
and eddy structures (Li et al., 2019). The IDDES method
is a hybrid RANS-LES (large eddy simulation) method
that captures small-scale flow separation and vortices.
In the IDDES method, the delayed detached eddy si-
mulation (DDES) method is used in the eddy re-
gion, while the wall function model of the LES
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method (WMLES) is used in the near-wall region to
capture the development of the boundary layer (Wang
et al., 2021). The specific formula for the IDDES
method is given in the electronic supplementary mate-
rials (ESM).

The IDDES method provides improved resolu-
tion of vortex structures and more accurately captures
turbulence features near the wall. It is thus widely ap-
plied in train aerodynamic simulations (Guo et al., 2021;
Dai et al., 2024). The second-order unsteady flow is
used to solve the governing equations, with the time
discretization format of second-order being implicit.
The time step was set to 5x10™ s, and the residuals of
all physical quantities were maintained at the order of
107°. The total simulation time of the train’s motion
was 6 s.

The computational domain has dimensions of 41L
in length, 15.5L in width, and 5.2L in height, as shown
in Fig. 2; the embankment is situated 8.8L from the lee-
ward outlet. To ensure the flow field around the train is
stable when the train enters the region behind the wind-
break, the locomotive is initially positioned 2.7L away
from the windbreak. The total length of the windbreak
is 18.2L. The direction of the train’s movement is along
the +x direction, and the incoming crosswind is along
the —y direction.

The numerical boundary conditions are defined as
follows. The train has a constant speed of 80 km/h. The
front plane (inlet 1) and the windward side plane (inlet
2) are set as velocity inlets. Given that the average value
and fluctuation amplitude of the aerodynamic load in-
crease with the crosswind angle (Zhuang and Lu, 2015),
the most difficult operating conditions for the train are
simulated by setting the windward angle to 90° (He
etal., 2025) and the crosswind velocity to 30 m/s. The lee-
ward side plane (outlet 1) and the rear plane (outlet 2)
are specified as pressure outlets with zero pressure. The
top plane (top) is defined as a symmetric plane, and the

Fig. 2 Aerodynamic computational domain and boundary conditions
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surfaces of the train, windbreak, and ground (ground)
are specified as walls with no relative velocity. The
initial pressure within the computational domain is set
to 1 atm (101325 Pa), and the initial temperature is
288.15 K.

2.1.3 Numerical mesh strategy

Overset mesh technology is employed to simu-
late the train’s movement, allowing for data exchange
between the overlapping region mesh and background
region mesh; this effectively reduces the overall mesh
quantity. Fig. 3a illustrates the mesh in the overlapping
region and the background region of the y=0 cross-
section. An unstructured hybrid mesh is applied, consist-
ing of a trimmer-hexahedral mesh and a prism layer
mesh. The minimum size of the overlapping grid units
is 160 mm, meeting the overset timestep requirement
of t<0.00178 s (Hu et al., 2021), and ensuring the
Courant number remains below 1. To capture the flow
characteristics near the walls of the train, embankment,
and windbreak, a 12-layer boundary-layer mesh with
a growth rate of 1.2 is applied. The first layer of the
boundary layer has a thickness of 0.06 mm, ensuring
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Boundary layer
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Fig. 3 Computational domain meshing: (a) mesh on the y=0
cross-section and boundary layer; (b) mesh on the transverse
section; (c) distribution of the wall y*

that the wall y" is close to 1 (Fig. 3¢). The basic size
and the minimum size of the surface mesh on the train
are set to 80 mm and 20 mm, respectively. The sur-
face mesh on the embankment is further refined with
the size of the minimum surface mesh set to 40 mm.
Considering the complex aerodynamic phenomena
on the leeward side of the flow field, local refine-
ment is performed. To ensure a smooth transition be-
tween mesh sizes, the basic sizes of refinement boxes 1,
2, and 3 are defined as 640 mm, 320 mm, and 160 mm,
with widths of 32 m, 26 m, and 9 m, respectively.

2.2 Multi-body dynamics model

To analyze the dynamic characteristics of the C80-
type gondola under unsteady aerodynamic loads, a three-
wagon composition model of the C80-type gondolas
was developed using SIMPACK dynamics simulation
software (Ge et al., 2022), as shown in Fig. 4. The
model primarily contains three C80-type gondolas and
a traction rod-buffer system. The coupler between the
locomotive and the wagon was simplified. A nonlinear
stiffness-damping unit is used to simulate the lateral and
vertical constraints of the locomotive on the wagon.
Moreover, Chinese LM-type wheels and Federal Rail-
road Administration (FRA) class 5 track irregularities
are adopted in the model. The sub-model of the single
wagon consists of the car body, bolster, side frame,
drawbar, axle box bearing saddle, wheelset, and primary
and secondary suspensions, with a total of 74 degrees
of freedom (DOFs).

The aerodynamic loading point is positioned at the
center of mass of the vehicle. Based on D’Alembert’s
principle, the vibration equation for each vehicle model
can be expressed as:

Mvin'_l_Cvini+Kvini:Fvi7 (3)
where M, and K, are the mass matrix, damping
matrix, and stiffness matrix of the ith vehicle, respec-

tively, and X,,, X,;, and X, are the acceleration vector,
velocity vector, and displacement vector, respectively.
F, is the excitation force vector received by the ith
vehicle, including gravity, coupler forces, wheel—rail
forces, and aerodynamic load.

In the sub-model of the wagon, the body, side
frame, drawbar, and wheelset are defined as 6-DOF
rigid bodies; the axle box bearing saddle has one pitch
DOF relative to the wheelset. The wedge suspension

system model mainly includes a bolster, wedge, column

C

vid
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Fig. 4 Three-wagon composition model of the C80-type gondolas

wear plate, center spring, and damping spring. The bol-
ster has two DOFs relative to the body, including the
heave and pitch; the wedge has one heave DOF. The
drawbar-buffer model primarily includes the MT-2
buffer, front follower, rod-fixed coupler (RFC)-type
drawbar, coupler yoke, and coupler box connected with
the car body. The drawbar has four DOFs: roll, pitch,
yaw, and extension; the front follower has one ex-
tension DOF. Each wagon experiences aerodynamic
loads, including drag force (F,), lateral force (F)), lift
force (F), rolling (overturning) moment (M), pitch
moment (M), and yaw moment (M.) when under the
crosswind. The main parameters of the dynamics model
are shown in Table S1 of the ESM.

The vibration mode characteristics of the MBD
system, obtained through solution of the eigenvalues,
are summarized in Table 1. Analysis of the vibration
mode parameters reveals distinct frequency segrega-
tion between different motion types. For instance, con-
sidering the car body, the frequencies of the lateral

Table 1 Vibration mode types and numerical frequencies
of the MBD system

Item Vibration mode type fr;t?;s;c?}llz)
Carbody Lateral sway and overturning 1.33
Lateral sway and overturning 1.46
Overturning 2.10
Longitudinal sway 5.90
Yaw 16.09
Bounce 20.73
Pitch 26.35
Wheelset Lateral sway and yaw 1.76
Lateral sway and yaw 1.85
Bogie Overturning 2.60
Longitudinal sway 4.49

sway (1.33 Hz and 1.46 Hz), overturning (2.10 Hz),
and yaw (16.09 Hz) are lower. In contrast, vibration
modes associated with vertical motion, such as bounce
(20.73 Hz) and pitch (26.35 Hz), display comparatively
higher frequencies.

3 Validation
3.1 Mesh independence analysis

Due to the small range of variation in the height
of the windbreak, the difference in mesh quantities for
varying conditions is less than 1%. Four sets of meshes
with base sizes 0of 0.9 m, 1.0 m, 1.1 m, and 1.2 m were
established. Table 2 presents the relative errors of aero-
dynamic drag and aerodynamic side force for different
meshes. Compared to the fine mesh, the errors for Mesh
1, Mesh 2, and Mesh 3 of the drag are 8.92%, 4.58%,
and 3.56%, while the errors of the lateral force are
18.35%, 3.79%, and 0.19%, respectively. Consequently,
the aerodynamic results from the Mesh 3 converged,
and its calculation accuracy is close to the fine mesh.
Considering computational costs and precision, Mesh 3
is chosen to investigate the aerodynamic performance
of trains under crosswinds.

3.2 Aerodynamic verification of the double-stacked
container wagon

Li et al. (2017) conducted wind tunnel tests on
double-stacked container wagons, at a scale of 1:14.6
and with an incoming wind speed of 30 m/s; we match
this crosswind speed in our study. The Reynolds number
of the incoming flow was 0.3x10°, and the geometric di-
mensions of the test wagon were LxWxH=1000 mmx
438 mmx171 mm. A total of 49 different combinations
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Table 2 Relative errors of aerodynamic forces for meshes of different precision

Relative error Relative error

Mesh  Basic size (m) Overset mesh Total number of mesh Mean F, (N) of F. (%) Mean F, (N) of F. (%)
Mesh 1 1.2 4.59%10° 2.05%10’ -4276 8.92 -50851 18.35
Mesh 2 1.1 5.78x10° 2.73x10’ -3746 4.58 -59915 3.79
Mesh 3 1.0 6.64x10° 3.07x107 -4066 3.56 -62160 0.19
Mesh 4 0.9 7.54x10° 3.44x107 -3926 - -62277 -

of gaps were tested in the wind tunnel. The condition
with a front gap (G,) of 3.23W and a base gap (G,) of
0.3W was selected for validation. The model was placed
above a false floor with a ground clearance of 28 mm,
which is equivalent to the radius of a full-scale 410 mm
wheel. All instrumentation was installed on the test
wagon, which was positioned fourth in the train forma-
tion. Additionally, all extra inter-wagon gaps were
sealed to isolate the influence of G, and G,, thereby
minimizing the effects of upstream gap interactions
and maintaining controlled experimental conditions.
The simulation employed the IDDES method, with
a 20-layer boundary layer mesh and a total thickness
of 8 mm. The maximum value of the wall y* was 1.05,
and the time step was defined as 0.0067,, where T,
represents the time of the flow passing over one wagon
length at the freestream velocity. Fig. 5 shows a com-
parison of the IDDES method, ELES method (Maleki
et al., 2019), and the test results. In ELES, the random
2D vortex method (VM) was employed at the inlet to
produce a velocity disturbance. Velocity perturbations
at the boundary are in fact not considered in IDDES,
which may cause errors in predicting flow separa-
tion. The results indicate that the IDDES method ac-
curately predicts the flow field near the upstream posi-
tive pressure region and the downstream point ¢, with
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Fig. 5 Surface pressure coefficient (C,) on the monitoring
line of the simulation and the wind tunnel test

a maximum error of 5.3% compared to the test. How-
ever, the IDDES method predicts the position of the
maximum negative pressure point in the flow separa-
tion region to be slightly downstream. The maximum
errors in pressure gradient predicted by the IDDES and
ELES methods are 6.2% and 4.1%, respectively. Given
the balance between precision and computational cost,
the IDDES method effectively meets the accuracy re-
quirements and captures the flow characteristics around
the train.

3.3 Dynamic validation of the heavy haul train

In a 2023 field test, the dynamic responses of a
20000-t heavy haul train passing through various sec-
tions were monitored. Since the track section in this
study was straight, and had smaller acceleration fluc-
tuations, the lateral acceleration of the 107th wagon was
selected for the validation of the dynamic model, as
shown in Fig. 6a. Acceleration sensors were installed
at the end of the car body, enabling monitoring of the
longitudinal, lateral, and vertical accelerations. The sam-
pling frequency in the test was set at 1000 Hz, and the
train traversed the straight section at a constant speed of
60 km/h. In the simulation, FRA class 5 track irregulari-
ties were used as an external excitation. All subsequent
numerical calculations used the same track irregularity
as in the validation. Fig. S2 of the ESM shows the
track irregularities and the experimentally segmented
data following 0.4—15 Hz bandpass filtering.

Figs. 6b and 6¢ present the simulation results of
the three-wagon composition model compared with the
test. It can be observed that during the straight section,
both the test and simulated acceleration amplitudes fluc-
tuated between —0.3 and 0.3 m/s’, showing strong agree-
ment. Additionally, frequency-domain analysis reveals
that the vehicle vibration falls within two main fre-
quency ranges. The low-frequency (1.27-3.55 Hz) vi-
bration data were calculated more accurately. However,
due to discrepancies between the simulated and mea-
sured values of track irregularities, noticeable errors are
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Fig. 6 Field test validation of acceleration: (a) installation location of the acceleration sensor in the field test; (b) time-domain
acceleration in the simulation and the field test; (c) frequency-domain acceleration in the simulation and the field test

observed in the calculated high-frequency range (6.53—
10.90 Hz). While different track irregularities can influ-
ence the frequency-domain response of the vehicle sys-
tem, the natural frequencies of the vehicle itself essen-
tially remain unchanged, and the corresponding vibra-
tion modes can still be effectively excited. According to
previously calculated vibration mode results, the modes
associated with the lateral vibration of the car body are
lateral sway (1.46 Hz) and overturning (2.10 Hz). These
results indicate that the dynamic model can accurately
capture the lateral vibration characteristics of the car
body. Overall, these results indicate that the established
MBD model is suitable for simulating the dynamic
behavior of trains passing through straight sections.

4 Simulation results

The simulation results of the freight trains primar-
ily include time-averaged analysis of acrodynamic loads,
transient flow field analysis, and dynamic responses.

4.1 Time-averaged analysis of aerodynamic load

Table 3 presents the time-averaged aerodynamic
drag coefficient (C,) and aerodynamic lateral force co-
efficient (C)) for Gondolas 1-4. Cases 1-5 correspond
to windbreak heights (H,) of 0 m, 1.5 m, 2 m, 3 m, and
4 m, respectively. The time-averaged results for Cases
2-5 are calculated after the entire freight train has fully
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entered the windbreak. Aerodynamic drag is defined as
positive in the —x direction, while lateral force is positive
in the —y direction. A more detailed description of the
aerodynamic coefficient and safety index is given in
the ESM.

For Case 1, since the train speed is lower than the
crosswind speed, the C, of the train without a wind-
break is significantly smaller than the C,. The C, de-
creases sequentially from Gondola 1 to Gondola 4,
showing an approximate linear relationship. For Cases
2-5, the C, significantly decreases after the train fully
enters the windbreak. Furthermore, the difference in C,
between different gondolas is small. When the H_ value
is greater than 2 m, the direction of the lateral force
changes from positive to negative.

The crosswind mainly affects the time-averaged ov-
erturning moment coefficient (C,) and the yaw moment

coefficient (C,,) of the train, as shown in Table 4. Com-
pared to the no-windbreak condition, a /,, of 1.5 m in-
creases the C, of the gondolas. When the H, exceeds
1.5 m, the C,, decreases as the H, increases. The C,_ for
Cases 25 significantly decreases, and when the H,, is
greater than 2 m, Gondola 2 shows a relatively large
C,.. The relationship between the aerodynamic coeffi-
cient and the height of the windbreak wall is shown in
the ESM.

Fig. 7 depicts the distribution of the time-averaged
surface pressure coefficient at a height of z=3 m for
Case 1. On the windward side, flow separation causes
rapid changes in airflow velocity and significant pres-
sure gradients at the edges of the car body. The distri-
bution of positive pressure is generally consistent from
Gondola 1 to Gondola 3, while the low-pressure region
for Gondola 4 is primarily concentrated at the rear; this

Table 3 Time-averaged aerodynamic drag coefficient and aerodynamic lateral force coefficient of Gondolas 14

Gondola 1 Gondola 2 Gondola 3 Gondola 4
Case C C C. C C. C C. C
1 1.78 20.99 1.85 18.89 1.82 17.32 1.37 14.47
2 1.22 1.33 1.07 1.16 1.23 0.87 2.03 1.64
3 1.18 -1.01 1.39 -1.40 0.88 -0.41 1.17 -0.59
4 2.03 -1.88 1.30 -1.44 0.43 -0.54 091 -1.22
5 2.44 -0.82 1.46 -1.57 0.82 -0.95 1.64 -1.41

Table 4 Time-averaged aerodynamic overturning moment coefficient and yaw moment coefficient of Gondolas 1-4

c Gondola 1 Gondola 2 Gondola 3 Gondola 4
ase
Cu Cu Co Cu: Cu Cu: Cax C.
1 0.92 -1.25 1.08 -0.86 0.92 -0.80 0.55 -1.30
2 1.27 0.10 1.35 -0.10 1.34 0.14 1.83 0.16
3 0.37 0.02 0.01 0.40 0.22 0.23 0.27 -0.05
4 -0.14 0.38 -0.22 0.52 -0.02 0.01 -0.14 -0.16
5 -0.68 0.20 -0.74 0.35 -0.19 0.25 -0.13 0.02
(b) 0.4
0.2
00 Windward
-0.2
&
-04
AL
068 & Gondola 1 eeward
—e— Gondola 2
-08F _4 Gondola3 e
—%— Gondola 4 Running direction
-1.0
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Fig. 7 (a) Monitoring lines of surface pressure coefficients; (b) distribution of the time-averaged pressure coefficient on the

surface of gondolas



results in a smaller lateral force but larger reverse yaw
moment. In contrast to the windward side, the flow
field on the leeward side primarily shows a negative
pressure distribution. The pressure coefficients on the
leeward side fluctuate more significantly, with Gondola
1 experiencing a large negative pressure distribution,
which leads to a larger side force. For Gondolas 2 and
3, the changes in pressure coefficients along the direc-
tion of the train movement are less obvious, resulting
in smaller yaw moments.

4.2 Analysis of the instantaneous flow field

To more clearly illustrate the impact of differing
windbreak height on the flow field around the freight
car, Fig. 8 depicts the velocity line integral convolu-
tion on the lateral cross-section of Gondola 2 at =3 s.
When H, is 1.5 m, the crosswind inflow accelerates to-
wards the gondola after passing through the windbreak
on the windward side. Due to the insufficient height of
the windbreak, a portion of the high-speed airflow is
obstructed by the side wall of the freight car, creating
a large-scale vortex (V,) near the wall, and generating
small-scale vortices above and within the cavity of the
gondola. A magnified view reveals that the flow slows
down and the pressure increases upon contact with the
side wall of the car, resulting in a larger overturning mo-
ment for the gondola compared to the non-windbreak
condition. When A, is increased to 2 m, the high-speed
airflow is not obstructed by the side wall of the car,
leading to the generation of more large-scale vortices,
such as V, above the gondola. The flow between the
windbreak and the gondola, as well as within the cavity,
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exhibits lower velocity. The velocity distribution near
the side wall of the gondola is relatively uniform. As
shown in Fig. 8, when H, reaches 3 m, the number of
small-scale vortices on the leeward side decreases, and
a vortex V, forms above the leeward side of the gon-
dola. The variation in flow velocity is minimal in the
region between the gondola bottom and the windbreak.
When H, is increased further to 4 m, the crosswinds
have little effect on the variation of the flow velocity
around the gondola, and the vortex V, near the leeward
internal wall grows.

The vortices on the leeward side and wake are the
primary source of fluctuations in the aecrodynamic loads
of the train (Niu et al., 2022; Zhu et al., 2024). Taking
Cases 2 and 5 as typical examples, we analyze the vari-
ations in pressure coefficient on the internal and outer
walls of Gondola 2. From Fig. 9, it can be seen that the
pressure distribution on the leeward outer wall is gen-
erally consistent between the two cases, with the prin-
cipal differences concentrated on the windward outer
wall and the leeward internal wall. In Case 2, due to
the insufficient height of the windbreak, the flow im-
pacts the upper part of the windward outer wall, re-
sulting in a significant increase in the pressure coeffi-
cient (C;=1.02). In Case 5, the flow passing through the
windbreak and the windward outer wall forms large-
scale vortices (as indicated by the velocity vectors), cre-
ating local low-pressure regions around and within the
gondola, and resulting in a lower pressure coefficient
on the leeward internal wall (C,=—2.17). When the H,
is greater than or equal to 2 m, the crosswind flow pri-
marily affects the internal flow field of the gondola, lead-
ing to larger magnitudes of the lateral force coefficient

H,=2m

Fig. 8 Velocity line integral convolution on the lateral cross-section of Gondola 2 at /=3 s for Cases 2-5. U,_is the speed of train.

References to color refer to the online version of this figure
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Fig. 9 Distribution of the surface pressure coefficient with height: (a) Case 2; (b) Case 5

and overturning moment. Additionally, the distribution
of the streamline above the embankment on the lee-
ward side and the distribution of turbulent kinetic en-
ergy are shown in the ESM.

4.3 Nonlinear dynamic response

In this section, the nonlinear dynamic response of
the train under crosswind is analyzed from three aspects:
the time-domain response, frequency-domain response,
and statistical results. The aim is to evaluate the opera-
tional safety of the train with and without a windbreak.
To mitigate the impact of initial disturbances on the ac-
curacy of the dynamic response, the aerodynamic load
is set to start at 1 s. Additionally, to reduce the dynamic
impulse caused by the direct loading and unloading
of aerodynamic loads, a loading process from 0 to 5 s
and an unloading process from 10 to 15 s are applied.
Figs. 10a and 10b illustrate the aerodynamic load curve
of Case 3, showing linear variations in aerodynamic
load during both the loading and unloading processes.
When the vehicle enters the windbreak, a reduction in
surface pressure on the front side occurs, while the rear
side remains influenced by the crosswind. The yaw mo-
ment reaches a maximum at 7.11 s, when the front half
of the vehicle enters the windbreak.

Figs. 10c and 10d illustrate the lateral and vertical
wheel-rail forces of the first wheelset in Gondola 2.
At 6.29 s, the wheelset enters the area behind the
windbreak. Note that during the period of 5 to 6.29 s,
when the train travels without a windbreak, there is
minimal variation in the lateral and vertical wheel—rail
forces. The action of the crosswind leads to significantly
smaller lateral forces on the windward side compared
to the leeward side. The overturning moment from the

crosswind results in smaller vertical forces on the wind-
ward side compared to the leeward side. At the times of
5 s and 7.11 s, due to the aerodynamic force and yaw
moment reaching their maximum values, significant
dynamic impulses occur at these positions. The max-
imum lateral force fluctuation amplitude on the right
side (leeward side) of the first wheelset is 26.65 kN,
and the maximum vertical force fluctuation amplitude
is 34.11 kN. Figs. 10e and 10f show the lateral and ver-
tical accelerations of Gondola 2. The lateral acceleration
reaches 3.42 m/s? at 5.34 s. After the entire train enters
the windbreak, both the lateral and vertical accelerations
significantly decrease.

The lateral wheelset force is the sum of the left
and right lateral wheel—rail forces, and reflects the in-
fluence of aerodynamic load on the dynamic perfor-
mance of the train. Fig. 10g shows the lateral forces
of the first wheelset of Gondola 2 with different wind-
breaks. According to the previous analysis, because of
the insufficient height of the windbreak, the overturning
moment increases after the gondola enters the 1.5 m
windbreak, causing the lateral wheelset force to in-
crease. In contrast, the lateral wheelset force signifi-
cantly decreases after the gondolas enter the 2 m and
4 m windbreaks, as shown in the enlarged section. Due
to the low-pressure effect of the vortex inside the gon-
dola when the vehicle is traveling behind the 3 m and
4 m windbreaks, the car body experiences an aerody-
namic force opposite to the direction of the cross-
wind, and the negative values of the lateral wheelset
force become larger, measuring 6.52 kN and 6.79 kN.
Fig. 10h depicts the lateral wheelset forces of different
gondolas. According to the results in Table 4, before the
train enters the windbreak, the lateral wheelset force of
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Gondola 1 is the largest, due to the larger aerodynamic
lateral force. As gondolas pass through the windbreak
with a height of 4 m, the lateral wheelset force decreases
significantly. Gondola 2 is subjected to a larger aero-
dynamic lateral force and overturning moment, and
reaches a maximum lateral wheelset force in the re-
verse direction of 6.79 kN. The variation of vehicle at-
titude is analyzed in the ESM.

The frequency-domain responses of the lateral and
vertical accelerations for each gondola under different
conditions are shown in Fig. 11. Table 5 presents the

frequencies of the car body vibration modes and dy-
namic responses. The vertical vibration of the car body
is related to the bounce (20.73 Hz) and pitch (26.35 Hz),
and thereby the frequency of the vertical acceleration
closely aligns with the corresponding vibration mode.
Furthermore, lateral vibrations are more pronounced
in the low-frequency range compared to vertical vibra-
tions. The low-frequency overturning vibration modes
(2.10 Hz) corresponding to the lateral vibrations are also
excited under crosswind loads. The maximum ampli-
tude of lateral vibration corresponds to the frequencies
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Table 5 Frequency of the car body vibration mode and dynamic response

Vibration mode type of car body

Numerical frequency (Hz)

Dynamic response (Hz)

Lateral sway and overturning
Lateral sway and overturning
Overturning

Bounce

Pitch

1.33 1.61 (lateral acceleration)

1.46 1.61 (lateral acceleration)

2.10 1.61 (lateral acceleration)
20.73 23.66 (vertical acceleration)
26.35 23.66 (vertical acceleration)

of 11.39 Hz and 1.61 Hz, and is mainly concentrated
in the range of 5.76 to 28.36 Hz. The amplitudes in-
crease successively for Gondola 3, Gondola 2, and Gon-
dola 1. In the frequency range below 5.76 Hz, wind-
breaks with heights of 1.5 m and 2 m effectively reduce
the amplitude of Gondola 2, while windbreaks of 3 m
and 4 m height result in larger amplitudes. According
to the analysis of the vibration modes and transient flow
field, this behavior can be attributed to the adverse pres-
sure distribution caused by the vortices on the leeward
side, which intensify the lateral force and overturning
moment; this ultimately enhances the low-frequency vi-
bration (1.61 Hz). The maximum amplitude of verti-
cal vibration occurs at a frequency of 23.66 Hz, and is
mainly concentrated in the range from 17.81 to 31.51 Hz.
Notably, the influence of different gondolas and wind-
break heights on the amplitude and frequency of vert-
ical vibration is relatively weak.

The time-domain response results reveal the maxi-
mum values of safety indicators for train operation

under varying windbreak heights. Among these indi-
cators, the derailment coefficient (C,), wheel unload-
ing ratio (R), and overturning coefficient (C,) are pri-
marily associated with wheel-rail forces. These are im-
portant safety indicators for evaluating the risk of de-
railment and overturning under crosswinds. Looking
at Fig. 12, one can see that both R and C, exceed their
limits in the absence of a windbreak under a 30 m/s
crosswind. The established limits for C,, R, and C,
are 1, 0.65, and 0.8, respectively (SAMR, 2019). When
R reaches 1, the wheel-rail force on the windward side
drops to 0, leaving the wheels on both sides susceptible
to relative displacement and derailment. When the H,
value increases from 0 to 2 m, all safety indicators
show a significant decrease. As H, reaches or exceeds
2 m, all safety indicators meet the limits, and further in-
creasing H,, causes no significant changes in safety indi-
cators. Compared to the no-windbreak condition, a 2 m
windbreak reduces the C,, R, and C, by 76%, 64%,
and 81%, respectively. This analysis demonstrates that
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a 2 m windbreak can effectively reduce aerodynamic
loads and enhance the safety of train operation, while
also considering economic factors.

5 Conclusions

The aerodynamic and dynamic characteristics of
gondola train cars were investigated in this study. Time-
averaged aerodynamic loads were numerically simu-
lated under various conditions and analyzed using a
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30 m/s crosswind. Additionally, the mechanism of in-
fluence for windbreak height on acrodynamic loads was
revealed through analysis of the transient flow field.
Finally, the nonlinear dynamic response of the train
was studied and its operational safety was evaluated.
A windbreak of 2 m height was found to effec-
tively shield the impact of crosswind flow on the side-
walls of the gondolas, significantly reducing the aero-
dynamic lateral force, yaw moment, and overturning
moment. When the windbreak height exceeded 2 m,
the flow field was primarily affected by the vortices
within the gondola. Moreover, the lateral force and over-
turning moment resulted in a decrease in wheel—rail
forces on the windward side, and an increase on the lee-
ward side. When the height of the windbreak exceeded
2 m, vortices within the gondola induced an adverse
pressure coefficient distribution (C;=-2.17) on the lee-
ward internal wall, amplifying both the lateral force
and overturning moment of the car body. Frequency-
domain analysis indicated that the vertical vibration
of the car body is related to the bounce (20.73 Hz) and
pitch (26.35 Hz), while the low-frequency overturning
(2.10 Hz) vibration modes that correspond to the later-
al vibrations are also excited under crosswind loads.
All safety indicators exceeded their limits with-
out a windbreak. A 2 m windbreak can reduce the lat-
eral acceleration, derailment coefficient C,, wheel un-
loading ratio R, and overturning coefficient C, of the
train to acceptable levels. However, further increasing
the windbreak height results in minimal improvements
in safety indicators. Considering construction volume
and cost-effectiveness, the installation of a single 2 m
windbreak on the windward side can effectively re-
duce the aerodynamic loads, and the risk of derailment
and overturning for unloaded freight trains. However,
a few limitations of this study should be noted. For one,
the operational environment of the train was simpli-
fied. The influences of curves, gradients, tunnels, and
varying windbreak structures on the crosswind flow
field and vehicle dynamics were not considered. Fur-
thermore, both the train speed and wind speed were
assumed to be constant, which deviates from real-world
conditions to some extent. Additionally, the physical
time of the numerical simulations was relatively short,
and focused primarily on the process of the train enter-
ing and operating within the windbreak. In future re-
search, we will further explore the influence of embank-
ment height, vehicle type, and windbreak configuration
on the lateral stability and operational safety of trains.
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