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Abstract: In recent years, train-tail swaying of 160 km/h electric multiple units (EMUs) inside single-line tunnels has been
heavily researched, because the issue needs to be solved urgently. In this paper, a co-simulation model of vortex-induced
vibration (VIV) of the tail car body is established, and the aerodynamics of train-tail swaying is studied. The simulation results
were confirmed through a field test of operating EMUs. Furthermore, the influence mechanism of train-tail swaying on the
wake flow field is studied in detail through a wind-tunnel experiment and a simulation of a reduced-scaled train model. The
results demonstrate that the aerodynamic force frequency (i.e., vortex-induced frequency) of the train tail increases linearly with
train speed. When the train runs at 130 km/h, with a small amplitude of train-tail swaying (within 10 mm), the vortex-
induced frequency is 1.7 Hz, which primarily depends on the nose shape of the train tail. After the tail car body nose is
extended, the vortex-induced frequency is decreased. As the swaying amplitude of the train tail increases (exceeding 25 mm),
the separation point of the high-intensity vortex in the train wake shifts downstream to the nose tip, and the vortex-induced
frequency shifts from 1.7 Hz to the nearby car body hunting (i.e., the primary hunting) frequency of 1.3 Hz, which leads to the
frequency-locking phenomenon of VIV, and the resonance intensifies train-tail swaying. For the motor vehicle of the train tail,
optimization of the yaw damper to improve its primary hunting stability can effectively alleviate train-tail swaying inside single-
line tunnels. Optimization of the tail car body nose shape reduces the amplitude of the vortex-induced force, thereby weakening
the aerodynamic effect and solving the problem of train-tail swaying inside the single-line tunnels.
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1 Introduction and the deterioration of lateral ride comfort caused by
continuous swaying of the train tail inside single-line
1.1 Engineering background tunnels is particularly serious (Yao et al., 2021).

When EMUs pass through a single-line tunnel, the
constant swaying of the tail car body is obvious, which
has attracted the attention of relevant railway depart-
ments. As the phenomenon only occurs inside tunnels,
it has been suggested that it is not associated with the
tion to the lack of hunting stability on local lines (Shi {0k irregularities or self-induced hunting motion, but

et al., 2020; Sun et al., 2021; Li W et al., 2022), there  j5 caused by the external aerodynamics of the train
is a discrepancy in the lateral ride index between the  yygke.

In China, since power-concentrated electric mul-
tiple units (EMUs) with a speed level of 160 km/h
were put into operation in Jan. 2019, some of the vehi-
cles have exhibited lateral dynamics issues. In addi-

two ends of the locomotive (Li et al., 2023a, 2023b), According to our on-track tests and simulation

analysis of actual operating EMUs, train-tail swaying
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vibration (VIV) is obviously more reasonable as a
cause. To address this practical problem, it is neces-
sary to clarify the relevant mechanism and propose
corresponding solutions.

1.2 Review of related research

Train swaying inside tunnels was initially discov-
ered in the 1990s in Japan. The car body lateral sway-
ing was most noticeable on the Shinkansen, and it
gradually increased from the front vehicle to the rear
vehicle of the train (Fujimoto et al., 1993). The sway-
ing of train tails inside tunnels has been the subject of
numerous studies. Takai (1990) first proposed that the
aerodynamic load inside tunnels was the primary cause
and that track disturbance had little impact. Earlier
studies (Suzuki, 2000, 2001, 2004) by the Railway
Technical Research Institute (RTRI) in Japan also
showed that a propagation pressure disturbance (PPD)
was generated alongside the car body in the tunnel,
and was strong enough to negatively impact ride com-
fort. Diedrichs et al. (2007, 2008) studied the aerody-
namic response of the tail car bodies of the Japanese
S300 and German ICE2 trains inside tunnels using
large eddy simulation (LES). They found that the flow
separation caused the vibration of the tail car body,
leading to a linear increase in pressure disturbance
from the nose to around 150-200 m downstream.
Based on the car body pressure data measured inside
tunnels, Tanifuji et al. (2008) developed a mathemati-
cal model to study the ride comfort of trains under an
aerodynamic load in tunnels.

As the running speed of railway vehicles in-
creases, it inevitably leads to the deterioration of aero-
dynamic performance. Over the past decade, computa-
tional fluid dynamics (CFD) and wind-tunnel tests
have advanced rapidly, and many scholars have con-
ducted more in-depth research on the aerodynamic
performance of railway vehicles. Choi and Kim (2014)
used CFD simulation to study the effect of train-nose
length and tunnel cross-sectional area on a car body’s
aerodynamic drag in tunnels. Niu et al. (2016, 2017,
2018) studied the aerodynamic force of a CRH380A
train under different operating conditions through
numerical simulation and wind-tunnel tests on a
reduced-scale train model. Zeng et al. (2014, 2018)
analyzed the car body hunting performance of a high-
speed train under constant aerodynamic load by nu-
merical simulation. Pan et al. (2018) studied the wake
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vortex structure of a high-speed train by vortex identi-
fication methods, and found that powerful vortices
with high vorticity magnitude mostly appeared near
the tail car. Through numerical modeling, Du et al.
(2022) explored how the number of cars affected both
the aerodynamic pressure and micropressure waves in
a tunnel. Wang et al. (2022) studied the effect of wheel-
rail contact characteristics and aerodynamic forces on
car body hunting performance. Li et al. (2021, 2023)
conducted extensive research on the aecrodynamic re-
sistance during train operation, and used a vortex gen-
erator (VG) to reduce the tail car body aerodynamic
resistance in an ICE2 high-speed train.

VIV is a classic fluid—structure interaction (FSI)
phenomenon, which is caused by the vibration of
fluid coupled to the elastic system (Williamson and
Govardhan, 2004; Han et al., 2023). At present, the re-
search on VIV theory is mainly focused on structures
with slender appearance such as marine pipelines and
large-span bridges, and much progress has been made
(Yu et al., 2023; Zhang et al., 2023; Zhao et al.,
2023). VIV occurs when the vortex-induced frequency
approaches a certain natural frequency of the struc-
ture, and the frequency of vortex-induced force is
“locked” on that natural frequency at the same time
(Liu et al., 2023). The significant difference between
a train and other ground vehicles is that a train has a
large slenderness ratio in terms of fluid mechanics.
The flow of air surrounding the train is also distinct
from that of airplanes, owing to its interaction with
the ground. The flow field around a train is basically
a 3D turbulent flow because of its geometric features
and running speed (Khier et al., 2000). Due to the im-
perfections of vibration theory, it is helpful to study
VIV through wind-tunnel tests (Zhou and Ge, 2008).
Bell et al. (2014, 2015, 2016a, 2016b) analyzed the
slipstream and wake of an ICE3 high-speed train with
a 1/10-scale wind-tunnel experiment. Hemida and
Krajnovi¢ (2008, 2009) discovered that there was a
certain relationship between car body vibration and
the vortex-induced frequency of a train’s wake.

1.3 Motivation and contribution of this study

The main questions that motivated this study are
as follows:

1. How do aerodynamic forces cause the tail of
160 km/h EMUs to continuously sway inside single-
line tunnels, leading to a deterioration in ride comfort?
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2. What is the magnitude and corresponding fre-
quency of the aerodynamic force that causes train-tail
swaying inside single-line tunnels, and what is the vi-
bration frequency of train-tail swaying?

3. What effective measures can be taken to alle-
viate the swaying phenomenon of the EMU tail inside
single-line tunnels?

The scope of this study draws attention to a rela-
tively new topic, namely the car body vibration in-
duced by aerodynamics that ultimately affects ride
comfort through vehicle dynamics.

During actual train operation, the swaying of the
tail car body interacts with the wake flow field, and
the aerodynamic force generated by the train wake is
unsteady. Therefore, it was necessary for us to carry
out a transient analysis of FSI. As far as we know,
the majority of previous studies applied the calculated
aerodynamic force as the constant excitation to the
car body, while a minority focused on assessing car
body vibration with regard to FSI. Regrettably, little
research has been done on how VIV affects a vehicle
system’s aerodynamic performance. These were addi-
tional challenges for us in carrying out this research.

In this paper, we establish a co-simulation model
for the VIV of a 160 km/h EMU tail in a single-track
tunnel, and experimentally clarify the mechanism of
train-tail swaying caused by VIV. Finally, we propose
effective measures to alleviate the problem of train-
tail swaying in single-line tunnels by optimizing vehi-
cle suspension and tail nose shape.

2 Methodology
2.1 Technical route

To study train-tail swaying of 160 km/h EMUs
in a single-line tunnel, we adopted a combination of
simulation and experimental methods, and the specific
technical route is shown in Fig. 1. The key of the sim-
ulation method was to establish the fluid—structure
coupled simulation platform, which analyzed the flow
characteristics of the train wake and the dynamic per-
formance of the tail vehicle. The key aspects of the
experimental method were constructing a wind-tunnel
test bench for a 1/25-scale train model, and conduct-
ing on-track tests of the actual running train. We then
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Fig. 1 Research flow of this study. The variables M, M, and F, are described in Section 3.2, and the variables P, a, and

y are described in Section 4.2



verified the simulation results with experiments. Fi-
nally, through simulation analysis, we were able to de-
termine the effective measures to alleviate train-tail
swaying inside tunnels.

There are two main methods of fluid—structure
coupled calculation: the partitioned method and the
monolithic method. We used the partitioned method,
which solves the flow field and dynamics separately.
The simulation of train-tail swaying in the tunnel was
based on the vehicle dynamics model and train aero-
dynamics model shown in Fig. 2a, and the specific
coupled calculation flow is shown in Fig. 2b. The x-
axis represents the direction along the rail, the z-axis
represents the direction perpendicular to the ground,
and the y-axis represents the transverse direction. The
specific calculation process was illustrated in detail in
our recent study (Song et al., 2023). In addition, the
consistent time-step Ar and the number of steps n
employed in the following transient simulation were
0.05 ms and 800x10°, respectively.

2.2 Vehicle dynamics sub-model

The dynamics model of the 160 km/h EMU tail
motor vehicle was developed in the SIMULIA Sim-
pack 2020. The whole vehicle multi-body system has
25 rigid bodies and 90 degrees of freedom. For the
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vehicle suspension system, the secondary suspension
consists of a yaw damper, secondary lateral and verti-
cal damper, and flex-coil springs; the primary suspen-
sion consists of an axle box spring, a rotating arm,
and primary vertical dampers, as shown in Fig. 3.
Moreover, all dampers are based on the Maxwell
model; the wheel/rail functions are constructed with
the CN60 rail and JM3 wheel profiles; the track irreg-
ularity is based on the irregularity described in Li et al.
(2014). Our other related studies (Li G et al., 2022;
Song et al., 2023) listed the main dynamic parameters
and structures of the motor vehicle, and also described
how we confirmed the accuracy and reliability of the
Simpack model.

2.3 Train aerodynamics sub-model

The CFD model of the train aerodynamics simu-
lation inside a tunnel was established in the SIMULIA
XFlow 2021x, and was based on the particle method.
We used a 160 km/h EMU for numerical simulation
(Fig. 4). The train model is simplified according to
the CEN standard (CEN, 2019, 2022), and the shape
of the single-line tunnel is based on the standard of
GB 146.2-2020 (NRA, 2020). The train height H, also
known as the characteristic length in train aerody-
namics, is 4.0 mat 1 : 1 scale.
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Fig. 3 Dynamics model of the motor vehicle

Fig. 4 EMU model of 160 km/h in this study: (a) train
model employed in numerical simulation; (b) actual train

The aerodynamics model of a train running in-
side a single-line tunnel is illustrated in Fig. 5. The
train is located at a distance of 20H from the tunnel
inlet and 45H from the tunnel outlet, which prevents
the influence of boundary conditions on the flow field
around the train referring to the EN 14067-6 standard
(CEN, 2022). The tunnel inlet is defined as the velocity
inlet boundary condition, and the inlet velocity U is
the train speed along the x-axis. The tunnel outlet is
defined as the pressure outlet boundary condition, with
a reference pressure of 0 Pa. The train’s surface and the
tunnel’s inner wall are defined as the non-equilibrium
enhanced wall-functions in XFlow (SIMULIA Inc.,
2021). The Reynolds number Re in this simulation is
about 8.1x10° and the formula is as follows:

Re=pUH/u. )

Considering that the on-track tests in Section 4
were conducted in an area with high elevation, the air
density p is set to 1.01 kg/m’, and the air viscosity pa-
rameter u is set to 17.9x10° Pa-s. In addition, the
train speed U is 36 m/s (130 km/h) in the tunnel.

In the numerical simulation, the calculated par-
ticle is the octree lattice structure of the D3Q27 orga-
nization constructed by XFlow according to the
given geometry (SIMULIA Inc., 2021). The calculated
particle distribution of the computational domain is
illustrated in Fig. S1 of the Electronic Supplemen-
tary Materials (ESM), and the accuracy of the train
aerodynamics model has been proved in our recent
research (Song et al., 2023), which is not illustrated
here.

3 Simulation
3.1 Calculated conditions

On an actual railway line, the track operation en-
vironment in tunnels is relatively poor and mainte-
nance is difficult. In order to simulate the coupling vi-
bration caused by the EMU tail swaying in a single-
line tunnel, three kinds of line conditions (Cond) are
set in this section, corresponding to three different
scales of track irregularity: Cond 1: smooth line, with
no track irregularity; Cond 2: normal line, with track
irregularity; Cond 3: poor line, with the amplitude of
track lateral irregularity doubled. The track irregularity
is obtained by the high-speed track spectrum (Li et al.,
2014). The lateral irregularity is shown in Fig. S2 of
the ESM. In addition, the simulation time is set to 40 s,
the vehicle speed is 130 km/h, and other parameters
are as introduced in Section 2.
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3.2 Analysis of aerodynamic performance

According to a recent study by Song et al. (2023),
the time-frequency variations of aerodynamic moments
M, and M. and force F, acting on a tail car body are
almost the same, and are dominated by the vortex-
induced frequency of the train wake. Therefore, we
only analyzed the lateral movement P, of the tail car
body and the typical vortex-induced force F, under
three conditions, as shown in Figs. 6 and 7, respectively.

-==Cond 1 - --Cond2 —Cond 3

Lateral movement
P, (mm)
o

5 10 15 20 25 30 35
Time (s)

Fig. 6 Lateral movement P, of the train tail

These figures demonstrate that with increasing la-
teral movement P, of the train tail, the vortex-induced
force F, also changes. In Cond 1, when the time-
domain amplitude of the train tail P, is within 10 mm,
the dominant frequency of £ is 1.7 Hz, correspond-
ing to the vortex-induced frequency of the train wake
(Schulte-Werning et al., 2003). Furthermore, the vortex-
induced frequency is related to tail shape and train
speed, which is explained in detail in Sections 4 and
5. As the amplitude of P, increases, the amplitude of
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Fig. 7 Vortex-induced force F, of the train tail: (a) time
domain; (b) frequency domain

F, slightly increases, while its dominant frequency
significantly shifts from 1.7 Hz to 1.3 Hz. In Cond 3,
when the time-domain amplitude of the train tail P, in-
creases to 25 mm, the frequency of F, is dominated
by 1.3 Hz, which is the car body hunting frequency at
130 km/h, as verified in Section 3.

In fluid mechanics, the dimensionless frequency
St (Strouhal number) is commonly used. It relates the
vortex-induced frequency to the flow velocity and char-
acteristic size of the object, and is defined as follows:

St=f.- H/U, (2)
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where f, represents the vortex-induced frequency of
the stationary object. In this study, the corresponding
f. of the train tail is 1.7 Hz, and the calculated St is
about 0.188.

In addition, Suzuki (2004) found that small vi-
bration of the tail car body has little effect on the train
wake, while large vibration affects the aerodynamic
force, but they did not conduct in-depth research on
this subject. Here, for the EMU operating at 130 km/h
inside a single-line tunnel, the vortex-induced fre-
quency of the train wake is 1.7 Hz, which approaches
1.3 Hz of the car body hunting frequency. As the sway-
ing amplitude of the train tail increases, the vortex-
induced frequency shifts from 1.7 Hz to 1.3 Hz, and
the VIV resonance occurs.

3.3 Analysis of wake characteristics

The vortex around the train tail is powerful (with
high vorticity), and it falls off in pairs from the tail
nose to the downstream, in a similar fashion to the
Karman vortex street. As time progresses, the train
wake turns into fully developed turbulent vortices.
The train wake is an intensive turbulent flow with re-
markable unsteadiness, and the aerodynamic force of
the tail vehicle is severely affected by the generation,
evolution, and collapse of wake vortices (Yao et al.,
2013).

Fig. 8 shows the wake vortex structure of the
EMU running in a single-line tunnel, as detected from
the Q criterion, in which Q is dimensionless and de-
fined as (U/HY, with values of 0.100, 0.050, 0.010, and
0.001. It can be observed that high-intensity vortices

Vorticity () I NN b 3 |
0.0 25.0 50.0 50.0 100.0
(a) (b)
R /B RN AN o -

V2

Fig. 8 Wake vortex structures inside the tunnel with various
0 values (Cond 2, =19 s): (a) 0=0.100; (b) 0=0.050; (c) O=
0.010; (d) 0=0.001. References to color refer to the online
version of this figure

of the train wake are well captured by the Q criterion.
Meanwhile, with higher values of Q, the high-intensity
vortices separated from the shear layer of the train-tail
surface are more clearly shown, and the low-intensity
vortices in the train wake gradually appear. In addi-
tion, the initial vortices separated from the tail nose
can be divided into two major vortex structures (V1
and V2) on both sides of the train tail; these are de-
scribed in detail below.

To further illustrate the variation law of the tail
aerodynamic force (i.e., vortex-induced force) with
train-wake development, we analyzed a complete cycle
of the vortex evolution in the train wake under Cond 2.
We also obtained the instantaneous vorticity contours
at 10 different times located on the vertical section x=
0.5H downstream from the nose tip of the train tail, as
shown in Fig. 9.

What can be seen from Fig. 9 is that a pair of
counter-rotating streamwise vortices alternately ap-
pear in the train wake, and with the evolution of the
vortex, the aerodynamic force F, changes periodi-
cally. At time 1 and time 2, the clockwise vortex V1
on the left side of the train tail is the most significant,
that is, the vortex core with high vorticity appears,
and the aerodynamic force reaches its maximum. Sub-
sequently, vortex V1 dissipates, and the aerodynamic
force gradually decreases, as shown at time 3. Then,
counterclockwise vortex V2 on the right side of the
train tail begins to appear, and the aerodynamic force
gradually increases in reverse. At time 5 and time 6,
when vortex V2 becomes the most significant, the
aerodynamic force reaches the reverse maximum.
Meanwhile, there is a tendency for the dominant vor-
tex V2 to separate into another reverse vortex V1 on
the other side. Through this cycle, the periodic aerody-
namic force caused by wake vortex-shedding is formed.

4 Validation
4.1 On-track tests

The real-time aerodynamic force acting on the
car body during train operation is difficult to measure,
unlike the acceleration response of the car body under
aerodynamic force. In order to obtain the vibration
characteristics of the train tail inside a single-line tun-
nel, our study team conducted on-track tests on the
Yuxi-Mengzi line of Yunnan, China, in Nov. 2022.
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Fig. 9 Cycle of the vortex evolution in the train wake (Cond 2, x=0.5H). References to color refer to the online version of

this figure

In the tests, the train speed was approximately
130 km/h. As shown in Fig. 10b, the vibration of the
EMU tail was analyzed, and a car body vibration ac-
celeration sensor was placed on the rear cab of the
train tail. As in GB/T 5599-2019 (NRA, 2019), we
used the lateral ride index W, calculated by the car
body acceleration. The W, value of less than 2.75 indi-
cates excellent lateral ride comfort for a motor vehi-
cle, as illustrated in Table S1 of the ESM.

Fig. 11 shows the lateral vibration results for the
train entering a single-line tunnel at 130 km/h. It can
be seen that in the open section, the acceleration of
the train tail was within 0.05g (g is the acceleration of
gravity), and the W, was less than 2.75. After entering
the tunnel, the lateral vibration acceleration of the
train tail rapidly increased to an amplitude of about
0.12g, and ride comfort deteriorated sharply, with a
maximum W, of 3.30.

Next, we conducted frequency-domain analysis of
the car body lateral acceleration. As shown in Fig. 12a,
the dominant frequency of the lateral vibration of the
train tail was 1.3 Hz in the open section, which repre-
sents the car body’s hunting frequency at 130 km/h.
Furthermore, when the train tail vibrated violently
under the aerodynamic force in the tunnel section, the
swaying frequency of the train tail remained around
1.3 Hz of its natural frequency, as shown in Fig. 12b.

4.2 Wind-tunnel experiment

Because of the limitations of the full-scale vehi-
cle experiment, we decided to study the aerodynamic
characteristics of the train tail through a wind-tunnel
experiment on a reduced-scale train model. This ex-
periment was conducted in the Aerodynamics Labora-
tory of Southwest Jiaotong University, China in May
2023.
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Fig. 12 Frequency-domain analysis of car body lateral
acceleration: (a) open section; (b) tunnel section. References
to color refer to the online version of this figure

The simplified 1/25 train model of the 160 km/h
EMU was based on the wind-tunnel experiment con-
ducted by Hemida and Krajnovi¢ (2009), which con-
sisted of a head dummy attached to the tail vehicle, as
shown in Fig. 13a. In order to make the airflow gener-
ated by the open wind tunnel more uniform around the
train and facilitate the measurement of wind speed, a
fairing was added around the train model. The train
model was made by 3D printing, and the bogie struc-
ture was omitted. The length, width, and height of
the train model were 1.20 m, 0.13 m, and 0.16 m, re-
spectively, as introduced in detail in the following
Section 4.3. In addition, the train head was fixed to
rotate around the z-axis, and the train tail could move
laterally along the y-axis by spring suspension, as
shown in Fig. 13b. An acceleration sensor was also
installed at the train tail, and the sampling frequency
was 1000 Hz. For the whole vehicle dynamics system,
the train-tail swaying phenomenon was mainly re-
flected in the lateral movement P, rolling motion
a, and yawing motion y of the tail car body. However,
when carrying out our simplified wind-tunnel experi-
ment, we only considered the lateral movement P,
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Fig. 13 Train model and wind tunnel: (a) on-site photo;
(b) force diagram

of the car body, so the equation for the lateral dynam-
ics of the train model is as follows:

my+cy+ky=F,, )

where m represents the mass of the train model,
which was about 0.2 kg; the measured lateral stiffness
k and lateral damping ¢ were 500 N/m and 0.8 N-s/m,
respectively, as illustrated in Section S4 of the ESM.
These parameters are also used in the simulation in
Section 4.3 below.

Fig. 14 shows the results of the wind-tunnel ex-
periment. The lateral vibration of the train tail was an-
alyzed in the time domain and frequency domain, and
the wind speed slowly increased from 0 to 40 m/s
and then decreased to 0. It can be observed that with
the increase in wind speed, the maximum amplitude
of the vibration acceleration at the train tail reached
about 0.5g. At the same time, the main frequency of
the lateral vibration under aerodynamic force is clearly
shown to be the natural frequency of 8 Hz of the
train model. Therefore, we think that the aerodynamic
force frequency is dominated by its natural vibration
frequency at this time.

Unfortunately, due to the limitations of the exper-
imental conditions and scale model, on the one hand,
the aerodynamic force was not directly measured, and
on the other hand, it was impossible to accurately mea-
sure the aerodynamic response of the train tail under
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the smaller amount of sway. Therefore, the wind-
tunnel experiment results are used as a reference for
the simulation analysis of the reduced-scale train model
in the following section.

4.3 Train scale-model simulation
4.3.1 Modeling and states

The flow field is large in train aerodynamic cal-
culations, which leads to huge computational demands
and low computational efficiency. In order to facili-
tate our research, we therefore conducted numerical
calculations on a reduced-scale train model. The sim-
plified 1/25-scale model of the 160 km/h EMU was
based on Hemida and Krajnovi¢ (2009), and was com-
posed of a head dummy attached to the tail vehicle, as
shown in Fig. 15a.

The aerodynamics model of the smaller train is
illustrated in Fig. 15b. The width and height of the
computational domain are 20/ and 124, respectively,
of which /4 represents the height of the train scale-
model. The height of the train model above the
ground is 0.054, as in (Li L et al., 2022). Moreover,
the train is located at a distance of 154 from the inlet
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Head dummy

Tail vehicle
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Fig. 15 Aerodynamics model of the 1/25-scale train: (a) simplified model based on the 160 km/h EMU; (b) computational

domain and boundary conditions

boundary and 40/ from the outlet boundary, which
meets the requirement of CEN standard (CEN, 2022)
that the computational domain should extend at least
8 characteristic heights upstream of the train and at
least 16 characteristic heights downstream. Further-
more, the inlet boundary is set to velocity inlet with
the incoming airflow velocity ¥, which represents the
train speed. The outlet boundary is set to pressure out-
let with a reference pressure of 0 Pa. The ground is
set as a slip wall, and the slip velocity is the inlet ve-
locity ¥, in order to simulate the relative motion to the
train. The top surface and two side surfaces of the
computational domain are defined as the symmetry
wall. Finally, the surface of the train has the same pa-
rameters as the wall model in Section 2.3.

The calculated particle distribution of the compu-
tational domain is illustrated in Fig. S4 of the ESM.
In addition, the calculation time step is set to 0.05 ms,
and the independence verification method is the same
as described in Section 2.3. The accuracy of the model
was further verified by the consistency of the simula-
tion and experimental results given below.

In order to analyze the aerodynamic influence of
the train-tail swaying on the wake flow field, we ana-
lyzed the aerodynamic performance of the car body

in the following two states: state 1: car body fixed;
state 2: lateral rigid-body motion (with mass m, stiff-
ness &, and damping c).

State 2 is completely consistent with the wind-
tunnel experiment, and a rigid body with a single lat-
eral degree of freedom was built in Simpack, with a
mass m of 0.2 kg, stiffness & of 500 N/m, and damping
¢ of 0.8 N-s/m. The air density was set to 1.205 kg/m’
at a standard atmospheric pressure of 101.325 kPa
and temperature of 20 °C. The simulation time was
20 s, in which the velocity V" gradually increased from
0 to 40 m/s in the first 10 s, and then gradually de-
creased to 0, that is, the velocity changed linearly by
4 m/s.

4.3.2 Results and discussion

Fig. 16 displays the results of aerodynamic lat-
eral force in state 1. It can be seen from Fig. 16a that
the vortex-induced frequency of the train wake in-
creases linearly with train speed. When the speed rea-
ches 40 my/s, the corresponding vortex-induced frequ-
ency is 48 Hz, so it can be calculated that the vortex-
induced frequency f, is about 43 Hz at a train speed
of 36 m/s (130 km/h). Meanwhile, the calculated
St=f,-h/V=0.188 is consistent with the results for
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the real, full-scale train in Section 2, and the vortex-
induced frequency is 43/1.7=25 times that of the
full-scale train, which corresponds to the scale of the
model.

Therefore, we can conclude that the vortex-
induced frequency of the train wake is only related
to the train speed and train-tail nose shape. In addition,
with increasing train speed, the vortex-induced fre-
quency increases linearly, while it increases inversely
with the scale of the train model.

In addition, when the train speed V reaches
36 m/s, the corresponding Reynolds number is about
3.88%10°, which is much larger than the critical Reyn-
olds number 2.5x10° of CEN standard (CEN, 2022).
Therefore, the influence of the Reynolds number on
the aerodynamic characteristics of the train can be ig-
nored (Tschepe et al., 2021).

Fig. 17 shows the aerodynamic response of the
train tail in state 2, including the lateral vibration ac-
celeration, lateral movement P, and aerodynamic lat-
eral force F,. As shown in Fig. 17a, the lateral acceler-
ation amplitude of the train tail is about 0.5g, which is
consistent with the wind-tunnel test results in Fig. 14a.
Therefore, the accuracy of the simulation model can
be verified. It can be observed from Fig. 17b that the
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amplitude of P, is about 1.5 mm, corresponding to the
full-scale train (32.5 mm), which is approximately the
same as the amplitude of about 25.0 mm of the EMU
train tail shown in Fig. 8a, and thus the simulation has
certain practical significance as a reference. The time-
domain and frequency-domain results of the aerody-
namic lateral force F, are shown in Figs. 17¢ and 17d,
respectively. When the train tail sways laterally with a
large amplitude, it is evident that the dominant fre-
quency of F, is the train’s natural frequency of 8 Hz,
which indicates the occurrence of frequency-locking.
However, the value of F, is obviously different from
that in Fig. 16, and our analysis is that the fluid—
structure coupling effect changes the vortex-induced
frequency of the train wake.

It is certain that the aerodynamic force is caused
by the aerodynamic pressure acting on the surface of
the car body, and the aerodynamic pressure distribu-
tion on the car body surface will change significantly
when the train tail sways. For ease of comparison, the
aerodynamic pressure on the car body surface is ad-
justed to be non-dimensional according to the CEN
standards (CEN, 2019, 2022), and the normalized
aerodynamic pressure coefficient C, is defined as
follows:

C,=(P-P,)/0.5p,V%), (4)

where P is the static pressure; P, is the reference pres-
sure and is equal to 0 Pa; p, is the air density, which is
set to 1.205 kg/m’ at the standard atmospheric pres-
sure of 101.325 kPa and a temperature of 20 °C. The
income airflow velocity V'is equal to 40 m/s at 10 s.

The lateral pressure distributions on the train
surface in the two states are compared in Fig. 18.
The horizontal axis is defined as the dimensionless
position L, which represents the distance from the
front end of the train. It is clear that when the train
sways laterally, the C, distribution at the front end of
the train changes slightly, while the C, distribution at
the train tail changes significantly. Specifically, the
prominent point of C, at the train tail obviously
moves downstream to the nose tip, and the variation
range AP of the aerodynamic pressure coefficient
increases.

To further explain the influence of train-tail sway-
ing on the aerodynamic pressure on the train surface,
we conducted a comparative analysis of the flow field
around the train tail in both states. Fig. 19 shows the

1.0

State 1
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Fig. 18 C, distribution on the lateral section (=10 s)
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Fig. 19 Contours of the instantaneous vortices in the z-
direction at the nose tip of the train tail (=10 s): (a) state 1;
(b) state 2. Reference to color refer to the online version of
this figure

instantaneous vorticity contour in the z-direction at
the nose tip of the train tail, and the corresponding
time ¢ is 10 s, which is consistent with that in Fig. 18
above. It can be observed from Fig. 19 that the vorti-
ces detach from the train tail with high intensity, and
the vortex intensity gradually decreases as the vorti-
ces flow downstream. In state 1, the high-intensity
vortex is separated around the tail nose, as indicated
by the red box in Fig. 19a. However, in state 2, the
separation point of the high-intensity vortex shifts
downstream to the nose tip, as indicated by the red
box mark in Fig. 19b. This means that when the car
body is fixed, the aerodynamic frequency is the
vortex-induced frequency related to the tail nose shape
(Fig. 16b). When the train tail is swaying severely,
the aerodynamic frequency becomes the natural vibra-
tion frequency of the train model, which is indepen-
dent of the aerodynamic shape (Fig. 17d).



In summary, train-tail swaying affects the flow
field of the train wake, and the separation point of the
thick turbulent boundary layer on the surface of the
train tail moves downstream to the nose tip, thereby
changing the vortex-induced frequency. For an EMU
operating at 130 km/h, the vortex-induced frequency
calculated based on its aerodynamic shape is about
1.7 Hz, which approaches the natural frequency of car
body hunting of 1.3 Hz. In addition, the aecrodynamic
effect inside a single-line tunnel is strong (the ampli-
tude of F, reaches 6 kN), which causes VIV of the train
tail. As the lateral movement of the train tail increases,
the vortex-induced frequency shifts from 1.7 Hz to
1.3 Hz, and the frequency-locking characteristic of
VIV appears, with the resonance causing the train tail
to sway continuously in the single-line tunnel.

5 Countermeasures

We pinpointed two fundamental reasons for the
continuous train-tail swaying of a 160 km/h EMU in a
single-line tunnel, through early vehicle development
and later experimental research conducted by our re-
search team: First, for the motor vehicle of the train
tail, its own primary hunting stability (i.e., car body
hunting) is not enough. Second, the aerodynamic ef-
fect in a single-line tunnel is strong, and the periodic
vortex-induced force of the train wake leads to VIV
of the train tail, which causes a resonance of the tail
car body.

In this section, we put forward two main counter-
measures for train-tail swaying in single-line tunnels.
One is to improve its primary hunting stability through
vehicle suspension, and the other is to reduce the aero-
dynamic vortex shedding force of the train tail by op-
timizing the aerodynamic shape.

5.1 Optimization of vehicle suspension

Train-tail swaying is part of the car body hunting
motion, which is also called primary hunting motion
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in the field of railway vehicle dynamics. According to
the theory of railway vehicle suspension (Iwnicki
et al., 2020), reducing the secondary suspension damp-
ing of a vehicle system to within a certain range is
beneficial in improving its primary hunting stability.
Therefore, we propose improvement 1, which involves
reducing the yaw-damper damping C, from the nor-
mal 800 kN-s/m to 600 kN-s/m.

In addition, the installation arrangement of the
yaw damper is generally divided into two types, called
opening outward (OO) and skew symmetry (SS), as il-
lustrated in Fig. S5 of the ESM. The 160 km/h EMU
tail car body has an SS yaw-damper arrangement, and
there is no doubt that the SS arrangement improves
the dynamic performance of the car body in some
ways. However, as shown in Table 1, when the train
operates on the open section (without F,), the W, of
the front end of the car body is 2.08, while the W, of
the rear end is 2.34, indicating that the lateral ride
comfort of its rear end is relatively poor; this has been
confirmed by Li G et al. (2022, 2023a) and Song et al.
(2023). According to the research of Li et al. (2023b),
the OO arrangement is beneficial in reducing the
lateral ride index difference between the two ends of
the car. Therefore, we propose improvement 2, chang-
ing the arrangement of the yaw damper from the nor-
mal SS to OO.

The dynamic performances of the tail car with im-
provements 1 and 2 are shown in Table 1, in which the
calculation condition is Cond 2 (shown in Section 3.1).
It can be observed that the W, of the tail car is 2.34 in
the open section (without /), but deteriorates to 2.90
in the single-line tunnel (with F), which is consistent
with the results from the on-track tests (Fig. 11b). In
addition, we measured the W, of the train tail with
each improvement separately, and found that with im-
provements 1 and 2, the ¥, of the train tail is 2.74 and
2.72, respectively, both of which are at the excellent
level (less than 2.75), indicating that these two im-
provements to the yaw damper can effectively allevi-
ate the train-tail swaying in a single-line tunnel.

Table 1 Vehicle dynamic performance (without/with aerodynamic force F,)

Vehicle suspension

Yaw damper damping C_ (kN-s/m) Yaw damper arrangement

Lateral ride comfort ¥

Front-end Rear-end

Normal 800 SS 2.08/2.13 2.34/2.90
Improvement 1 600 SS 2.05/2.11 2.26/2.74
Improvement 2 800 00 2.14/2.17 2.15/2.72
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5.2 Optimization of aerodynamic shape

A good streamlined car body shape is beneficial
in reducing aerodynamic resistance during train opera-
tion. Because of the vortex-shedding characteristics of
the train wake, the high-intensity vortices mainly de-
tach from the tail nose. Therefore, on the basis of the
original car body shape, we only changed the aerody-
namic shape of the tail nose and extended it by 0.4H
along the x-axis, as shown in Fig. 20.

Fig. 20 Aerodynamic optimization of the train-tail nose
shape: (a) normal nose; (b) long nose

Fig. 21 shows the aerodynamic vortex-induced
force F), of the train tail with two different nose shapes
under calculation conditions Cond 2. The F, ampli-
tude of the long-nose train is about 5 kN, and the
vortex-induced frequency is 1.1 Hz. In addition, com-
pared with the normal short-nose train, the ¥, of the
train tail of the long-nose car body is reduced from
2.90 to 2.65.

Referring to the research by Hemida et al. (2009,
2014), we found that the wake of the short-nose train
shows more high-intensity vortex structures than that
of the long-nose train. We believe that compared with
the short-nose vehicle, the long-nose train reduces the
amplitude of the aerodynamic vortex-induced force of
the train tail, and also decreases the vortex-induced
frequency.

For an EMU operating at 130 km/h, the long-
nose car body will cause the decrease in the vortex-
induced frequency from 1.7 Hz to 1.1 Hz, although it
is closer to the car body hunting frequency of 1.3 Hz.
However, the amplitude of the acrodynamic vortex-
induced force F, will be reduced from 6 kN to 5 kN
(17%), thus greatly weakening the aerodynamic effect
and improving the lateral ride comfort of the train tail
running in a single-line tunnel.

Time (s)
(b) 1200
- - - - Normal nose
1000 N M7 Hz —— Long nose
T 800
=
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Z 400
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Fig. 21 Aerodynamic vortex-induced force F, of the train
tail under Cond 2: (a) time domain; (b) frequency domain

6 Conclusions

Aiming to improve the train-tail swaying of
160 km/h EMUs in single-line tunnels, which is an
urgent on-site problem, we studied the aerodynamic
performance of the train tail through experiments and
simulations. The influence mechanism of train-tail
swaying on train-wake characteristics was revealed.
This permitted us to suggest countermeasures for train-
tail swaying in single-line tunnels, with regard to two
key aspects. The major conclusions of this study are
as follows:

(1) When the train tail sways with a small ampli-
tude (within 10 mm), its aerodynamic force frequency
(i.e., vortex-induced frequency) is about 1.7 Hz at
130 km/h, which is related to the train speed and the
nose shape of the train tail. At higher train speeds, the
vortex-induced frequency of the train wake increases
linearly. In addition, when the tail nose is extended,
the vortex-induced frequency decreases.

(2) As the swaying amplitude of the train tail in-
creases (exceeding 25 mm), the separation point of
the high-intensity vortex in the train wake shifts down-
stream to the nose tip, thereby changing the vortex-
induced frequency from 1.7 Hz to the nearby car body
hunting frequency of 1.3 Hz. This suggests that the



frequency-locking characteristic appears, and the reso-
nance caused by VIV intensifies train-tail swaying.

(3) For the motor vehicle of the train tail, adopt-
ing an OO arrangement for the yaw damper or reduc-
ing yaw-damper damping within a certain range can
effectively weaken train-tail swaying inside single-
line tunnels. In addition, when the tail nose is ex-
tended, the amplitude of the vortex-induced force is
reduced, thereby weakening the aerodynamic effect
and effectively alleviating the train-tail swaying in-
side single-line tunnels.
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