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18 Abstract

20 Recently, the phenomenon about tail sustained swaying of the 160 km/h EMU in single-track tunnels
22 has gained much attention, especially for the rear powered vehicle. This phenomenon is investigated
24 from the perspective of aerodynamic fluid-structure coupling vibration in this study. The
26 aerodynamics simulation model of the train in tunnels and the multi-body dynamics model of the
28 rear powered vehicle were respectively established through the software of XFlow and Simpack,
30 and then the fluid-structure coupling vibration was simulated by using real-time data dynamic
32 exchange between the two models. Moreover, the carbody’s vibration acceleration and the
34 aerodynamic loads acting on the carbody under various wheel-rail contact geometrical conditions
36 were discussed. Finally, the train tail swaying in field was tested, and the dominant frequencies were
38 analyzed. The results show that the periodic aerodynamic loads and the frequency locking effect
40 caused by the coupled vibration are the main factors for the ride comfort deterioration. The violent
vibration caused by fluid-structure coupling is named vortex-induced vibration (VIV) in some
industries, such as bridge, submarine pipeline, etc. For the vehicle in this work, with the decrease
of equivalent conicity in wheel-rail contact, the amplitude of carbody swaying increases owing to
49 the carbody hunting, which enhances the fluid-structure coupling vibration, and further deteriorates
51 the ride comfort. The swaying of the carbody is dominated by the vehicle hunting frequency, and

53 the improvement of vehicle lateral stability can weaken this phenomenon.
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1 Introduction

Since the operation of the Power Centralized EMU (Electric Multiple Unit) with a speed of 160
km/h in 2019, the EMUs have appeared different lateral dynamics problems. Including the
phenomenon of vehicle hunting instability [1-3], the difference in lateral ride comfort between the
front and rear ends of the same carbody [4], even the serious ride comfort deterioration of the tail
vehicle in single-track tunnels [5]. In the single-track tunnel, whether the long-marshalling or short-
marshalling trains, the sustained swaying of the rear powered vehicle (i.e. locomotive) is unbearable
for the driver, while the lateral ride comfort of the other non-powered vehicles and the front powered
vehicle is excellent. In this regard, this phenomenon is suspected to be caused by the aerodynamic
effect, and the realization promotes this works.

The theory of vortex-induced vibration (VIV) has been extensively studied in slender structures
such as bridge, submarine pipeline, etc. The VIV is one of the typical flow-induced vibrations, and
the phenomenon happens when the vortex shedding frequency becomes close to one of the natural
frequencies of the structure [6]. Concurrently, the frequency of acrodynamic force is “locked” to the
natural frequency [7]. The train has the significant characteristics of large slenderness ratio in terms
of fluid mechanics, which is quite different from other land vehicles. Meanwhile, due to the
interaction between the underside flow and the ground, the air flow around the train is still different
from that of the aircraft. As the geometrical characteristics and running speed of the train, the
generated flow field is essentially a three-dimensional turbulent flow field [8]. Hemida and
Krajnovic [9] found that the tail vortex structure of the train is similar to the Karman vortex street,
and the carbody lateral vibration will be aggravated if the vortex shedding frequency is close to the
lateral vibration frequency of the carbody.

Up to now, there exists three main methods used to study the aerodynamic characteristics of
the trains, including physical model tests, numerical simulation and computational fluid dynamics
(CFD) [10]. The physical model tests mainly include field and wind tunnel tests. These tests are
expensive and complicated to set up, and are also affected by external conditions. The numerical
simulation is simple and easy to control, but the result is essentially an approximate solution, and is

often different from the actual operating conditions, so it is more suitable for the theoretical research
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[11]. Computational resources are the main limitation to CFD simulation, and the application of
ground vehicles requires numerous calculations. Nowadays, with the rapid development of
computer resources, the application of CFD in the field of vehicle aerodynamics has increased
significantly [12].

The aerodynamic effect in tunnels is significant with the increase of train speed, which leads
to issues such as aerodynamic noise and ride comfort deterioration caused by vehicle swaying.
Therefore, it is essential to research the aerodynamic performance of the train operating in tunnels.
Choi et al. [13] studied the influence of train speed, nose length and blockage on the aerodynamic
drag of the train in subway tunnels through CFD simulation. Niu et al. [14] studied the influence of
Reynolds number on the train surface pressure in the tunnel through scaled models, and explained
the relationship between the Reynolds and pressure amplitude. Du et al. [15] investigated the
influence of vehicle number on the aerodynamic pressures of tunnel lining and micropressure waves
at tunnel portals by three-dimensional numerical simulation.

The phenomenon of train swaying in tunnels was first observed in the Shinkansen of Japan in
1993. Moreover, the lateral swaying of the carbody was the most obvious, and the swaying of the
marshalling train gradually increased from the head vehicle to the tail vehicle [16]. Many studies
have been done to research the phenomenon of train swaying in tunnels. Takai [17] first confirmed
that the track irregularity has little effect on the swaying of the train in tunnels, and the aerodynamic
force is the main factor. Suzuki [18,19] has carried out large numbers of experiments and numerical
analysis, which shows that the tail vortex eddying is the reason for the ride comfort deterioration
when the train is running in the tunnel. Diedrichs et al. [20,21] used the large eddy simulation (LES)
method to analyze the tail carbody’s vibration of the German ICE2 high-speed train and the Japanese
S300 Shinkansen train in the tunnel, and found that the tail carbody’s vibration is related to the
shape of the train tail and the mass of the carbody. Tanifuji and Kikko [22,23] established an
aerodynamic force model based on the measured pressure data of the test carbody, and analyzed the
ride comfort of the train running in the tunnel.

To the best knowledge of the authors, almost all existing researches applied the calculated
aerodynamic loads to the vehicle dynamics model as an external excitation, whereas little attention

is paid to the fluid-structure coupled vibration of the vehicle. Unfortunately, the effect of VIV on
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the dynamic performance of the train system has been rarely investigated. In this paper, the
simulation for fluid-structure coupling vibration of the train was carried out, based on the vehicle
multi-body system dynamics model and the aerodynamics model of the 160 km/h EMU running in
a single-track tunnel. Furthermore, the carbody’s vibration acceleration and the aerodynamic loads
acting on the carbody under various wheel-rail contact geometrical conditions were discussed.
Finally, the simulation results are compared and verified through the on-track test, and the relevant

conclusions are summarized.

2 Dynamics modeling

2.1 Train-tunnel aerodynamics model

The aerodynamics simulation is performed by the commercial CFD software of SIMULIA XFlow
2021x. It uses a proprietary fully Lagrangian particle-based kinetic approach, which is based on the
lattice Boltzmann method (LBM) [24-27]. Compared with the traditional grid method simulation,
the main advantage of XFlow based on particle method is that it can easily simulate the conditions
of moving components and fluid-structure interaction, and its adaptive wake refinement function
can dynamically track the wake during flow development [28].

The Large Eddy Simulation (LES) is used for turbulence modeling in XFlow, and the LES
model is the Wall Adapting Local Eddy (WALE) viscosity model, which provides a consistent local
eddy-viscosity and near wall behavior [28]. The LES turbulence models are not widely employed
for a long time, since the computation cost is relatively high compared to RANS models with the
Navier-Stokes solvers. The LBM scheme allows the use of LES turbulence model at low
computational cost. As a relatively advanced research method, the LES turbulence models are good
at transient simulation of high turbulence and separated flow, while the RANS models are mostly
limited to steady-state analysis. The LES model has been effectively applied to simulate the
aerodynamics of a full-scale train in recent years [9,29-31].

The aerodynamics model of the Power Centralized EMU in the single-track tunnel operation
used for the CFD simulation is shown in Figure 1(a,b,c). Considering computational resources and
the accuracy of aerodynamics calculation for the long train set, a suitable full-scaled model of the

train with 6 vehicles and a 400 m long tunnel is established for the research. The vehicle consists of
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coaches and simplified bogies but without the pantograph and accessory structures. The length of
the tail vehicles is 4.4H, the length of the middle vehicles is 6.38H, and the width of each vehicle is
0.83H. The height H is 4.0 m at full scale, and H is also defined as the characteristic length, which
is the height from the top surface of the rail to the roof of the train [32]. In addition, the height of
the single-track tunnel is 6.55 m, and its width is 4.88 m according to the standard of GB 146-2 [33].
Referring to the literatures [32,34], the height from the lower surface of the wheelset to the ground
is set to 0.05H, and the length of intercarriage gap is set to 0.1H.

The computational domain and the boundary conditions are shown in Figure 1(d). The total
length of the computational domain is 100H, which is large enough for the development of flow
field. For the single-track tunnel, the inlet and outlet boundary conditions are set to velocity inlet
and pressure outlet, respectively. The inlet velocity U is the running speed of the train along the x-
axis, and the outlet pressure is set to 0. The train is positioned at the 20H downstream of the inlet
boundary, and the wake field extends for 45H in the x-direction, which can effectively reduce the
interference of the outlet boundary on the train wake according to the standard of EN 14067-6 [35].
In addition, the boundary conditions of the inner wall around the tunnel and the train surface are set
as the wall model of non-equilibrium enhanced wall-function, which is strongly recommended for
aerodynamic applications in XFlow, because it takes into account the pressure gradients to predict
the boundary layer separation [28]. In this simulation, the Reynolds number calculated through the

following formula is 8.09 x 108,
Re = pUH /. @
where the air density p is 1.007 kg/m3, and the air viscosity coefficient x is 17.9 x 10 Pa-s, at the

atmospheric pressure of 79.158 kPa in Yunnan, China with the altitude of 2,000 m. Moreover, the

velocity U of the incoming flow is 36 m/s (130 km/h), and the characteristic length H is 4.0 m.
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Figure 1. Aerodynamics model of full-scale train tunnel: (a) train model; (b) tail vehicle shape;

(c) actual train head shape; (d) computational domain and boundary conditions.

N Coarse box (level 6)

4
1
Fine box (level 4)

Figure 2. Computational particle in single-track tunnel.

In this work, the computational particle of CFD is the octree lattice structure based on the input
geometries, and the octree lattice structure generated by XFlow is D3Q27 organized [28].
Considering the structure of the train and in order to better simulate the vortex structures of the train
wake, the dynamic wake refinement is applied and three refinement boxes are used, as shown in

Figure 2. Furthermore, three kinds of particle densities are adopted to verify the grid independently,

6
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and the details of particle settings are shown in Table 1. The results of grid-independence study are
shown in Figure 3. It can be seen that with the increase of particle density, the aerodynamic lateral
force Fy of the tail vehicle tends to be stable, which is similar to the results in reference [18].
Therefore, six levels of octree structure are generated, of which the particle resolution in the far field
(level 6) is 0.064H, and the resolution of the refined particle (level 1) near the tail carbody surface
and in the wake is 0.002H.

Table 1. Calculation case of particle density.

Calculation case of Refined particle Coarse particle Total number of
particle density size (level 1) /Im size (level 6) /m particles /x10°
Casel 0.005H 0.16H 93
Case2 0.003H 0.096H 167
Case3 0.002H 0.064H 238
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Figure 3. Grid-independence study.

2.2 Vehicle multi-body dynamics model

The rear powered vehicle (B0-B0O locomotive) dynamics model of the Power Centralized EMU is
established by the commercial multi-body dynamics software SIMULIA Simpack 2020, as shown
in Figure 4. The dynamics model is composed of 25 rigid bodies, including one carbody, two bogie
frames, two traction rods, four wheelsets, four motors, four hollow shafts and eight axle box rotating
arms, with a total of 90 degrees of freedom (DoF). Among them, the carbody, bogie frame, wheelset
and motor have six DoFs of translation and rotation in x/y/z-directions. Each hollow shaft has three

DoFs in lateral, rolling, and yaw motions around the wheelset, and every traction rod has two DoFs
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in yaw and pitch motion relative to the carbody. Nevertheless, each rotating arm only has one DoF
in rotational motion relative to the wheel axle. Besides, the track gauge is set to 1435 mm, and the
wheel-rail tangential force is calculated by the FASTSIM algorithm [36] in Simpack. Moreover, the
high-speed track spectrum [37] is adopted as the track excitation in the following time-domain

simulation.

Secondary lateral damper

Axle box spring

— Rotating arm
Secondary vertical damper

Primary vertical damper
Figure 4. Powered vehicle dynamics model.

Generally, the suspension system of the powered vehicle is composed of primary suspension
and secondary suspension. The primary suspension acts between the wheelset and the bogie frame,
including rotating arm, axle box spring, and primary vertical dampers. The secondary suspension
acts between the bogie frame and the carbody, consisting of the flex-coil spring, secondary lateral
damper, secondary vertical damper, yaw damper and secondary lateral stop. In addition, the
nonlinear characteristics of dampers and stop elements are considered. The structure and suspension
parameters of the powered vehicle are shown in Table 2, and the accuracy of dynamics model has

been verified in the previous articles [38,39].

Table 2. Main parameters of the powered vehicle.

Item Value Unit
Maximum operation speed 160 km/h
Carbody mass 42.907 t
Bogie frame mass 3.442 t
Wheelset mass 2.434 t
8
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Bogie wheelbase 2.9 m

Distance between bogie centres 9 m
Distance of contact point 1.493 m
Wheel rolling circle diameter 0.625 m
Wheel profile type JM3/IM3-32 -

2.3 Fluid-structure coupling simulation

Based on the above train aerodynamics model and vehicle dynamics model, the simulation
calculation for fluid-structure coupling vibration of the tail powered vehicle in the tunnel was carried
out, as shown in Figure 5. According to the FMU/FMI standard, the fluid-solid coupling vibration
is simulated by real-time data dynamic exchange method. The coordinate system origin (0,0,0) is
taken at the geometric center of the tail carbody, with a height of 0.63H from the rail surface as
shown in Figure 1(d). For the fluid-structure coupling process, the vehicle dynamics model transmits
three motion states of the carbody to the train aerodynamics model, including the lateral movement
y, roll motion a and yaw motion y. Then, the train aerodynamics model will transmit the calculated
aerodynamic loads including lateral force Fy, roll moment My, and yaw moment M, to the vehicle
dynamics model in real time. In addition, due to the unstable nature of the aerodynamic loads, a
unified time step of 0.05 ms and corresponding 800 x 10° time-steps are adopted to ensure the full

development of the flow in the transient analysis.

ﬁm Aerodynamic load

o F,I M,/ M, .
Tail vehicle ’ ==
e - A~
‘ Y | FMU/FMI | S
| > 5 e y/yla T"@ ' - ﬁ s
Motion state « y? 2 A —

Train aerodynamics model Vehicle dynamics model

Figure 5. Simulation for fluid-structure coupling vibration of train tail vehicle.

3 Dynamics indexes

3.1 Ride comfort

At present, there are various evaluation methods for running stability and ride comfort of the railway
vehicle all over the world, such as VDI 2057, the UK BS 6841, Sperling stationary index, SO 2631-

1, UIC 513, EN 12299, etc., and the last four are relatively commonly used [40]. In this paper, the
9
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Sperling stationary index including lateral and vertical ride comfort is used to evaluate the ride
comfort of railway vehicles, and we just analyzed the lateral ride comfort index Wy. The calculation

formula of Wy is as follows [41]:
Ay3 1/10
W, 23'57|:T F(f)} : 2

where Ay is the lateral vibration acceleration amplitude, f is the corresponding frequency, and F(f) is
the frequency correction coefficient. It can be seen that the lateral ride comfort index Wy is obtained
through the statistical processing of vibration acceleration, and the measurement location is
generally on the carbody floor. In order to study the lateral ride comfort of the rear powered vehicle
in this paper, the vibration acceleration of the tail carbody is measured, and the corresponding lateral
ride comfort index is obtained. In addition, a smaller value of W, represents the better lateral ride
comfort, and the limit value of the excellent level on lateral ride comfort for locomotive is 2.75.
3.2 Operational safety

In general, the operational safety index of railway vehicle dynamic performance is related to the
force on vehicles, such as wheelset lateral force, derailment coefficient, wheel unloading rate and
overturning coefficient, and the latter three are suitable for curve and crosswind conditions. Here,
the lateral dynamic performance of the train on the straight line is analyzed, so the wheelset lateral
force is selected to evaluate the operational safety of the rear powered vehicle. The wheelset lateral
force I'we is the algebraic sum of the left and right wheel-rail lateral forces on the same wheelset. If
the value is too large, it will lead to widening of the gauge or serious deformation of the track. The

evaluation of the wheelset lateral force according to the standard of GB/T5599 [40] is as follows:

I, <15+P /3. (3)

WF —
where Pq is the static axle load in kN, and P, of the powered vehicle studied in this paper is about

189 kN, so the limit value of the wheelset lateral force I'wr is 78 kN.

4 Results and discussion

4.1 Simulation conditions

In this section, based on the actual operating conditions of the train, three calculation conditions are
set to simulate the fluid-structure coupling vibration of the rear powered vehicle, corresponding to

10
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three different wheel treads, as follows:

Cond 1: IM3_new, with the equivalent conicity of 0.1;

Cond 2: IM3_wear, with the equivalent conicity of 0.4;

Cond 3: JIM3-32 thin flange, with the equivalent conicity of 0.04.

The measured wheel profiles of JM3 and the corresponding equivalent conicity of wheel-rail
contact are introduced in Section 5 below. In addition, the running speed of the train is set to 130
km/h, and the rail cant is set to 1/40. Furthermore, the vehicle dynamic performances and
aerodynamic responses of the rear powered vehicle in the single-track tunnel with different
equivalent conicities are analyzed, respectively.

4.2 \ehicle dynamic performances

In order to study the influence of fluid-structure coupling on vehicle dynamic performances, the
results of dynamic performances with and without aerodynamic load are shown in Table 3. It can
be seen that the aerodynamic effect on the dynamic performances of the rear powered vehicle in the
tunnel is mainly reflected on its lateral ride comfort. Without considering the aerodynamic load, as
the decrease of equivalent conicity, the lateral ride comfort index Wy of the carbody’s rear-end
decreases, that is, the carbody swaying is intensified, but it is within the excellent level. When the
aerodynamic load is applied, the Wy of the carbody’s rear-end exceeds the limit value of 2.75 under
Cond 1 and Cond 3, which will lead to the violent vibration of the train tail. However, the
aerodynamic load has little effect on the operational safety (wheelset lateral force) of the powered
vehicle. Although the wheelset lateral force of the wheelset4 near the train tail is relatively large
with aerodynamic load, it is far less than its limit value of 78 kN.

Table 3. Dynamic performances (without/with aerodynamic load)

Calculation  Lateral ride comfort Wy Wheelset lateral force 7wr (KN)

condition Front-end Rear-end  Wheelsetl Wheelset2 Wheelset3 ~ Wheelset4

Cond 1 2.08/2.13  2.34/290  6.51/7.27 9.19/10.35  5.49/5.87 9.89/11.82

Cond 2 2.03/2.09 2.13/2.67 831/852 850/8.80  7.04/7.28 8.54/9.49

Cond 3 2.00/2.03 2.42/295 6.16/6.33 9.70/10.32 4.89/5.10  10.23/11.61

The lateral vibration acceleration of the tail carbody under the Cond 1 with JIM3 new wheel profile

is analyzed, and the results in time domain and frequency domain are shown in Figure 6. It can be

11
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seen from Figure 6(a,c) that the aerodynamic effect in the tunnel mainly aggravates the lateral
vibration acceleration of the carbody’s rear-end, but has almost no impact on the lateral vibration
acceleration of the carbody’s front-end. As shown in Figure 6(b,d), the dominated frequency of
carbody’s lateral vibration is 1.3 Hz without aerodynamic load, which is the vehicle hunting
frequency. In addition, under the aerodynamic load, the lateral vibration acceleration response of
the carbody is still dominated by the vehicle hunting frequency of 1.3 Hz. The fluid-solid coupling
effect will be more obvious at the track section where the lateral vibration of carbody is severe,

corresponding to the blue box mark in Figure 6(c).
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Figure 6. Lateral vibration acceleration of carbody under Cond 3:
(a) time domain in carbody’s front-end; (b) frequency domain in carbody’s front-end;
(c) time domain in carbody’s rear-end; (d) frequency domain in carbody’s rear-end.

4.3 Aerodynamic responses

The amplitude of the aerodynamic loads acting on the tail carbody under the three types of wheel-
rail contact conditions and carbody fixed condition (calculated separated by aerodynamics model)
are shown in Table 4. It can be seen that at the speed of 130 km/h, the amplitude of the aerodynamic
lateral force Fy is around 4.5-6.0 kN, the amplitude of the yaw moment M; is around 35-60 kN-m,

and the amplitude of the roll moment My is around 1.5-2.5 kN-m.
12
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Table 4. Aerodynamic loads under various wheel-rail equivalent conicities

Calculation Equivalent Amplitude of the aerodynamic force/moment
condition conicity A Fy (KN) M; (KN-m) Mx (KN-m)
Cond 1 0.1 55 52.8 2.2
Cond 2 0.4 4.8 38.1 1.6
Cond 3 0.04 5.7 56.3 2.0
Carbody fixed - 6.1 50.5 2.3

Then, the aerodynamic responses of high wheel-rail equivalent conicity Cond 2 and low

equivalent conicity Cond 3 are compared and analyzed. The time domain results within 5-35 s and

the corresponding frequency domain results are shown in Figure 7. As shown in Figure 7(a,c,e), due

to the turbulence of wake vortex in the tunnel, the aerodynamic loads acting on the carbody of the

rear powered vehicle is also unstable, which is approximately sinusoidal with time. Meanwhile,

with the decrease of equivalent conicity, the carbody swaying is intensified, and the amplitude of

the aerodynamic loads acting on the carbody increases, which means that the fluid-structure

coupling effect is enhanced. As can be seen from Figure 7(b, d, f), with the increase of carbody
swaying, the frequency of the aerodynamic loads acting on the train tail, also known as vortex

shedding frequency, changes from 1.7 Hz to the vehicle hunting frequency 1.3 Hz, indicating that

the frequency locking of vortex-induced vibration (VIV) phenomenon happens. The fluid-structure

coupling effect changes the vortex shedding frequency and causes structural resonance.
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Figure 7. The aerodynamic loads under Cond 3 and Cond 2: (a) time domain in Fy; (b) frequency domain in Fy;
(c) time domain in Mz; (d) frequency domain in M;; (e) time domain in My; (f) frequency domain in Mx.

5. On-track tests
According to the responses of the railway attendants and drivers, the overall dynamic performance
of the Power Centralized EMU is excellent with the speed of 160 km/h. However, due to the
sustained swaying of the train tail in the single-track tunnel, the ride comfort of the tail carbody is
poor, which drawn the attention of the railway department. Many field tests have been carried out
by researchers to analyze the vibration characteristics of trains during operation. Zhai et al. [42]
conducted the on-track field test on the CRH2C high-speed EMU to evaluate the dynamic
performance of the train. Wang et al. [43] tracked the CRH380B series high-speed trains to monitor
the evolution of vehicle dynamic behavior with wheel wear process. Shi et al. [44] carried out the
experimental study on 300 km/h high-speed trains, and introduced the methods to analyze the train
stability, ride quality and wheel wear evolution.
5.1 Test conditions
The test line was the Yuxi-Mengzi railway in Yunnan, China, with the characteristics of large
proportion of tunnel lines. The railway line from Yuxi to Mengzi was officially opened in 2019,

with a total length of 150 km. Among them, there are 35 tunnels and 61 bridges, accounting for 55%
14
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of the total length of the line. Then, in November 2022, our research group carried out the on-track
test on the typical short marshalling train of the Power Centralized EMU, as shown in Figure 8(a),
which consists of eight vehicles (one powered vehicle + seven trail vehicles). The dynamic

performance of the powered vehicle at the train tail was tested and analyzed.

A

Carbody vibration
acceleration sensor

= T

(©)
Figure 8. Test conditions: (a) the tested Power Centralized EMU;
(b) measurement of wheel profiles; (c) measurement of carbody’s vibration.

Wheel-rail contact state is important for railway vehicle dynamics, which affects the ride
comfort and stability of railway vehicles [1]. Therefore, the two typical wheel profiles of the rear
powered vehicle were measured as shown in Figure 8(b), including JM3 new wheel profile after
wheel re-profiling and the worn wheel profile after running 69,000 km. Additionally, two carbody
vibration acceleration sensors are respectively installed on the surface of the carbody floor. As
shown in Figure8(c), one is installed in the cab at the rear end of the powered vehicle and the other
is installed in the equipment room at the front end of the powered vehicle. In order to accurately
analyze the ride comfort of the vehicle, the sampling frequency of the acceleration sensor is set to
1000 Hz, and the range is 2 g (g is the gravitational acceleration, and the value is 9.8 m/s?).

5.2 Wheel profiles measurement

As shown in Figure 9, the main wear region on the wheel tread concentrates on the adjacent area
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ranging from -20 to 30 mm around the nominal rolling circle. The max wear depth of the worn
wheel is 0.58 mm after running 69,000 km, while the thickness of the flange remains unchanged.
Then, the matching equivalent conicity A at the wheel-rail contact lateral displacement 3 mm under
the standard UIC60 rail was calculated. The equivalent conicity A is about 0.10 under the JM3 new

wheel profile, while the equivalent conicity A increased to about 0.40 under the JM3 worn wheel

profile.
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Figure 9. Wheel profile and wear depth of wheel tread.
5.3 Vibration acceleration of carbody
5.3.1 Open-line condition
As shown in Figure 10, the value of lateral ride comfort index Wy under the new or worn wheel is
all below 2.75 with the train speed around 130 km/h, indicating that the lateral ride comfort is indeed
excellent in open-line operation. Meanwhile, it can be seen from Figure 10(a) that under the new

wheel, the lateral ride comfort of the rear cab is significantly worse than that of the front end.
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Figure 10. Test results of carbody lateral ride comfort index Wy: (a) new wheel; (b) worn wheel.

Figure 11 shows the lateral vibration acceleration of the carbody’s rear cab under the new and
worn wheel in time and frequency domains, respectively. As shown in Figure 11(a,c), the peak value
of the rear cab lateral acceleration under either new or worn wheels is usually within 0.05 g.
Furthermore, as shown from Figure 11(b,d) that the lateral vibration dominant frequency of the rear
cab under the new or worn wheel is all close to 1.3 Hz, which represents the vehicle hunting

frequency at the speed of 130 km/h.
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Figure 11. Test results of the rear cab lateral acceleration:
(a) time domain under new wheel; (b) frequency domain under new wheel;
(c) time domain under worn wheel; (d) frequency domain under worn wheel.
5.3.2 In-tunnel condition
The typical tunnel conditions are shown in Figure 12, which consist of two tunnels and a connecting
bridge. Generally, the GPS module is used to measure the train speed. Due to the poor signal in the
tunnel, we roughly recorded the operating speed of the train according to the driver’s tachograph.
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The running speed of the curved tunnel is around 117 km/h, the running speed in speed-limiting
section of straight tunnel is around 60 km/h, and the running speed in other single-track straight

tunnels is 120-130 km/h.
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Figure 12. Test results of tunnel operation:
(a) lateral ride comfort index Wy; (b) on-site photo of the tunnel.

The lateral ride comfort index Wy of the rear cab in tunnel operation is shown in Figure 12(a),
of which the unmarked sections are single-track straight tunnels. It can be seen that during the
operation of curved tunnel, the lateral ride comfort is good, because the wheel flange and rail are
close together at this time, and the vibration of carbody is not violent. When operating in the double-
track tunnel and speed-limiting straight tunnel, the aerodynamic effect is not obvious, and the lateral
ride comfort is excellent. However, under the operation of single-track straight tunnel, when the
speed increases to 120-130 km/h, the value of Wy is immediately increased to above 2.75, and the
lateral ride comfort will deteriorate rapidly. Furthermore, the lateral ride comfort under JIM3 new
wheel is much better than that under worn wheel, as shown in Figure 12(a), and the peak values of

the rear cab lateral ride comfort index Wy under new and worn wheel are 3.2 and 3.0, respectively.
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Figure 13. Test results of carbody lateral acceleration with tunnel operation:
(a) frequency domain under new wheel; (b) time-frequency under new wheel;
(c) frequency domain under worn wheel; (d) time-frequency under worn wheel.
The lateral vibration acceleration of the rear cab in tunnel operation is analyzed in Figure 13.
As shown in Figure 13(a,c), when operating in the single-track straight tunnel, the lateral vibration
acceleration of carbody under the new wheel is significantly higher than that under worn wheel. The
lateral acceleration amplitude of the carbody reaches 0.15 g under new wheel, while the amplitude
is 0.12 g under worn wheel. The corresponding time-frequency results are shown in Figure 13(b,d),
it can be seen that the vibration energy of rear cab is mainly distributed in the range of 1-1.5 Hz due
to the change of train operating speed in different track sections. Furthermore, under the condition
of single-track tunnel with the worst ride comfort around 380 s, the train tail swaying frequency is
dominated by 1.3 Hz of the vehicle hunting frequency.
In summary, the Power Centralized EMU performs well in terms of ride comfort on the open
line, but the lateral ride comfort of the train tail is significantly decreased under single-track tunnel

condition, which is caused by the aerodynamic effect of the wake vortex. However, is the lateral
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vibration of the train tail carbody related to the forced vibration induced by vortex shedding in the
wake? If so, what is the vortex shedding frequency? According to the simulation and test results,
the vortex shedding frequency is 1.7 Hz at the speed of 130 km/h, which is close to 1.3 Hz of the
vehicle hunting frequency, thus vortex-induced vibration happens. With the increase of carbody
swaying, the fluid-structure coupling effect will be enhanced. The fluid-structure coupling effect
changes the vortex shedding frequency and causes structural resonance, which further deteriorates
the ride comfort of the carbody. The swaying of the carbody is dominated by the vehicle hunting

frequency.

6 Conclusion

Aiming at the swaying phenomenon of the rear powered vehicle of the Power Centralized EMU in
single-track tunnels, the coupling simulation of aerodynamics and vehicle system dynamics, as well
as on-track tests have been carried out, in which the various wheel-rail contact geometrical
conditions are considered. The conclusions can be concluded:

(1) The simulation reappears the train tail sustained swaying phenomenon of the rear powered
vehicle in single-track tunnels, indicating that the aerodynamic effect acting on the tail carbody is
the main causing factor. The influence caused by wheel-rail contact geometry is consistent with the
on-track test. The dominant frequency of sustained swaying is the same as the vehicle hunting
frequency, and the vibration will be more violent under the condition of low equivalent conicity in
wheel-rail contact.

(2) In the independent fluid simulation, the vortex shedding frequency of the train wake is 1.7
Hz at the speed of 130 km/h, which means the frequency of aerodynamic loads and the lateral
vibration acceleration of carbody is 1.7 Hz. However, the dominant frequency of the carbody
swaying is the vehicle hunting frequency of 1.3 Hz, which is identified in the on-track test and fluid-
structure coupling simulation. This indicates that vortex-induced vibration (VIV) causes the
frequency locking phenomenon. The fluid-structure coupling effect changes the vortex shedding
frequency and causes structural resonance, therefore, the problem about train tail sustained swaying
requires the fluid-structure coupling analysis.

(3) Based on the perspective of this study, reducing the fluid-structure coupling effect is
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beneficial to weaken the sustained swaying phenomenon of the train tail in single-track tunnels. For
instance, improving the primary hunting (i.e. carbody hunting) stability, as well as reducing the
vibration amplitude of the carbody’s rear-end through the improvement of suspension parameters

are effective measures. Those measures have been confirmed in practice.
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