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Abstract: A hybrid method incorporating the simulations of noise sources with delayed detached
eddy simulation (DDES) and calculations of far-field noise with the Ffowcs Williams–Hawkings
(FW-H) equation is used to study the suppression technique for the aerodynamic noise of a Faiveley
CX-PG pantograph. Considering that China’s Fuxing bullet trains operate at 350 km/h, the inflow
velocity of 350 km/h is applied in this paper. The noise radiated from the panhead area, middle
area, and bottom area at an inflow velocity of 350 km/h is distinguished. The noise intensities at the
standard observer show that the noise radiated from the panhead area is the strongest, and the sound
pressure level spectrum value is larger than the other two in the range above 500 Hz. The influence of
applying the wavy rods and modifying the contact strip shape on the aerodynamic noise is discussed
in detail. By comparing the acoustic source distribution and the far-field noise intensity, it is found
that applying the wavy rods can effectively reduce the panhead noise, especially around the peak
frequency. Modifying the shape of the contact strip to a hexagon can suppress the vortex shedding,
leading to a lower surface pressure level. Combining the strip modification and wavy rods, the total
noise intensity can be diminished by about 3.0 dB.

Keywords: aerodynamic noise; noise suppression; hybrid method; pantograph

1. Introduction

Aerodynamic noise and rolling noise are the two prominent noises radiating from
high-speed trains [1]. The sound power of aerodynamic noise increases with flow speed U
at a rate of U6–U8 [2,3], while the sound power of rolling noise increases at a rate of three
power of the train speed [4]. With the increase of train speed, the proportion of aerodynamic
noise in the overall noise gradually increases. When the train speed reaches or exceeds
300 km/h, aerodynamic noise will become predominant in the train noise [5]. In order to
alleviate the adverse effects of high-speed train noise on the surrounding environment and
passenger comfort, it is necessary to develop aerodynamic noise suppression technique.

The aerodynamic noise of high-speed trains includes a variety of noise sources, and
the noise strength is related to the shape of the train and the structure of its components. In
particular, the pantograph noise is a key component of the aerodynamic noise of high-speed
trains [1,5,6]. Considering that the pantograph is located on the top of the train, the conven-
tional noise barrier for the train body noise cannot effectively reduce the pantograph noise
because of the low height [4]. Some studies have been carried out on the pantograph noise
based on vehicle tests, wind tunnel experiments, and numerical simulations. Ikeda and
Takaishi [7] studied the Aeolian tone suppression mechanism of a perforated pantograph
horn and found that the Aeolian tone intensity can be reduced by the periodic holes. By
applying porous materials to cover the pantograph surface, Sueki et al. [8] confirmed that
the porous materials could decrease the pantograph noise. Kurita et al. [9] developed more
effective shape of noise insulation plates to design low-noise pantographs, of which the
noise level can be diminished by more than 2 dB. Recently, Guo et al. [10] studied three
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aerodynamic noise reduction measures of opening, slotting, and airfoil. The results show
that the open arms and the airfoil bow head can reduce the aerodynamic noise to over
1.0 dBA.

The pantograph noise generation is mainly due to vortex shedding around the rods of
the pantograph (such as the arm frame and the contact strip), which has been quite well
understood [11]. Aiming to delay flow separation and weaken vortex shedding strength,
some active means and passive approaches have been developed, such as introducing
plasma actuator [12], adding bio-inspired serrations [13] or cables [14]. Recently, the wavy
rod has attracted the attention of researchers, and a series of studies have been performed.
Zhang et al. [15] studied the three-dimensional vortex characteristics behind the wavy
cylinders at a subcritical Reynolds number and found that the boundary layer separation is
delayed markedly with increasing wave amplitude. Bai et al. [16] investigated the influence
of wavelength and wave amplitude on the capability of noise suppression. It is observed
that the wavy cylinder with optimum wavelength and wave amplitude can reduce the
peak value of sound pressure level up to 36.7 dB. Chen et al. [17] studied the noise control
mechanisms with the wavy cylinder at different Reynolds numbers, and it was found that
the boundary vorticity flux and boundary enstrophy flux are also remarkably weakened.

Basically, the previous research about the wavy rod mainly focused on the noise
radiated from a cylinder. Nevertheless, the pantograph consists of many parts, which
considerably complicates the composite noises. Meanwhile, the surface of the wavy rod
also impacts the pantograph noise, which is insufficiently considered. In this paper, we
apply the wavy rod to the pantograph and analyze the influence of the wavy surface on
the pantograph noise. Additionally, the contact strip shape modification is conducted to
study the suppression of the pantograph noise.

As for the organization of this paper, we first introduce the geometry of the pantograph
and the grid. Then, the computational methods are described in Section 3. Next, the
simulation results are presented, including the flowfield and the far-field noise. The
influence of wavy rods and contact strip modification on the acoustic sources and noise are
discussed. Conclusions are summarized in the final section.

2. Geometry Description

The research object is a Faiveley CX-PG pantograph, and the configuration is shown
in Figure 1a. It can be classified into three areas: the panhead area, middle area, and bottom
area. These three areas are identified by different colors in Figure 1a. The rods on the
panhead and middle areas play an important part in generating the aerodynamic noise by
inducing the separation flow and the vortex shedding. In order to study the capability of
the sinusoidal wavy rod to reduce aerodynamic noise, the noise radiated from a pantograph
of the wavy surface is simulated and analyzed. Figure 1b shows the configuration of the
wavy rod model. The diameter of the wavy rod D is a function of the spanwise coordinate
z, and it is given by

D(z) = Dori − 0.1Dori · cos
(

2π
z

5Dori

)
(1)

where Dori(z) is the diameter of the original model. According to the previous study [16],
the optimum wavelength of about 5Dori can reduce the noise of the cylinder the most.
Hence, the wavelength of 5Dori is applied in Equation (1). Moreover, the optimization
design of the contact strip is considered to reduce the pantograph noise further. As shown
in Figure 1c, the leading and trailing edges of the rectangular contact strip are modified
into an equilateral triangle to weaken the vortex shedding.
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Figure 1. Schematic diagram of the three pantograph models: (a) original model; (b) wavy rod model;
(c) hexagonal strip model.

The flow of 350 km/h is simulated and the freestream conditions are listed in Table 1.
Figure 2 shows the computational domain used in this study. The size of the domain is
50× 15× 7.5 m, and the pantograph model is located laterally symmetrically at about 15 m
downstream of the inlet. The boundary conditions of the computational domain are given
in Table 2.

Table 1. Details of the freestream conditions.

U∞ (km/h) ρ∞ (kg/m3) T∞ (K)

350 1.225 288.15

Figure 2. Computational domain.
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Table 2. Boundary conditions of the computational domain.

Velocity Inlet Symmetry Pressure Outlet Wall

Face ABCD Face AEHD, BFGC, CGHD Face EFGH Face ABFE

The unstructured grid applied for the current simulations is displayed in Figure 3.
The pantograph surface is divided into the triangular mesh with a grid scale of (3–5) mm
to capture the structure. The grid is clustered in the near pantograph surface, and the
thickness of the first layer of the boundary layer is 5 × 10−6 m. Figure 4 presents the
distribution of y+, which indicates that it is close to 1, and the average value equals 0.47.
The total grid number is approximately 35 million. By reducing the grid size near the
pantograph, a finer grid of 43 million cells has been applied to verify grid independence.

Figure 3. Computational grid on the pantograph surface.

Figure 4. Distribution of y+ on the pantograph surface.

3. Computational Methods
3.1. Delay Detached Eddy Simulation

Delayed detached eddy simulation (DDES) has been widely used in turbulence and
aeroacoustic simulations [18–20], which is employed to compute the flowfield and the
acoustic source in this paper. The current DDES simulations are based on the Realizable
k− ε model, written as follows [21]:

∂ρk
∂t

+
∂ρkuj

∂xj
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ µtS2 − ρk1.5

lDDES
− 2ρεM2

t

∂ρε

∂t
+

∂ρεuj

∂xj
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ρSε− C2ρ

ε2

k +
√

νε

(2)
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where Mt is the turbulent Mach number. The model constants C2, σk, and σε are 1.9, 1.0,
and 1.2 , respectively. The quantity C1 is computed from

C1 = max
(

0.43,
η

η + 5

)
, η = S

k
ε

, S =
√

2SijSij (3)

The length scale lDDES is defined as

lDDES = lRkε − fdmax(0, lRkε − lLES), lRkε =
k1.5

ε
, lLES = CDDES∆max (4)

where the constant CDDES equals 0.61. ∆max is the maximum grid spacing, ∆max =
max(∆x, ∆y, ∆z). The shielding function fd is given by

fd = 1− tanh
[
(20rd)

3
]
, rd =

νt + ν√
Ui,jUi,jκ2d2 , κ = 0.41 (5)

The equations are solved using ANSYS fluent. With respect to the numerical meth-
ods, the Roe scheme is used for the convective flux, and the second-order discretization
is applied for the flow equations and the turbulence transport equations. The time ad-
vancement is performed with a second-order time integration scheme. The time step
∆t = 5× 10−5 s is used in the simulations, and 4000 time steps are calculated to obtain the
acoustic source information.

3.2. Ffowcs Williams–Hawkings Equation

Considering the high computational cost of noise propagation, the far-field noise
evaluation is performed using the Ffowcs Williams–Hawkings (FW-H) equation [22]. In
this work, the pantograph surface is defined as the FW-H surface. Since the flow is low
subsonic, the contribution of the Lighthill stress tensor is small, and the volume integral of
the FW-H equation is omitted. Thus, the sound pressure at the far-field can be written as
the sum of thickness term and loading term:

p′(x, t) = p′T(x, t) + p′L(x, t) (6)

where

4πp′T(x, t) =
∫

f=0

[
ρaU̇ini

r(1−Mr)
2 +

ρaUn
ri
r Ṁi

r(1−Mr)
3

]
τ=τe

dS +
∫

f=0

[
ρaUnca(Mr−M2)

r2(1−Mr)
3

]
τ=τe

dS (7)

4πp′L(x, t) =
∫

f=0

[
L̇i

ri
r

car(1−Mr)
2 +

Li
ri
r ·

ri
r Ṁi

car(1−Mr)
3

]
τ=τe

dS +
∫

f=0

[
Li

ri
r ·(Mr−M2)
r2(1−Mr)

3 +
Li

ri
r −Li Mi

r2(1−Mr)
2

]
τ=τe

dS (8)

The subscript a denotes the quantities of the surrounding medium. The surface f = 0
corresponds to the source surface. r and ri represent the magnitude and the direction of the
vector from the source surface to the observer x, respectively. The quantities Ui, Mi, Mr,
and Li are given by 

Ui =

(
1− ρ

ρa

)
vi +

ρui
ρa

Mi =
vi
ca

Mr = Mi
ri
r

Li =
(

p′δij − σij
)
nj + ρuiun

(9)

In order to take into account that the sound reflects on the ground, an additional
observer is arranged in the mirror position. The sound pressure at the two observer points
is calculated by Equations (6)–(8), and the obtained time-domain signals are superimposed
to obtain the sound pressure with considering the ground effect.
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3.3. Numerical Validation

A simulation of cylinder noise is conducted to verify the hybrid method of simulating
noise by combining DDES with the FW-H equation. The diameter of the cylinder is
D = 19 mm. The inflow velocity is 69.19 m/s, and the Reynolds number based on the
diameter is approximately 90,000. The free-stream condition is similar to that in Refs. [19,23].
The grid is clustered in the cylinder surface, and the value of y+ is close to 1.

Figure 5 shows the instantaneous contour of spanwise vorticity. The boundary layer
separates at the lateral sides of the cylinder and generates the shear layer, which rolls up to
form the vortex street structure. The vortex shedding causes unsteady force and generates
aerodynamic noise. A standard observer is arranged at (0, 128D, 0). Table 3 compares the
maximum value of sound pressure level SPLmax and corresponding Strouhal number Stp.
It indicates that the present hybrid method can simulate the noise intensity and capture the
dominant frequency.

Figure 5. Instantaneous contour of spanwise vorticity ωz.

Table 3. Comparison between the present and previous results.

Present Tan et al. [19] Li et al. [23]

SPLmax 99.61 100.67 98.76
Stp 0.194 0.201 0.179

4. Results and Discussion
4.1. Flowfield and Acoustic Source of the Original Model

Turbulent eddies are an important flow structure for the noise generation. They evolve
gradually along the flow direction. Figure 6 provides the instantaneous iso-surface of the Q-
criterion, which is colored by the velocity magnitude. As can be seen, eddies generated by
the panhead are small and they are elongated in the x direction when flowing downstream.
The air flowing through the bottom area of the pantograph produces the large-scale eddies,
of which the position increases as they flow downstream. The large-scale eddies merge
with eddies in the wake of the middle area and the panhead area.
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Figure 6. Instantaneous snapshot of eddies extracted by the Q-criterion (Q = 104s−2) and colored by
the velocity magnitude.

Figure 7 demonstrates the instantaneous contour of the pressure fluctuation, which
is non-dimensionalized by the freestream pressure. The noise radiated from the panhead
area of the pantograph is transparent, and the wave front is approximately circular and the
directivity is nearly uniform. The middle and bottom areas also radiate out noise, but the
noise amplitude is too low to be distinguishable. In the downstream of the pantograph, ed-
dies in the wake lead to the hydrodynamic pressure fluctuations propagating downstream
rather than the sound wave.

Figure 7. Instantaneous contour of the non-dimensionalized pressure fluctuation p′/p∞ × 100 on the
symmetric surface (y = 0).

Based on the time history of the surface pressure, the dimensional power spectral
density (PSD) values of the pressure time derivative can be calculated. Then, the surface
pressure level (SPL) for the 1/3 octaves fc is provided as follows:

SPL( fc) = 10 · log10
PSD( fc)

p2
ref

, pref = 2× 10−5Pa (10)

The contour of SPL on the pantograph surface at different frequencies is displayed in
Figure 8. It indicates that the acoustic source of high-frequency noise is mainly concentrated
in the panhead area, while the low-frequency noise is radiated from the middle and bottom
areas of the pantograph. This acoustic source distribution is consistent with the eddy scales
illustrated in Figure 6.
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Figure 8. Contour of the surface pressure level on the pantograph surface: (a) fc = 2 kHz;
(b) fc = 250 Hz.

4.2. Far-Field Noise of the Original Model

In order to study the far-field noise radiated from the original model, a standard
observer point is selected, and its coordinates are (0, 25, 3.5) m. The time history of the
sound wave is divided into three parts, namely the noise radiated from the panhead,
middle, and bottom areas. Figure 9 compares the overall sound pressure level (OASPL)
of the noise radiated from different parts, and the OASPL values are 105.12 dB, 103.29 dB,
94.61 dB, and 98.87 dB, respectively. It is found that the noise intensity of the panhead
area is obviously higher than the other two parts, which is consistent with the qualitative
analysis based on the pressure fluctuation contour shown in Figure 7. In addition, the
far-field noise is also calculated using a finer grid of 43 million cells. The OASPL value
of the noise radiated from all parts is 104.99 dB, indicating that the grid independence is
well satisfied.

Figure 9. Comparisons of overall sound pressure level between different noise parts.

Furthermore, the A-weighted sound pressure level spectra (A-weighted SPL) of noise
radiated from different parts are presented in Figure 10. The peak frequency fp of the
total noise is 630 Hz, and the characteristic length scale L according to Aeolian tone
characteristic is

L =
StU∞

fp
=

0.2× 350/3.6
630

= 0.031 m (11)

The value is close to the result in Ref. [24]. By comparing the contribution of different parts
to the total noise, it is found that the noise radiated from the middle area is close to that of
the bottom area, apart from the peak frequency of the former being lower than that of the



Appl. Sci. 2022, 12, 10720 9 of 14

latter. In the high-frequency range ( f > fp), the spectrum value of noise radiated from the
panhead area is larger than the noise radiated from the middle and bottom areas. However,
the noise radiated from the panhead area is weaker than that from the other two parts in
the low-frequency range ( f < fp).

Figure 10. A-weighted sound pressure level spectra of noise radiated from different parts of the pantograph.

4.3. Influence of Wavy Rods on the Aerodynamic Noise

According to the previous research [15], the boundary layer separation of the wavy
cylinder is markedly delayed and the noise intensity can be suppressed. In order to study
the influence of wavy rods on the aerodynamic noise of the pantograph, the surface pressure
level is firstly compared in Figure 11. Through modifying the cross bar surface, the value
of the pressure time derivative is obviously decreased, as marked by an ellipse. Applying
the wavy rods can also reduce the acoustic source in the middle area, but the reduction
magnitude is relatively small, such as in the lower arm frame.

Next, the values of OASPL at the standard observer are quantitatively compared in
Figure 12. The components of the bottom area remain the same, so the corresponding noise
intensity is not displayed. As shown in Figure 12, the noise generated by the middle area
of the wavy rod model is slightly weaker than that of the original model, and the difference
is about 0.6 dB. Then, we focus on the noise radiated from the panhead area of the two
models. The difference between the two models is 2.4 dB, and the results suggest that
applying the wavy rods can diminish the panhead noise intensity. Furthermore, the change
of A-weighted SPL at different frequency ranges is studied. The data in Figure 13 reveals
that the panhead noise suppression is mainly concentrated around the peak frequency,
from 560 Hz to 3600 Hz. Nevertheless, the noise intensity in the higher frequency range
( f > 3600 Hz) is strengthened.



Appl. Sci. 2022, 12, 10720 10 of 14

Figure 11. Contour of the surface pressure level at fc = 2 kHz: (a) original model; (b) wavy rod model.

Figure 12. Comparison of overall sound pressure level between the original model and wavy rod model.
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Figure 13. A-weighted sound pressure level spectra of noise radiated from the panhead of the original
model and wavy rod model.

4.4. Influence of Contact Strip Modification on the Aerodynamic Noise

Apart from the cross bar, the contact strip plays a key role in the panhead noise.
The rectangular contact strip of the original model can induce strong vortex shedding,
resulting in a high level of turbulent kinetic energy (TKE), as depicted in Figure 14. To
weaken the vortex shedding, we modify the shape of the contact strip to a hexagon. The
distribution of TKE reveals that the unsteady flow around the trip is suppressed. Figure 15
shows the surface pressure level of the hexagonal strip model, and it can be found that
the pressure time derivative of the contact strip is decreased, which means that the sound
wave generated by the contact strip is alleviated.

Figure 14. Contour of non-dimensionalized turbulent kinetic energy (TKE): (a) original model;
(b) hexagonal strip model.
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Figure 15. Contour of the surface pressure level at fc = 2 kHz of the hexagonal strip model.

Then, the OASPL value at the standard observer is calculated, and Figure 16 presents
the values of the original model and hexagonal strip model. The OASPL values of noise
radiated from the panhead and middle areas of the hexagonal strip model are 97.77 dB and
93.95 dB, respectively, which suggests that modifying the contact strip can further decrease
the panhead noise intensity up to 5.52 dB. The OASPL value of total noise is reduced from
105.12 dB to 102.18 dB accordingly. Moreover, Figure 17 compares the A-weighted SPL
between the wavy rod model and the hexagonal strip model. It is evident that the noise
intensity in the high-frequency range ( f > 500 Hz) is all weakened, which is consistent with
the surface pressure level reduction at fc = 2 kHz given in Figure 15. In addition, the value
of A-weighted SPL at f = 315 Hz is increased slightly.

Figure 16. Comparison of the overall sound pressure level between the original model and hexagonal
strip model.
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Figure 17. A-weighted sound pressure level spectra of noise radiated from the panhead of the wavy
rod model and hexagonal strip model.

5. Conclusions

In this paper, we studied the feasibility of applying the wavy rods to reduce the
aerodynamic noise of a Faiveley CX-PG pantograph based on a hybrid method. The
influence of contact strip modification on aerodynamic noise was also studied. The effect
of the above noise suppression techniques on the acoustic source intensity and the noise
magnitude at different frequencies was explored in detail. The main conclusions drawn in
this work are as follows:

1. The panhead area is a primary acoustic source, of which the noise is stronger than
that of the middle and bottom areas at an inflow velocity of 350 km/h. The sound
energy of the panhead noise is concentrated in the high-frequency range ( f > 500 Hz).

2. Applying the wavy rods to change the cross bar surface can effectively reduce the
panhead noise, especially the sound energy around the peak frequency. However,
changing the arm surface has little effect on weakening the noise radiated out from
the middle area.

3. Modifying the shape of the contact strip to a hexagon can suppress the vortex shedding
and decrease the surface pressure level. By combining the modification of the strip
shape and the application of the wavy rods, the panhead noise intensity can be
diminished by 5.52 dB.

It can be concluded that applying the wavy rods and modifying the contact strip shape
are effective ways to reduce the aerodynamic noise of the pantograph.
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