
Research Article
Research on Aerodynamic Noise Reduction for
High-Speed Trains

Yadong Zhang, Jiye Zhang, Tian Li, Liang Zhang, and Weihua Zhang

State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu 610031, China

Correspondence should be addressed to Tian Li; litian2008@home.swjtu.edu.cn

Received 3 June 2016; Accepted 18 August 2016

Academic Editor: Salvatore Russo

Copyright © 2016 Yadong Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A broadband noise source model based on Lighthill’s acoustic theory was used to perform numerical simulations of the
aerodynamic noise sources for a high-speed train. The near-field unsteady flow around a high-speed train was analysed based
on a delayed detached-eddy simulation (DDES) using the finite volume method with high-order difference schemes. The far-
field aerodynamic noise from a high-speed train was predicted using a computational fluid dynamics (CFD)/Ffowcs Williams-
Hawkings (FW-H) acoustic analogy. An analysis of noise reduction methods based on the main noise sources was performed.
An aerodynamic noise model for a full-scale high-speed train, including three coaches with six bogies, two inter-coach spacings,
two windscreen wipers, and two pantographs, was established. Several low-noise design improvements for the high-speed train
were identified, based primarily on the main noise sources; these improvements included the choice of the knuckle-downstream
or knuckle-upstream pantograph orientation as well as different pantograph fairing structures, pantograph fairing installation
positions, pantograph lifting configurations, inter-coach spacings, and bogie skirt boards. Based on the analysis, we designed a
low-noise structure for a full-scale high-speed train with an average sound pressure level (SPL) 3.2 dB(A) lower than that of the
original train. Thus, the noise reduction design goal was achieved. In addition, the accuracy of the aerodynamic noise calculation
method was demonstrated via experimental wind tunnel tests.

1. Introduction

With the high running speeds of high-speed trains, problems
that can be neglected at low speeds become sufficient to limit
improvements in train speed [1, 2]. Shen [3] notes that the
dynamic environment of an ordinary train depends mainly
on machinery and electricity. By contrast, the dynamic
environment of a high-speed train depends mainly on aero-
dynamic forces; therefore, aerodynamic noise becomes the
greatest limitation. Thompson et al. [4] also indicate that
noise pollution has become the most critical environmen-
tal problem along high-speed railways. Aerodynamic noise
rapidly increases with increasing running speeds, becoming
the main noise source for high-speed trains. Indeed, the
sound power of aerodynamic noise grows as the 6th power of
the running speed [5]. Noise that exceeds standard require-
ments has become one of the main limiting factors of train
speeds, restricting the sustainable development of high-speed
railways. Thus, studies of the characteristics of aerodynamic

noise, low-noise designs, and noise reduction can facilitate
the further development of high-speed trains.

In current research on aerodynamic noise, the location
and classification of the noise sources and related low-noise
design principles are the main research focus. Talotte [1],
Nagakura [6], and Kitagawa and Nagakura [7] report that
themain aerodynamic noise sources for high-speed trains are
as follows: the pantograph, the first bogie, the power head
nose, the head cowcatcher, the train head, the train tail, the
train windows, the train doors, the inter-coach spacings, and
the bogie skirt boards. These aerodynamic noise sources can
be classified into two types. The first type corresponds to
noise radiated by a steady flow structure. For example, the
steady vortex shedding immediately behind the pantograph
can generate significant aerodynamic noise, which strongly
contributes to the overall noise. Moreover, certain cavity
structures on the surfaces of high-speed trains can also
generate aerodynamic noise. The other type of noise source
refers to noise emitted by turbulent fluctuations, which occur
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mostly in the turbulent boundary layer near the surface of a
high-speed train or at locations where flow separations occur.

Reducing the aerodynamic noise of high-speed trains
requires reducing the noise from the main noise sources.
The significant current collection between the pantograph
and catenary set on top of a high-speed train, because of its
complex structure, strongly affects the train’s aerodynamic
performance. Rough areas on the train severely disturb the
airflow at high speeds, thereby generating complex flow
separation and vortex shedding phenomena; the resulting
powerful fluctuations in air pressure in the far field translate
into aerodynamic noise. This source can be predominant
in case of the high-speed train is running behind a ∼4m
high noise barrier as the pantograph is higher than the noise
barrier. King III [8] presented a method of using dipole
sources to describe the aerodynamic noise induced by the
vortex shedding of a pantograph and discovered a linear
relationship between the far-field aerodynamic noise and the
logarithm of the speed. Noger et al. [9] performed wind
tunnel experiments on a 1 : 7 scale mock-up both with and
without pantographs and identified the pantograph fairing
as an important aerodynamic noise source. Sueki et al.
[10] conducted full-scale and wind tunnel measurements
of a PS207 pantograph (as installed on the Series E2-1000
Shinkansen) equipped with porous materials and demon-
strated that a noise reduction of 1.9 dB(A) at 360 km/h could
be achieved, with a significant noise reduction of 5 dB at the
1/3 octave band centre frequency at 250Hz. The results show
that the material properties of a pantograph significantly
influence its aerodynamic noise. Lee and Cho [11], Ikeda et
al. [12], and Kurita [13] developed an optimized pantograph
structure and tested the proposed PS207 pantograph in a
noise reduction experiment, in which the noise reduction
effects of a low-noise panhead structure in combination with
the new pantograph type were studied in wind tunnel tests.
Yu et al. [14] also considered the effect of a pantograph fairing
installed on the roof of a train. They found that if the fairing
consisted of two sideward baffles acting as noise barriers, then
a noise reduction of 3 dB could be achieved.

The bogie is one of the main aerodynamic noise sources
for a high-speed train. However, because of the complex
structure and disordered distribution of the flow field around
a vortex, bogie aerodynamic noise is poorly understood. In
numerical calculations, only minimal noise reduction can be
achieved if the bogie structure is excessively simplified or if a
simplified small-scale model is used. Wakabayashi et al. [15]
andKurita et al. [16] performednoise tests on a FASTECH360
S train with full skirt boards for all bogies and found that
the noise from the lower part of the train was reduced by
approximately 1 dB compared with a Series E2-1000 train.
Based on a delayed detached-eddy simulation (DDES) and
the Ffowcs Williams-Hawkings (FW-H) equation, the distri-
bution patterns of the dipole and flow-field characteristics of
a simplified 1 : 10 scale bogie model including a wheel set and
bogie frame were predicted and investigated by Zhu et al.
[17]. The accuracy of the numerical calculations was verified
via wind tunnel experiments. Zhang et al. [18] presented
a numerical method of using dipole sources to describe
the aerodynamic noise induced by the trailer car bogie and

discovered that the far-field aerodynamic noise of the trailer
car bogie was broadband noise that has noise directivity,
attenuation characteristic, and amplitude characteristic.

A low-noise structure for the CRH3 train was designed
using both a nonlinear acoustic solver and the FW-H equa-
tion by Sun et al. [19]. Their results showed that the use
of smooth transitions for head windows and streamline
positions and the use of a streamlined design for the head
cowcatcher could reduce the near-field noise by 7 dB(A) and
14 dB(A), respectively, compared with the original model.
Yamazaki et al. [20] found that the inter-coach spacing is
also amajor noise source for high-speed trains by conducting
wind tunnel experiments and field tests using a 1 : 5 scale
Shinkansen train model.

Currently, research on aerodynamic noise related to high-
speed trains is primarily conducted through experiments and
numerical simulations. The former predominantly consist of
wind tunnel experiments based on reduced-scale models and
field tests based on full-scale models. However, field tests
are time consuming, require high levels of manpower and
resources, and are subject to numerous restrictions in terms
of simulating real-world conditions. Meanwhile, wind tunnel
experiments based on reduced-scale models must satisfy
strict test conditions (such as conditions on the Reynolds
number and the turbulence intensity of the boundary layer).
Therefore, with the development of modern computers,
numerical simulations have gradually become an accepted
means of predicting aerodynamic noise. Compared with
experiments, numerical simulations offer greater controlla-
bility and better facilitate the calculation of aerodynamic
noise. Moreover, they allow noise to be predicted under
different flow conditions and for different parameters values.

As an extension of the investigations discussed above,
the study presented in this paper addresses the aerody-
namic noise induced by full-scale high-speed trains, the
characteristics of the far-field aerodynamic noise, and the
study of noise reduction. To obtain high-quality results for
high-speed trains through numerical simulations, a highly
detailed geometry was used, and the unsteady simulations
were performed at full scale. An aerodynamic noise model
was established for a full-scale high-speed train, including
three coaches with six bogies, two inter-coach spacings,
two windscreen wipers, and two pantographs (with the first
pantograph folded and the second pantograph lifted on the
middle coach). The steady-state RNG 𝑘-𝜀 turbulence model
and broadband noise sources were used for a preliminary
study of the aerodynamic noise sources. Then, by combining
the model with an unsteady DDES and the FW-H equation,
the far-field aerodynamic noise was analysed. Based on the
studies described above, an accurate distribution of the aero-
dynamic noise sources on the surface of the high-speed train
and the far-field distribution characteristics were obtained.
Low-noise design principles were developed and noise reduc-
tion analyses were conducted for the main aerodynamic
noise sources. To reduce noise, it is essential to consider the
two main operation orientations of a pantograph, different
pantograph fairing structures, different pantograph fairing
installations, different choice of which pantograph is lifted
in double pantograph, the presence of diaphragm plates in
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inter-coach spacings, and the effects of bogie skirt boards.
Wind tunnel tests were performed to thoroughly verify the
correctness of the numerical analysis method used in this
paper.

2. Numerical Fluid Analysis and Aerodynamic
Noise Analysis Methods

2.1. Delayed Detached-Eddy Simulation. Computational fluid
dynamics (CFD) was used to calculate the induced airflow
around the train, and computational aeroacoustics (CAA)
was applied to predict the aerodynamic noise [21]. In typical
CFD turbulence models, a detached-eddy simulation (DES)
model ismore universal than an unsteady Reynolds-averaged
Navier-Stokes (URANS) model or a large eddy simulation
(LES) model and saves significant computation time com-
pared with direct numerical simulation (DNS) or the LES
approach [22]. Therefore, dynamic fluid flow characteristics
can be obtained using aDESmodel, whereas aURANSmodel
with empirical parameters can capture only unsteady mean-
flow structures and is therefore unable to provide the detailed
unsteady flow information required for noise calculations [4].
DNS is considered to be a simple research tool that is suitable
for scenarios with low Reynolds numbers [22, 23]. Although
LES is much cheaper than DNS, it still requires a significant
number of grid points, especially near solid boundaries, and
must be run with very small time steps, which means that it
is not a practical option for most industrial applications [24].
Based on the above considerations, a DES turbulence model
is clearly the most suitable means of aerodynamic noise pre-
diction for high-speed trains at present. A refinement of DES
is the delayed detached-eddy simulation (DDES) approach,
whichwas developed to avoid grid-induced separation and to
preserve URANS modelling throughout the boundary layer
[25]. There are two popular types of DDES model, one based
on the simple Spalart-Allmaras model and one based on the
SST k-omegamodel, of which the latter is used in this paper.

2.2. Ffowcs Williams-Hawkings Acoustic Analogy. The acous-
tic analogy method is widely used in CAA. The theory
was first presented by Lighthill [26] and was extended by
Curle [27]; subsequently, FfowcsWilliams andHawkings [28]
developed the FW-H equation.This differential equation [28]
is given as follows:
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where 𝜌 is air density, 𝑝 air pressure, 𝑝 sound pressure, 𝑛
𝑖

normal direction, 𝑐
0
constant speed of sound in the undis-

turbed medium, 𝑢
𝑖
time-averaged velocity in the 𝑖 direction,

𝑢

𝑗
time-averaged velocity in the 𝑗 direction, V

𝑛
surface

velocity component normal to the surface, 𝑇
𝑖𝑗
Lighthill stress

tensor, 𝑃
𝑖𝑗
fluid compressive stress tensor, 𝛿(𝑓) Dirac delta

function, and𝐻(𝑓)Heaviside function.
Based on the near-field unsteady flow data obtained

from CFD calculations, the FW-H equation can be used
to predict the sound generated from equivalent acoustic
sources. The right-hand side of (1) includes contributions
from the monopole sources, dipole sources, and quadrupole
sources. When a high-speed train runs at a certain speed (up
to a speed of 400 km/h, at a Mach number (𝑀 = 𝑢/𝑐

0
) of

0.33), monopole sources need not be considered because the
train’s surfaces can be regarded as arbitrary rigid bodies and
the pulsating volume approaches zero [19, 21]. The authors of
[29] note that the intensity ratio of between quadrupole and
dipole sources intensities in the flow field is proportional to
𝑀

2. Because high-speed trains still operate at a sufficiently
low speed that the noise intensity of quadrupole sources
is far less than that of dipole sources, quadrupole sources
can also be ignored. Therefore, the problem of the far-field
aerodynamic noise induced by dipole-type sources on high-
speed trains is considered in this work.

3. Evaluation Criteria for Low-Noise Design

In this paper, high-speed railway noise is evaluated in terms
of the A-weighted equivalent continuous sound pressure
level (SPL) (𝐿

𝑝Aeq,𝑇). According to the definition given in
the international standard ISO3095-2013 [30] for the noise
testing of high-speed trains, 𝐿

𝑝Aeq,𝑇 is calculated as follows:
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where 𝑇 is a time interval, 𝑝
𝐴
(𝑡) is the instantaneous A-

weighted SPL, and 𝑝

0
is the reference sound pressure of

20𝜇Pa.
The fast Fourier transform is used to transform the

sound pressure at far-field evaluation points into the fre-
quency domain, where they are revised using the A-weighted
frequency-domain table [31].Then, the inverse Fourier trans-
form is used to transform the frequency-domain sound pres-
sures into the time domain to obtain 𝑝

𝐴
(𝑡) for the evaluation

points. Finally, the 𝐿
𝑝Aeq,𝑇 values for the evaluation points are

calculated using (3). Two derived quantities based on 𝐿
𝑝Aeq,𝑇

are used as indices for aerodynamic noise assessment: the
max 𝐿

𝑝Aeq,𝑇 (𝐿max) and the average 𝐿𝑝Aeq,𝑇 (𝐿𝑝𝑚). According
to the principle of energy superposition, 𝐿
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where 𝐿
𝑝Aeq,𝑇𝑖 (𝑖 = 1, 2, . . . , 𝑚) denotes the 𝐿

𝑝Aeq,𝑇 value
for the 𝑖th evaluation point and 𝑚 is the number of noise
evaluation points.
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Figure 1: The geometric model: (a) the full vehicle and (b) the original pantograph fairing Dlz1.

Table 1: Mesh configurations and computational results.

Mesh Mesh points (million) First layer
thickness (mm)

Number of prism
layers Minimum size (mm) Stretching ratio 𝐿

𝑝𝑚
(dB(A))

1 56.32 0.1 8 2 1.2 88.5
2 64.78 0.1 12 2 1.2 86.9
3 70.03 0.1 8 1 1.2 87.7

Inflow

1L

Right side

Ground
Left side

24W

2L

4L

Flow direction

Top side

Outflow

10H

x

z

y

o

Figure 2: Computational flow-field domain.

4. The Aerodynamic Noise Calculation Model

4.1. Computational Model. A specific type of full-scale high-
speed train was selected as the research object for this
study. This train is equipped with three coaches, namely,
the head train, mid train, and tail train, and includes six
bogies, two windscreen wipers, two inter-coach spacings,
and a pantograph fairing and two pantographs on the mid
train (the first pantograph is folded, and the second is lifted;
see Figure 1(a)). The vehicle parameters are as follows: the
model has full-scale length, width, and height dimensions
of 80.89m, 3.36m, and 3.86m, respectively. The head train
and tail train are both 27.12m in length, and the shape of the
tail train is the same as that of the head train. The length of
the mid train is 25m. The length of the streamlined head is
5.48m, the horizontal maximum cross-sectional area of the
train is 12.16m2, and the slenderness ratio is 1.63.The original
pantograph fairing design is denoted by the code Dlz1 (see
Figure 1(b)).

4.2. Computational Domain and Boundary Conditions. The
computational domain for the high-speed train is depicted
in Figure 2. The model dimensions are approximately

𝐿 = 80.89m, 𝐻 = 3.86m, and 𝑊 = 3.36m along the x-,
y-, and z-directions, respectively. The computational domain
has dimensions of 4𝐿 × 10𝐻 × 24𝑊. The distance from the
nose of the head train to the flow entrance is 1L, the distance
from the nose of the tail train to the flow exit is 2L, and the
height between the floor of a coach and the ground is 0.376m.

The inflow boundary is assigned a velocity inlet condition
corresponding to a flow speed of 69.4444m/s (equivalent
to a running speed of 250 km/h). The outflow boundary is
assigned a pressure outlet condition corresponding to a gauge
pressure of 0 Pa, and the reference pressure is set to 1 atm.The
right, left, and top sides are defined as symmetric boundaries.
A no-slip wall boundary condition is applied at the surface of
the train. To achieve an analogue ground effect, the ground
can be defined as a slipping surface, with a speed equal to the
running speed of the train.

4.3. Grid-Independent Validation. Grid-independent valida-
tion was performed using different numbers of hexahedral
meshes combined to form a prism mesh near the surface of
the train, with amore highly refinedmesh in thewake regions
of the tail train and the pantograph to assess the influence
of different spatial meshes on the calculation results. With
the thickness of the first prism layer defined to satisfy the
requirement of the wall function [32], three meshes configu-
rations were considered in the present study. The parameters
of the three mesh configurations and the corresponding
computational results are listed in Table 1. The 𝐿

𝑝𝑚
value

for the entire train obtained using the first mesh configura-
tion is only 1.6 dB(A) higher than that obtained using the
second mesh configuration and 0.8 dB(A) higher than that
obtained using the third mesh configuration. Therefore, it
can be concluded that the mesh configuration has a minimal
influence on the computational results. Thus, all flow-field
calculations presented in this paper were performed using
the configuration with the fewest mesh points to reduce the
computation time. The distribution of the spatial grids is
illustrated in Figure 3.
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Figure 3: Distribution of the spatial grids.

Table 2: Main modelling schemes adopted for the CFD simulations.

Time dependency Steady Unsteady
Turbulence model RNG 𝑘-𝜀 DDES
Solver Pressure based Pressure based
Pressure-velocity coupling SIMPLEC PISO
Pressure discretization Standard PRESTO!
Momentum discretization Second-order upwind Bounded central differencing
Turbulent kinetic energy discretization QUICK QUICK
Turbulent dissipation rate discretization Second-order upwind Second-order upwind

Train model
Microphone

Nozzle

Flow
Microphone array

5.47m

Figure 4: Photograph of the 1 : 8 scale train model in the anechoic
wind tunnel.

4.4. CFD Validation. Aerodynamic noise experiments were
conducted on a high-speed train in an anechoic test section
of a low-turbulence aeroacoustic wind tunnel at the China
Aerodynamics Research and Development Centre (CARDC)
[33, 34]. In the open test section of the wind tunnel,
the width is 5.5m, the height is 4.0m, and the length is
14.0m. When the maximum wind speed reaches 100m/s,
the stream turbulence in the central model region is below
0.05%. When the wind speed reaches 80m/s in the open
test section, the background noise is 76.5 dB(A) at a lateral
distance of 7.95m from the ejector nozzle of the central
jet pipe, thereby satisfying the international requirements
for advanced aeroacoustic wind tunnel tests (background
noise below a lower limit of 75–80 dB(A) in the open test
section) [33]. Figure 4 presents a photograph from the test,
showing a 1 : 8 scale train model with three coaches and six
bogies in the CARDC low-noise wind tunnel in Mianyang,
China.

Table 3: Comparisons of 𝐿
𝑝𝑚

between simulations and experi-
ments.

Wind speed (km/h) 160 200 230 250
Wind tunnel test 74.1 80.2 85.4 86.5
Simulation 73.1 78.9 83.9 84.8
Difference 1.0 1.3 1.5 1.7

To verify the CFD calculations, the flow field and sound
propagation around the three-coach 1 : 8 scale high-speed
passenger train model were obtained from a DDES using
high-order difference schemes and the FW-H acoustic anal-
ogy. A DDES based on the SST k-omegamodel of DDES was
used in this study. The commercial CFD program FLUENT,
which is based on the finite volume method, was applied to
calculate the unsteady aerodynamic noise. To speed up con-
vergence, a steady turbulence computation was performed
first and the results of this computation were adopted as the
initial unsteady values to solve for the unsteady flow fields.
Table 2 summarizes the mainmodelling schemes adopted for
the CFD simulations.The sameCFD schemes were applied in
all calculations unless otherwise stated.

In this study, the calculation time step for the aero-
dynamic noise simulations was set to 2 × 10−5 s and the
simulated physical time was 0.2 s; these settings ensured
characterization of the dynamic behavior with a maximum
frequency of 25 kHz and a frequency resolution of 5Hz.

Table 3 presents the comparisons of the 𝐿

𝑝𝑚
values

between the numerical simulations and the experiments, in
which themicrophones were placed 5.47m from the centre of
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Figure 5: Comparison of simulated and experimental spectra.

the track and 1m above the ground and the wind speeds were
160, 200, 230, and 250 km/h. Table 3 shows that the difference
between the simulated and experimental values increases
with increasing wind speed. The experimental noise levels
are systematically higher than the predictions because of
the additional noise contributions from reflections from the
baffle plate; the numerical 𝐿

𝑝𝑚
value is as much as 1.7 dB(A)

lower than the corresponding experimental value.
Figure 5 presents the spectra of the radiated noise at

the microphone indicated in Figure 4 (for a wind speed
of 160 km/h). Good agreement between the simulated and
experimental spectra is observed in terms of both the tonal
frequencies of the noise and the spectral shape. Because
of the high background noise in the low-frequency range
generated by the nozzle itself [12, 24], the results are not
accurately predicted by the simulation below 160Hz. The
simulation results reveal that the DDES/FW-H approach is
an efficient and high-resolution computational method for
aerodynamic noise prediction and can be applied for full-
scale computations of the aerodynamic noise generated by a
high-speed train.

Wind tunnel experiments for measuring aerodynamic
forces were conducted in the second test section at CARDC,
which is an 8 × 6m low-speed wind tunnel with a closed-test
section.The dimensions of this test section are approximately
𝐿 = 16m,𝐻 = 5m, and𝑊 = 8m. A six-component balance
system was applied to measure the drag/lift forces, and the
electronic pressure scanners were used tomeasure the surface
pressure on the train. A photograph of the three-coach 1 : 8
scale train model in the aerodynamic force wind tunnel is
shown in Figure 6. The model used in the aerodynamic force
wind tunnel test was the same as that used in the low-noise
wind tunnel test (see Figure 4), which consisted of three
coaches, six bogies, wheel trucks, and windshields.

Validation was performed to ensure the accuracy of the
solutions obtained from the simulation mesh with respect
to the wind tunnel data. Force coefficients and pressure
coefficients are typically used to verify simulations against
the results of wind tunnel tests. In this paper, the drag

P1 P2

Figure 6: The 1 : 8 scale train model in the aerodynamic force wind
tunnel.

Table 4: Comparison of the time-averaged force coefficients bet-
ween simulation and experiment.

Comparisons Head train Mid train Tail train
𝐶

𝑑
𝐶

𝑙
𝐶

𝑑
𝐶

𝑙
𝐶

𝑑
𝐶

𝑙

Simulation 0.145 −0.047 0.071 −0.013 0.162 0.091

Wind tunnel 0.143 −0.045 0.070 −0.012 0.158 0.094

Error (%) 1.40 4.44 1.43 8.33 2.07 3.19

coefficient 𝐶
𝑑
, the lift coefficient 𝐶

𝑙
, and the mean static

pressure coefficient 𝐶
𝑝
are defined as follow:
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(5)

where 𝐹

𝑑
is the time-averaged drag force; 𝐹

𝑙
is the time-

averaged lift force; 𝐴 is the reference area, 𝐴 = 0.186m2; 𝑝
0

is the atmospheric pressure, 𝑝
0
= 1 atm; and 𝑢 is the wind

speed, 𝑢 = 55.5556m/s (200 km/h).
The time-averaged drag and lift coefficients obtained

from the DES calculations are listed in Table 4 (for a wind
speed of 200 km/h). Figure 7 shows a comparison of the
pressure coefficients at electronic pressure scanners P1 and
P2 from the numerical simulation and the wind tunnel
test. As Table 4 shows, little difference in the results is
evident between the simulation and the wind tunnel. The
differences in the drag coefficients between the simulated and
experimental results are within 2.07%, and the differences
in the lift coefficients are within 8.33%. This discrepancy is
believed to be attributable to the difference in the ground sim-
ulation between the CFD calculations and the wind tunnel.
Figure 7(a) shows that themaximumpressure throughout the
entire train is located at the nose of the head train and that
thismaximumvalue is 1909 Pa, corresponding to a stagnation
pressure coefficient of approximately 1.01. Moreover, Figures
7(b) and 7(c) also show that the computational results are very
close to the wind tunnel test results; the error on the pressure
coefficients is approximately 0.9%, which is sufficient to sat-
isfy the accuracy requirements for engineering application.
Thus, the proposed numerical simulation method is reliable
and valid for assessing the aerodynamic performance of low-
noise design schemes.
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Figure 7: Comparison of pressures and pressure coefficients: (a) simulated pressure distribution on the head train, (b) pressure coefficient at
P1, and (c) pressure coefficient at P2.

5. Characteristics of the Aerodynamic
Noise of High-Speed Trains

5.1. Characteristics of the Flow Structures. The main noise
sources for high-speed trains are predominantly dipole
sources [1, 4], and the dipole sources on train surfaces are
determined by pressure fluctuations on the train surface.
The sizes of these sources reflect the near-field radiation
of the sound from the surface. As an indicator of tur-
bulence, the turbulence kinetic energy (TKE), which is
expressed as 𝑘 = (1/2)(𝑢


2

+ V
2

+ 𝑤


2

), can be used
to evaluate the noise distribution along the train surface
[14, 35].

The surface TKE distribution in the pantograph fairing
region is shown in Figure 8. Substantial TKE is distributed
at the points of transition between the leading edge of the
pantograph fairing and the folded pantograph, the fairing
region, and the second inter-coach spacing. The turbulence
from the front of the pantograph fairing surges on the folded
pantograph, resulting in near-field noise. Noise radiation in
the region of the lifted pantograph is enhanced by impinging
turbulence and vortex shedding. The second inter-coach
spacing, also with high TKE, is also considered to be a major
noise source.

The flow field represented by the isosurface of the nor-
malized second invariant of the velocity gradient, as indicated
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Figure 8: TKE distribution in the pantograph fairing region.
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Figure 9: Isosurface of the instantaneous normalized Q-criterion ((a): entire vehicle; (b): magnified view).

by the Q-criterion (at a level of 0.00253) and coloured
according to the velocity magnitude, is displayed in Figure 9.
This figure shows that the flow around the pantograph
region is characterized by considerable coherent alternating
shedding of vortices with different sizes and orientations.
More specifically, the airflow first reaches the leading edge
of the pantograph recess, where belt-shaped eddies form.
Then, these eddies impinge on the first pantograph, and the
vortices substantially deform and separate. Some eddies enter
the cavity of the pantograph recess and decrease in velocity,
some impinge on the second pantograph and again form belt-
shaped eddies, and the remaining eddies are reshaped into
crescent-shaped or horseshoe-shaped eddies in the second
inter-coach spacing. These remaining eddies move farther
downstream along the coach, alternatively detaching from
and reattaching to the train surface. Vortex shedding is
observed at the train head, the first bogie region, the first
inter-coach spacing, the pantograph region (including the
pantographs), the second inter-coach spacing, the train tail,
and other bogies, all of which together may represent the
main aerodynamic noise sources for high-speed trains.

5.2. AerodynamicNoise Source. Inmany engineering applica-
tions concerns, turbulence poses broadband noise problems;
that is, there is no obvious dominant frequency band and
the wide-band range of noise or sound energy presents a
continuous frequency distribution. Radiated aerodynamic
noise is a typical type of broadband noise, which exhibits a
frequency spectrum covering a wide range of frequencies.
The Proudman equation [36] is widely applied to describe
such noise. Proudman used Lighthill’s acoustic analogue
theory and ignored the delay differential, which he replaced
with the effective synchronous covariance, to deduce the
expression for the sound power radiated per unit volume of
isotropic turbulence at low𝑀 and a high Reynolds number.
Recently, Lilley [37] reconsidered adopting a delay differential
to deduce an expression for the radiated sound power. The
expression for the radiated sound power 𝑃

𝐴
(expressed in

W/m3) per unit volume of isotropic turbulence can be
derived as follows based on both of these approaches:

𝑃

𝐴
= 𝛼𝜌(

𝑢

3

𝑙

)

𝑢

5

𝑐

5

0

, (6)
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Figure 10: Sound power contours for the high-speed train: (a) the entire vehicle, (b) the pantograph fairing region, (c) the inter-coach
spacings, and (d) the bogies.

where 𝑢 is the turbulence velocity, 𝑙 is the length scale of the
turbulence, and 𝛼 is a numerical constant. Using the TKE 𝑘

and the turbulence dissipation rate 𝜀, (6) can be rewritten as

𝑃

𝐴
= 𝑎

𝜀
𝜌

0
𝜀𝑀

5
, (7)

where

𝑀 =

√
2𝑘

𝑐

0

. (8)

Sarkar and Hussaini [38] used DNS to compute the
isotropic turbulence and obtained 𝛼

𝜀
= 0.1. For turbulence

in a specific region, the Proudman equation can be used
to calculate the sound power per unit volume if the flow
is characterized by a high Reynolds number, a low 𝑀, and
isotropic turbulence. Sound power [31] is defined as

𝐿

𝑤
= 10lg𝑃𝐴

𝑃

𝑟

, (9)

where 𝑃
𝑟
is the reference sound power and 𝑃

𝑟
= 10

−12W/m3.

In the numerical simulations, the RNG 𝑘-𝜀 turbulence
model was first applied to simulate the steady and transient
flow fields around the high-speed train considered in this
study and to extract 𝑘 and 𝜀 for each node in the transient
flow field. Second, the sound power per unit volume at each
node was calculated using the Proudman equation to obtain
the distribution pattern of the sound power over the surface
of the high-speed train.

The 𝐿
𝑤
distribution contours for the entire vehicle, the

pantograph region, the inter-coach spacings, and the bogies
are shown in Figure 10. The peak value of 𝐿

𝑤
is greater

than 100 dB at, for example, the power head nose, the
head cowcatcher, the head windscreen wiper, the bogies, the
pantographs, the pantograph fairing region, the inter-coach
spacing, the tail windscreen wiper, and the windward-side
area of the first bogie. The 𝐿

𝑤
values the bluff bodies of

the head and tail trains are smaller. The aerodynamic noise
increases with increasing fluctuating pressure at locations
where 𝐿

𝑤
is higher on the train surface.

The 𝐿
𝑤
values on the windward side of the pantograph,

including the panhead, base frame, balance rod, pneumatic
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pantograph lifting device, and insulators, exceed 110 dB, as
shown in Figure 10(b). The maximum 𝐿

𝑤
values at the

base frame, panhead, and insulators are 139.9, 137.8, and
128.9 dB, respectively, when the first pantograph is folded. By
contrast, when the second pantograph is in the usage state,
the maximum 𝐿

𝑤
values at the panhead, base frame, balance

rod, pneumatic pantograph lifting device, and insulators are
140.4, 128.1, 126.9, 120.4, and 119.9 dB, respectively. Therefore,
the most important pantograph noise sources are the convex
locations on the windward side. Significant noise reduction
can be achieved if the panhead and base frame are shaped
with streamlined bodies.

Because the pantograph region (including the pantograph
fairing) significantly affects the disturbance of the airflow at
the second inter-coach spacing, both the sound power and
the noise distribution range at the second inter-coach spacing
are larger than those at the first inter-coach spacing, as illus-
trated in Figure 10(c).Therefore, themain aerodynamic noise
sources are distributed in areas where the change in part
curvature is severe or the vortices are strong (see Figure 9).

Moreover, the maximum 𝐿

𝑤
values at the first bogie on

the head train is larger than those at the other bogies, and the
𝐿

𝑤
distribution is broader. For example, the maximum 𝐿

𝑤

values at the first and second bogies on the head train are 123.8
and 108.1 dB, respectively, whereas the maximum 𝐿

𝑤
values

at the first and second bogies on the mid train are 101.1 and
92.0 dB, respectively. Similarly, on the tail train, themaximum
𝐿

𝑤
values at the first and second bogies are 91.6 and 89.1 dB,

respectively.
Thus, themain noise sources on a high-speed train are the

pantographs, the head windscreen wiper, the bogies, the pan-
tograph fairing region, the head cowcatcher, the windward-
side areas of bogie regions, the inter-coach spacing, and the
power head nose. The noise sources on a high-speed train
are located where the airflow is easily separated and where
turbulent motion is strong.

5.3. Characteristics of Far-Field Aerodynamic Noise

5.3.1. SPL Distribution Characteristics. According to the
ISO3095-2013 standard, far-field noise evaluation points were
defined in this study that were located 25m away from the
centre line of the track and 3.5m above the ground on
one side of the train. Along the axis of the train, starting
from the head nose and proceeding to the tail nose, far-field
noise evaluation pointswere defined every 1m.Consequently,
82 noise evaluation points were defined in total. All noise
evaluation points were tested under the same conditions
unless otherwise stated.

The 𝐿
𝑝Aeq,𝑇 values at the evaluation points along the train

are shown in Figure 11. From the head nose to 𝑥 = 5m, the
SPL rapidly increases by 11.6 dB(A).The SPL reaches its global
maximum of 91.2 dB(A) at 𝑥 = 5m, beyond which the SPL
gradually decreases along the remaining length of the train
up to streamlined taper to the tail, where the SPL rapidly
decreases by 12.2 dB(A). In addition, the SPL exhibits local
maxima at the second bogie of the head train, the first and
second bogies of themid train, and the first and second bogies
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Figure 11: SPL distribution along the high-speed train.

of the tail train.Thus, for the noise evaluation points along the
high-speed train, 𝐿max of 91.2 dB(A) and 𝐿

𝑝𝑚
of 88.5 dB(A)

were obtained through simulation.
Figure 11 also shows that the SPL values are lower

in the inter-coach spacing region between 2 and 3 (and
similarly between positions 4 and 5). This is because the
sound propagation in this region appears to be divided
into two components. One component is generated from
self-sustained oscillation [39] in the inter-coach cavity and
propagates upstream, whereas the other is induced by aero-
dynamic pressure fluctuation on the train surface and spreads
downstream. Finally, the noise radiation from the inter-coach
spacing region manifests in two branches: one originating
from the cavity and extending along the upstream side of
the inter-coach spacing and one originating from the surface
of the train and extending in the downstream direction.
Therefore, the SPL values at the noise points within an inter-
coach spacing region are smaller than those on either side
(upstream and downstream).

5.3.2. Spectra Characteristics. The power spectral density
(PSD) of a short-record signal in time can be determined
using Welch’s method. The signal processing approach used
in [24], in which the signal is separated into six segments,
each with 50% overlap, was followed in this study. AHanning
window was applied to each segment, and the PSDs for all
segments were averaged and compensated. Compared with
the complete analysis of the entire signal, this method offers
the advantage of reducing the variance of spectral estimates
for short records in time.

The sound pressure spectrum at noise evaluation point𝑥5
(the noise evaluation point corresponding to the longitudinal
maximum SPL) is shown in Figure 12. This figure illustrates
that the aerodynamic noise spectrum of the high-speed train
extends over a wide frequency domain and can be con-
sidered broadband noise, with the main energy-containing
frequencies concentrated between 800 and 4000Hz. It must
be mentioned that the Doppler effect introduced by the train
pass-by is not taken into account in the spectra presented in
Figure 12. A direct comparison with a measured spectrum
during train pass-by is not coherent [4, 15].
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Figure 12: Sound pressure spectrum at 𝑥5.
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Figure 13: Flow chart of the low-noise design process for a high-speed train.

6. Noise Reduction Analysis Based on
the Main Noise Sources

Themainnoise sourceswere determined using the Proudman
equation as described above. Optimizing the structures of the
main noise sources can lead to effective noise reduction. The
main structural aspects considered for such optimization in
this work are as follows: two different operation orientations
of the pantographs, three different structures of the panto-
graph fairing, two different installation positions of the pan-
tograph fairing, different pantograph lifting configurations,
three different structures of the inter-coach spacings, and four
different structures of the bogie skirt boards. The low-noise
design process for a high-speed train is detailed in Figure 13.

6.1. Mitigation of Pantograph-Region Noise

6.1.1. Different Operation Orientations of the Pantographs.
To investigate the influence of the operation orientation
of a pantograph on the associated aerodynamic noise, a
computational region was established as shown in Figure 14.
The physical model is a simplified version of the real geo-
metric structure of the DSA380 high-speed pantograph. The
DSA380 pantograph is a single-arm pantograph used on
CRH380B high-speed trains in China.The dimensions of the
pantograph are approximately 𝐿 = 2.44m, 𝐻 = 1.63m, and
𝑊 = 2.02m in the x-, y-, and z-directions, respectively. The
computational domain has dimensions of 25𝐿 × 6𝐻 × 12𝑊.
The pantograph is placed at the centre of the domain in
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Figure 14: Schematic diagram of the computational domain for the
pantograph model.
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Figure 15: Comparison of the longitudinal SPL distribution for the
two operation orientations.

both the x- and z-directions, and the distance between the
insulators and the ground is 0.376m.

The single-armpantographmodel was tested in two oper-
ation orientations: the knuckle-upstream orientation and the
knuckle-downstream orientation. When the pantograph is
raised to touch the contact wire in the knuckle-downstream
orientation, as shown in Figure 14, the incoming flow is in
the positive x-direction. Conversely, when the pantograph
is placed in the knuckle-upstream orientation, the incoming
flow is from the negative x-direction.

A diagram comparing the longitudinal SPL distributions
for the two opening orientations of the pantograph at a
running speed of 350 km/h is shown in Figure 15. The
positions of the noise evaluation points are set 16m from
the centre of the pantograph and 1.2m above the ground.
The SPL values for the knuckle-downstream orientation are
smaller than those for the knuckle-upstream orientation; the
discrepancies between the 𝐿max and 𝐿

𝑝𝑚
values in the two

cases are 7.1 dB(A) and 3.9 dB(A), respectively. In the knuckle-
upstream orientation, the pantograph is significantly affected
by the wake flow; thus, 𝐿max is 87.3 dB(A) at 𝑥 = −12.78m.
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Figure 16: Comparison of the SPL values at vertical evaluation
points for the two pantograph opening orientations.

Table 5: The coordinates of each noise evaluation point.

Point site b1 b2 b3 b4 b5
𝑥-coordinate/m 1.22 1.22 1.22 1.22 1.22
𝑦-coordinate/m −0.18 0.82 2.82 6.82 14.82

𝑧-coordinate/m 4 4 4 4 4

The turbulent flow has less influence on the pantograph in the
knuckle-downstream orientation; in this case, 𝐿max is only
80.2 dB(A) at 𝑥 = −12.78m.

Similarly, a comparison of the vertical SPL distributions is
presented in Figure 16. The positions of the noise evaluation
points are listed in Table 5.The five selectedmeasuring points
are labelled b1–b5.The distance between each pair of adjacent
measuring points is twice that between the previous pair. At
a height of 7.19m above the ground (b4), the SPL reaches
its maximum value. The maximum value of the knuckle-
downstream orientation is 13.9 dB(A) lower than that for the
knuckle-upstream orientation.

Measuring point b4, where the SPL reaches its maximum,
was chosen as the object of further analysis. Comparisons
of the PSDs and the 1/3 octave band spectra for the two
pantograph orientations are presented in Figure 17. The
results shown in Figure 17(a) indicate that when the pan-
tograph is operating in either orientation, the dominant
frequencies are 305, 608, and 913Hz, and the corresponding
SPLs in the knuckle-downstream orientation are 11.3, 6.5, and
2.2 dB lower than those in the knuckle-upstream orientation.
Figure 17(b) shows that when the pantograph is operating
in either orientation, the far-field aerodynamic noise energy
is concentrated in the range of 250 to 1000Hz and peaks
at central frequencies of 315Hz and 630Hz, where the
corresponding SPLs in the knuckle-downstream orientation
are lower 9.1 dB(A) and 6.7 dB(A), respectively, than those in
the knuckle-upstream orientation.
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Figure 17: Spectral comparisons at b4: (a) PSDs and (b) 1/3 octave band centre frequencies.
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Figure 18: Isosurfaces of the instantaneous normalized Q-criterion: (a) the knuckle-downstream orientation and (b) the knuckle-upstream
orientation.

Figure 18 shows the flow field as represented by the
isosurface of the normalized second invariant of the velocity
gradient indicated by the Q-criterion (at a level of 0.00253)
and coloured according to the velocity magnitude (the pan-
tograph speed is 350 km/h). The flow around the pantograph
is characterized by considerable coherent alternating shed-
ding of vortices with varying sizes and orientations. More
specifically, the airflow first reaches the leading edge of the
panhead, where belt-shaped eddies form, as illustrated in
Figure 18. Then, these eddies leave the leading edge of the
panhead and are carried by the airflow to the trailing edge
of the panhead. Meanwhile, the eddies from the base frame
and insulators impinge on the trailing edge of the base frame;

these vortices substantially deform and separate. Some eddies
enter the cavity of the base frame and decrease in velocity,
and the remaining eddies are reshaped into crescent-shaped
or horseshoe-shaped eddies. These remaining eddies move
farther downstream along the back end of the pantograph
while alternately detaching from and reattaching to the
structure.

According to the contrast analysis, larger vortices are
generated at the pantograph knuckle and the back end of the
panhead when the pantograph is in the knuckle-upstream
orientation. In addition, vortex shedding and reconstruction
more negatively influence the flow field than they do in the
knuckle-downstream orientation.
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Figure 19: Two different pantograph fairing structures: (a) Dlz2 and (b) Dlz3.
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Figure 20: TKE distributions in the pantograph fairing regions: (a) Dlz2 and (b) Dlz3.

According to the above analysis of the far-field
aerodynamic noise induced by a pantograph, the knuckle-
downstream pantograph orientation should be chosen to
improve aerodynamic performance and reduce noise.

6.1.2. Effect of the Pantograph Fairing Design. Two different
types of pantograph fairings are presented in Figure 19: Dlz2
andDlz3. In theDlz2 type, the air-conditioning unit structure
is separated from the pantograph fairing, whereas, in theDlz3
type, the air-conditioning unit structure is connected to the
pantograph fairing.

TheTKEdistributions for the different pantograph fairing
regions are shown in Figure 20. Compared with Dlz1 (see
Figure 8), the high-TKE zones of both Dlz2 and Dlz3 are
reduced, especially between the air-conditioning unit and the
first pantograph. In addition, the TKE values at the second
pantograph and the inter-coach spacing are also reduced.
A comparison of the TKE distributions for the different
pantograph fairing structures reveals that both the flow-field
distribution and the near-field aerodynamic performance of
Dlz2 are superior to those of Dlz3.

Figure 21 compares the longitudinal SPL distributions
of the two different pantograph fairing structures at 82
noise evaluation points. Based on the analysis presented in
Figure 21 and Table 6, 𝐿max for Dlz2 is 0.4 dB(A) lower than
that for Dlz3 and 0.7 dB(A) lower than that for Dlz1. 𝐿

𝑝𝑚

for Dlz2 is 0.4 dB(A) lower than that for Dlz3 and 0.6 dB(A)
lower than that for Dlz1.

Figure 22 shows the constant vortex diagrams based
on the Q-criterion (at a level of 0.00253) for the different
pantograph fairing structures. For Dlz3, a large vortex is
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Figure 21: Comparison of the longitudinal SPL distributions for two
different pantograph fairing structures.

Table 6: Comparison of the SPL indices for the different pantograph
fairing structures (dB(A)).

Evaluation index Dlz1 Dlz2 Dlz3
𝐿max 91.2 90.5 90.9
𝐿

𝑝𝑚
88.5 87.9 88.3

created by the air-conditioning unit and the folded panto-
graph area, which aggravates vortex shedding and recon-
struction. For Dlz2, a stepped structure appears between
the air-conditioning unit and the pantograph fairing region,
which cushions the vortex shedding of the air-conditioning
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Figure 22: Isosurfaces of the instantaneous normalized Q-criterion for different pantograph fairing structures: (a) Dlz2 and (b) Dlz3.
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Figure 23: Different pantograph fairing installation positions: (a) rearward position and (b) forward position.

unit against the folded pantograph. Thus, a smaller vortex
forms that has little influence on the flow-field structures
in the pantograph fairing region. A larger vortex arises
near the pantograph fairing and in the second inter-coach
spacing. However, the vortex formed in the case of Dlz3 is
larger and wider than that in the case of Dlz2. Therefore,
the flow-field performance of Dlz2 is superior to that of
Dlz3; consequently, the noise reduction effect of Dlz2 is also
superior and this structure should be adopted to improve
aerodynamic performance and reduce noise.

6.1.3. Different Pantograph Fairing Installation Positions. The
aerodynamic noise characteristics for a pantograph fairing
installed near the second inter-coach spacing are analysed
above (see Figure 22(a)).This section focuses on aerodynamic
performance and characteristics of a pantograph fairing
installed near the first inter-coach spacing. Figure 23 shows
the calculation models used in this section for both the
rearward and forward positions of the pantograph fairing.

Figure 24 shows the TKE distribution for the high-speed
train travelling in the reverse direction (equivalent to shifting
the placement of the pantograph fairing from the rearward to
the forward position). Compared with the rearward position
of the pantograph fairing, the forward position results in
stronger and wider TKE distribution between the first inter-
coach spacing and the lifted pantograph as well as a stronger
TKE in the insulator region. Therefore, when the high-speed
train runs in the reverse direction, the noise radiated from
this aerodynamic noise source may be much stronger.

Figure 25 compares the longitudinal SPL distributions for
the different installation positions of the pantograph fairing
with respect to the train’s direction of travel. As seen in

Turbulent kinetic energy
10 20 30 40 50 60 70 80 90

Figure 24: TKE distribution of the pantograph fairing region with
the train running in the reverse direction.

Figure 25, the 𝐿max value for the forward position of the
fairing is 93.6 dB(A), and 𝐿

𝑝𝑚
is 90.4 dB(A). Compared with

the SPL indices for the fairing in the rearward position, these
𝐿max and 𝐿

𝑝𝑚
values are 3.1 dB(A) and 2.5 dB(A) higher,

respectively. These results indicate that, in terms of reducing
aerodynamic noise, the installation of the pantograph fairing
near the second inter-coach spacing is more appropriate.

6.1.4. Different Pantograph Lifting Configurations. This sec-
tion focuses on the effect on the aerodynamic noise exerted
by the choice of which pantograph is lifted in the double
pantograph. The geometric models are presented in Fig-
ure 26. The two pantographs, the pantograph fairing, and
the two air-conditioning units are installed on the mid
train at the central position to reduce the influence of the
inter-coach spacings on the aeroacoustic behavior and noise
associated with the different lifted-pantograph positions. A
pair of air-conditioning units is also placed in the centre of
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Figure 25: Comparison of the longitudinal SPL distributions for different pantograph fairing installation positions.

(a) (b)

Figure 26: The geometric models of the lifting of different pantographs: (a) Sg1 and (b) Sg2.
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Figure 27: TKE distributions for different pantograph lifting configurations ((a): Sg1; (b): Sg2).

the pantograph fairing. In the configuration denoted by Sg1,
the first pantograph is lifted and the second pantograph is
folded, as shown in Figure 26(a). Conversely, in configuration
Sg2, shown in Figure 26(b) the first pantograph is folded and
the second pantograph is lifted.

Figure 27 shows the TKE distributions around the pan-
tographs in the different lifting configurations. Sg1 results in
stronger and wider TKE distributions at the air-conditioning
unit, the leading edge of the fairing, and the back of the
second pantograph. Compared with Sg2, the TKE near

the lifted pantograph also presents a stronger and wider
distribution. Therefore, the noise radiation induced by Sg2 is
much weaker.

Figure 28 compares the longitudinal SPL distributions for
high-speed trains with different pantograph lifting configu-
rations. According to Figure 28, the 𝐿max and 𝐿

𝑝𝑚
values

for Sg1 are 90.2 dB(A) and 86.9 dB(A), whereas those for Sg2
are 89.9 dB(A) and 86.6 dB(A), respectively. Compared with
the SPL indices for Sg1, these values are lower by 0.3 dB(A)
and 0.3 dB(A), respectively. Therefore, it can be concluded
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Figure 28: Comparison of the longitudinal SPL distributions for different pantograph lifting configurations on a high-speed train.

(a) (b)

Figure 29: The geometric models of two types of inter-coach spacings: (a) Fd2 and (b) Fd3.

that lifting the second pantograph is preferable for reducing
aerodynamic noise.

6.2. Low-Noise Design for Inter-Coach Spacings. An inter-
coach spacing in a train is a cavity with a particular stream-
wise length/depth (𝐿/𝐷) ratio. The flow physics can differ
for different 𝐿/𝐷 ratios. The region defined by top, sides,
and bottom of the inter-coach spacing acts aerodynamically
as an “open” cavity [1, 4, 19], and the aerodynamic noise
generation mechanism in this region can be characterized as
self-sustained oscillation [40]. Specifically, a highly unsteady
shear layer detaches from the leading edge of the top and
sides of the inter-coach spacing and impinges on the trailing
edge. Thus, a large recirculating flow forms in the cavity, and
acoustic pressure propagates upstream, which strengthens
the unsteadiness of the upstream shear layer [41]. Thus, it is
essential to reduce inter-coach spacing noise.

Two types of inter-coach spacing, labelled Fd2 and Fd3,
are illustrated in Figure 29. The dimensions of Fd2 are 𝐿 =

6.36m,𝑊 = 1.25m, and𝐻 = 2.91m. To obtain the structure
of Fd3, two diaphragm plates are added to Fd2 on both sides
of the inter-coach cavity to form a semienclosed diaphragm
plate structure.

Figure 30 compares the TKE distributions induced by
these two designs in the second inter-coach spacing area,
which is the inter-coach spacing area with the stronger TKE

and thus is considered to be the main noise source. For
Fd3, the TKE in this inter-coach spacing area is more evenly
distributed and weaker than that for Fd2, especially on the
windward side of the inter-coach spacing. Thus, the noise
power and radiated noise in the case of Fd2 are higher and
exhibit greater turbulence.

Figure 31 compares the longitudinal SPL distributions for
high-speed trains with different inter-coach spacing designs.
According to Figure 31, the 𝐿max and 𝐿

𝑝𝑚
values for Fd3

are 89.7 dB(A) and 87.7 dB(A), respectively. This 𝐿max is
0.4 dB(A) lower than that for Fd2, and 𝐿

𝑝𝑚
is 0.3 dB(A) lower.

These results demonstrate that the aerodynamic performance
and noise reduction effects of Fd3 are superior.

6.3. Noise Reduction in the Bogie Regions. The bogies are
considered to be the main sources of aerodynamic noise on
high-speed trains. However, it is difficult to reduce noise
by using streamlined designs for these structures because of
their complexity and the turbulent vortices in the flow field.
Optimization by means of bogie skirt boards is one of the
most common mitigation measures. Bogie skirt boards can
serve as sound barriers for sound insulation against near-field
noise radiation, thereby also decreasing the far-field noise
radiation [42].

Four types of bogie skirt board structures are presented
in Figure 32: Qb1, Qb2, Qb3, and Qb4. The Qb1 structure
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Figure 30: TKE distributions in the second inter-coach spacing: (a) Fd2 and (b) Fd3.
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Figure 31: Comparison of the longitudinal SPL distributions for high-speed trains with different inter-coach spacing designs.

(a) (b)

(c) (d)

Figure 32: The geometric models of the four bogie skirt board designs: (a) Qb1, (b) Qb2, (c) Qb3, and (d) Qb4.
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Figure 33: Comparison of the longitudinal SPL distributions for high-speed trains with different bogie skirt board designs.

(a) (b)

Figure 34: The train model after optimization for aerodynamic noise performance: (a) entire vehicle and (b) magnified view.

Table 7: Comparison of the SPL indices for different bogie skirt
board designs (dB(A)).

Evaluation index Qb1 Qb2 Qb3 Qb4
𝐿max 83.0 86.1 86.4 85.7
𝐿

𝑝𝑚
76.7 80.0 80.4 79.7

is the original structure considered in the model, without a
rounded corner at the transitional position between the skirt
board and the underside of the car body. In Qb2, such a
rounded corner is implemented on the leeward side.TheQb3
structure includes rounded corners at both the leeward and
windward sides. Finally, the Qb4 structure is obtained by
applying a chamfering process at the transitional positions in
Qb1.

A comparison of the SPL distributions for high-speed
trains with bogies with different bogie skirt board designs,
which are selected separately as the main noise sources
(including six bogies, the skirt board structures, and the
bogie base plates), is shown in Figure 33. The SPL indices
𝐿max and 𝐿𝑝𝑚 for the different bogie skirt board designs are
listed in Table 7. Figure 33 and Table 7 show that the 𝐿max
and 𝐿

𝑝𝑚
values for Qb1 are both lower than those for the

other bogie skirt board designs. This result indicates that the
radiation and propagation of the noise from the bogie are
most effectively blocked by bogie skirt boards of the Qb1
type because of the larger longitudinal area of these skirt
boards. The results obtained for the four investigated types

of skirt boards are as follows: the far-field noise is lowest
for Qb1 because the vertical projected area is largest for this
design. The 𝐿max values for Qb1 is 3.1 dB(A) lower than that
for Qb2, 3.4 dB(A) lower than that for Qb3, and 2.7 dB(A)
lower than that for Qb4, and the 𝐿

𝑝𝑚
values for Qb1 is

3.3 dB(A) lower than that for Qb2, 3.7 dB(A) lower than
that for Qb3, and 3.0 dB(A) lower than that for Qb4. Thus,
compared with the other skirt board structures, the far-
field aerodynamic noise performance of Qb1 is substantially
superior. The Qb1 structure is recommended for practical
engineering applications.

6.4. Optimum High-Speed Train Structure. The optimum
geometric high-speed train model for aerodynamic perfor-
mance and aerodynamic noise is shown in Figure 34. The
features of this geometric model are as follows: the second
pantograph (toward the rear of the train) is lifted with
the pantograph in the knuckle-downstream orientation; the
pantograph fairing is mounted on the roof of the mid train
and is separated from the air-conditioning unit (Dlz2); a
semienclosed inter-coach spacing is used (Fd3); and skirt
boards without chamfers or rounded corners are used for all
bogies (Qb1). According to the aerodynamic noise calculation
and analysis, the 𝐿max and Lp𝑚 values calculated based on 82
noise evaluation points located 25m from the centre of the
track and 3.5m above the ground are 3.5 dB(A) and 3.2 dB(A)
lower, respectively, than those for the original model.
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7. Conclusions

Based on Lighthill’s acoustic theory and a broadband noise
source model, the DDES and FW-H techniques were used to
numerically simulate the aerodynamic noise generated by a
high-speed train.The satisfactory accuracy of this calculation
method was demonstrated via wind tunnel tests based on
scale models. Based on an analysis of the main aerodynamic
noise sources and the far-field aerodynamic noise characteris-
tics, strategies for reducing noise by modifying the structures
of the main aerodynamic noise sources were recommended.

The main aerodynamic noise sources on a high-speed
train are the pantographs, the head windscreen wipers,
the bogies, the pantograph fairing, the head cowcatcher,
the windward side of the bogie base plate, the inter-coach
spacings, and the power headnose.Themainnoise sources on
each pantograph are the panhead, base frame, balance arm,
and insulators. The sound power level produced by the first
bogie on the head train is higher than those for the other
bogies, and the sound power level of the second inter-coach
spacing is higher than that of the first.

For current high-speed trains, recommendations for
reducing noise are as follows: use the knuckle-downstream
pantograph orientation, install the pantograph fairing at
the central position on the middle coach, use the knuckle-
downstream orientation for the second pantograph when the
high-speed train is running in the opposite direction, use the
Dlz2 fairing structure (with the air-conditioning units sepa-
rated from the pantograph fairing), use the Fd3 inter-coach
spacing structure (semienclosed with diaphragm plates), and
use the Qb1 bogie skirt board structure (with no rounded
corners or chamfers at the transitional positions between the
skirt boards and train body).These measures have important
practical significance for environmental protection and noise
reduction for high-speed trains.

A revised low-noise design for a high-speed train was
proposed based on the presented numerical analyses. This
design will be verified in future studies via on-track tests or
wind tunnel experiments. Further work will be needed to
deal with the acoustic comfort, especially in the car equipped
with the double pantographs at the centre of the middle
coach. We suggest also considering the balance between the
aerodynamic and the rolling noise in terms of environmental
noise reduction.
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