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Abstract

marshalling high-speed trains.

In this paper, the unsteady flow around a high-speed train is numerically simulated by detached eddy simulation
method (DES), and the far-field noise is predicted using the Ffowcs Williams-Hawkings (FW-H) acoustic model. The
reliability of the numerical calculation is verified by wind tunnel experiments. The superposition relationship between
the far-field radiated noise of the local aerodynamic noise sources of the high-speed train and the whole noise source
is analyzed. Since the aerodynamic noise of high-speed trains is derived from its different components, a stepwise
calculation method is proposed to predict the aerodynamic noise of high-speed trains. The results show that the
local noise sources of high-speed trains and the whole noise source conform to the principle of sound source energy
superposition. Using the head, middle and tail cars of the high-speed train as noise sources, different numerical mod-
els are established to obtain the far-field radiated noise of each aerodynamic noise source. The far-field total noise

of high-speed trains is predicted using sound source superposition. A step-by-step calculation of each local aerody-
namic noise source is used to obtain the superimposed value of the far-field noise. This is consistent with the far-field
noise of the whole train model’s aerodynamic noise. The averaged sound pressure level of the far-field longitudinal
noise measurement points differs by 1.92 dBA. The step-by-step numerical prediction method of aerodynamic noise
of high-speed trains can provide a reference for the numerical prediction of aerodynamic noise generated by long
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1 Introduction

As a high-speed train’s running speed increases, the
problem of aerodynamic noise will become more sig-
nificant. When the train’s running speed exceeds 300
km/h, aerodynamic noise will become the main source
of high-speed train noise and impair further speed-up
[1-5]. Therefore, noise reduction has become an impor-
tant consideration in the design of high-speed trains. It
is important to predict the aerodynamic noise of high-
speed trains. Research methods for aerodynamic and
acoustic behaviors of high-speed trains include full-scale
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experiment, wind tunnel experiment and numerical sim-
ulation. Current researchers have conducted extensive
and in-depth researches, mainly on the identification
of aerodynamic noise sources of high-speed trains, the
mechanisms and characteristics of main noise sources,
and optimization of noise sources [6-9].

In terms of experiments, Kitagawa and Nagakura [10]
conducted a wind tunnel noise test on the Shinkansen
high-speed train in Japan, and used acoustic array tech-
nology to identify the aerodynamic noise source of the
high-speed train. At the same time, numerical calcula-
tions for the high-speed train are performed. The results
show that the main sources of aerodynamic noise for
high-speed trains include the pantograph, bogie, and air
conditioner. Noh et al. [11] conducted a wind tunnel test
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on a 10-marshalling high-speed train model and identi-
fied the aerodynamic noise sources of the high-speed
train. The results showed that the nose of the head car,
bogies, pantographs, and windshields are the main aero-
dynamic noise source components of high-speed trains.
Fremion et al. [12] conducted a full-scale test on a French
TGV train and determined the location of aerodynamic
noise sources to be in the bogie and pantograph regions.
Lauterbach et al. [13] conducted an aerodynamic noise
wind tunnel test on a 1/25th scale ICE3 high-speed train,
and analyzed the characteristics of aerodynamic noise
sources in the bogie region. Existing researches have
demonstrated that the main sources of aerodynamic
noise of high-speed trains are: the first bogie, panto-
graphs, windshields, plough, air conditioner, head and
tail cars, and the bogie skirt boards.

Numerical simulation is commonly used due to its low
cost and short cycle time. Numerical simulation methods
have been widely used to study the mechanical charac-
teristics of the main noise sources of high-speed trains
and optimize the noise sources. Zhu et al. [14] used DES
and FW-H acoustic models to numerically simulate the
flow field and far-field noise around high-speed trains.
The results show that the aerodynamic noise of high-
speed trains has wide frequency characteristics and that
the first bogie of the high-speed train is the main aerody-
namic noise source. Sassa et al. [15] used large eddy sim-
ulation (LES) and boundary element method (BEM) to
numerically simulate the far-field aerodynamic noise of
high-speed train doors, in a two-dimensional coordinate
system. Sun et al. [16] studied the flow field and aerody-
namic noise characteristics of high-speed train panto-
graphs. The results show that the strips, balance rods,
panhead, insulators, and frames are the main sources of
aerodynamic noise generated from the pantograph. The
radiated energy of the pantograph is mainly concentrated
in the intermediate and high frequency bands. In the
high frequency band, the far-field aerodynamic noise of
the pantograph is mainly caused by the panhead. Zhang
et al. [17, 18] used LES and Lighthill acoustic analogy
theory to numerically simulate the aerodynamic noise of
high-speed train motor and trailer bogies. The focus of
the research was to analyze the noise directivity, attenu-
ation and amplitude characteristics of the bogie. To date,
many effective measures for noise reduction of the major
noise sources of high-speed trains have been proposed
after using numerical simulation technology, such as
increasing the length of the streamline nose of the head
car, installing skirt boards outside the bogie, and install-
ing windshields in the inter-car gap region [19-21].
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Looking at current research, due to complexity, the cal-
culation of aerodynamic noise for full-size high-speed
trains is difficult. The above research mainly emphasizes
the aerodynamic noise of a certain part of the high-speed
train, while research on the aerodynamic noise of the
whole of the high-speed train is less common. An actual
train is usually 8-marshalling and 16-marshalling. In the
current numerical simulation, a simplified 3-marshal-
ling train model is used. Although this can reduce the
grid number, it cannot evaluate the far-field aerodynamic
noise of a real long-marshalling train. Therefore, it’s
important to study the numerical prediction of aerody-
namic noise of high-speed trains, based on the existing
results.

In this paper, a certain type of 3-marshalling high-
speed train is taken as the research object. By establish-
ing different numerical models, the far-field noise of
different parts is step-by-step obtained. Based on the
superposition principle of aerodynamic noise sources of
high-speed trains, the superimposed value of the far-field
noise of each local aerodynamic noise source is obtained,
which is used to predict the far-field aerodynamic noise
of a long-marshalling high-speed train.

2 Numerical Methodology

2.1 Detached Eddy Simulation

LES and DES methods have been adopted by scholars to
find aerodynamic noise sources in the near field of high-
speed trains [22-25]. The basic idea of the LES method
is to accurately solve the motion of all turbulent scales
above a certain scale, and find the large-scale effects and
pseudo-ordered structures that occur in many unsteady
and non-equilibrium processes, which Reynolds Average
Navier-Stokes (RANS) method cannot. Due to the high
cost of calculation, LES method is rarely used in engi-
neering. The DES method is a hybrid method, using the
different characteristics of RANS and LES methods. LES
method generally requires a dense grid in the boundary
layer, while RANS method can use a relatively coarse grid
in the near-wall area, while ensuring a certain degree of
accuracy. Therefore, using RANS method in the bound-
ary layer and LES method in the remaining regions can
not only significantly reduce the grid number, but also
maintain a high calculation accuracy. At present, DES
method has also been successfully applied to the numeri-
cal simulation of flow around high-speed trains [26—29].
There are two widely used types of DES model. One is
based on Spalart-Allmaras model. The other is based on
SST k-w model. In this study, we use the latter [30].
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2.2 Acoustic Analogy

The acoustic analogy theory was originally proposed by
Lighthill [31], and generalized by Ffowcs-Williams and
Hawkings. The FW-H equation [32] is expressed as
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where p’ is the sound pressure at the far field, ¢g is the
sound speed, u, is the fluid velocity component nor-
mal to the surface, v, is the surface velocity component
normal to the surface, #; is the normal unit vector of
the integral surface, T = pu;u;+ (p’ - c%p’)étj -7
is the quadrupole noise source term gener-
ated by turbulence and vortices in the flow field,
T = /L(Bui/axj + 8u,-/8xi) —2/3(n(Quy /0x;)d;) is the
viscous stress tensor, 8 (f) is the Dirac delta function, H (f)
is the Heaviside function, V2 = A is the Laplace operator.

The three terms on the right of the FW-H equation are
the monopole, dipole, and quadrupole noise source terms
respectively. For a running high-speed train, deformation
of the train body can be ignored. Therefore, the surface of
the train body can be regarded as a rigid body, the mass
pulsation is almost zero, and the monopole sound source
term can be ignored. The ratio of the intensity of the
quadrupole source to the dipole source in the flow field
is proportional to the square of Mach number. The noise
intensity of the quadrupole source of high-speed trains
is much smaller than that of the dipole source when the
running speed is not larger than 350 km/h, therefore, the
quadrupole source can also be ignored [33]. In this paper,
only the far-field aerodynamic noise caused by the dipole
sound source is investigated.

2.3 Sound Pressure Level

The aerodynamic noise of a high-speed train is obtained
by superimposing the radiated noise of noise source
components, such as the car body, pantograph, bogie,
windshield, etc. Noise superposition follows the principle
of square addition of sound pressure amplitude. Suppose
that the effective sound pressure generated by the noise
sources at the measuring point i is p; , the square of the
combined effective sound pressure p is expressed as

n
r=>_rh ©)
i

where 7 is the number of noise sources.
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The sound pressure level SPL is defined as

n p2
SPL=10% =L, 3)
i=1 Dref

where p,.r is the reference sound pressure, and its value
is 2x 107 Pa.

According to the equation p; = pyer x 105°1i/20, the
superposition equation of sound pressure level can be
obtained from Egs. (2) and (3) and expressed as

n
SPL =101g ) 100157, (@)
i=1

In real situations, aerodynamic noise is generated by
multiple noise sources. By studying a single noise source
component, the aerodynamic noise characteristics of the
noise source component can be qualitatively analyzed.
After this, a series of noise reduction measures can be
carried out upon it.

The aerodynamic drag force coefficient C4 and pressure
coefficient C, are defined as

c = 1td

4= 0.50u2 A’ ()
C,= 18

P 0.50u2’ (6)

where u is the incoming flow velocity, F; is the aerody-
namic drag forces, p is the air density, P is the static pres-
sure; A is the characterized area of the high-speed train.

3 Numerical Model

3.1 Computational Model

A 3-marshalling train model composed of a head car, a
middle car, a tail car, two windshields and six bogies is
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Outlet

Figure 2 Computational domain

used in this study. As shown in Figure 1, length of the
train is L=78.4 m, width W=2.9 m, height H=3.6 m, and
the cross-sectional area of the car body A=9.84 m?.

For the convenience of follow-up research, the head car
body (including windshield 1), bogie 1 and bogie 2 are
referred to as the head car. The middle car body, bogie 3
and bogie 4 are the middle car. The tail car body (includ-
ing windshield 2), bogie 5 and bogie 6 are the tail.

In order to balance the relationship between numerical
simulation accuracy and processing speed, an appropriate
calculation domain is selected, as shown in Figure 2. The
length, width and height of the calculation domain are 360
m, 60 m and 40 m respectively. The inlet surface of the cal-
culation domain is about 80 m from the nose tip of the head
car, the outlet surface is about 200 m from the nose tip of
the tail car, the distance between the two sides and the track
centerline is 30 m, and the bottom of the high-speed train is
0.376 m above from the ground.

The inlet boundary is set as the velocity inlet condition,
and the speed is set at 350 km/h. The outlet boundary is
specified as the pressure outlet condition with a 0 Pa gauge
pressure. The right, left and top sides are symmetric bounda-
ries. The train surface is set as the fixed wall. The ground is
set as a slip wall with slip speed equal to the train’s running
speed, in the opposite direction.

3.2 Aerodynamic Noise Numerical Prediction Method

Although it is now possible to carry out the numerical cal-
culation of the aerodynamic noise of an entire 3-marshal-
ling high-speed train, the numerical calculation is still large,
the calculation cycle is relatively long, and the entirety of the
work can only be completed on high-performance comput-
ers. A step-by-step calculation method can be used to split a
numerical calculation condition with a large number of grids
into several calculation conditions, with a smaller number of

i I -
(a) Model 1
(b) Model 2

e ! -
(¢) Model 3

B ] -
(d) Model 4

Figure 3 Simplified train geometric model

grids, so as to more quickly calculate aerodynamic noise of
the whole train.

To reduce the grid number when considering different
aerodynamic noise source components, different simplified
train models are selected to solve the local noise source, as
shown in Figure 3. As the flow will affect the sound field, the
flow around the aerodynamic noise source component cal-
culated using the simplified model should be similar to one
obtained using the whole train model. Therefore, a large
error will not occur when solving a near-field noise source
for a component. The geometric characteristics of the train
model used in this paper are shown in Table 1. Model 4 is a
3-marshalling whole train. Models 1, 2 and 3 are simplified
models based on Model 4.

3.3 Sound Measuring Points and Evaluation Criteria

In this paper, SST k- turbulence model and DES method
are used to solve the steady and unsteady flow fields around
the high-speed train, respectively. The far-field noise is solved
using the FW-H acoustic analogy equation. The time steps of
unsteady flow field and acoustic calculation are both 1x10™*
s and the physical simulation time of aerodynamic noise is
0.3 s. The maximum solvable frequency and frequency reso-
lutions are 5 kHz and 3.3 Hz, respectively.

In order to analyze the characteristics of pulsating pressure
on the surface of high-speed trains and the characteristics of
far-field aerodynamic noise, multiple measuring points are
arranged on and around the train surface, as shown in Fig-
ure 4. Three surface pressure measuring points are arranged
on the roof of the longitudinal center section of the train.
The arrangement of far-field acoustic measuring points for

Table 1 Model characteristics

Number Geometric features Aerodynamic
noise source

Model 1 Without bogies 3,4, 5,6 Head

Model 2 Without bogies 5, 6 Middle

Model 3 Without bogies 2, 3,4 Tail

Model 4 Whole train model All parts
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Figure 4 Schematic diagram of noise measurement point layout

high-speed trains is based on the standard 1SO3095-2013
[34]. At a height of 3.5 m above the ground and 25 m away
from the track centerline, 41 noise measurement points are
evenly arranged along the longitudinal direction of the train.
The distance between adjacent noise measurement points is
2 m. The longitudinal measuring points are numbered x1 to
x41. The x1 noise measuring point corresponds to the posi-
tion of the nose tip of the head car. At a height of 3.5 m above
the ground, 16 noise measurement points are arranged hori-
zontally across the train at 15 m, 20 m, 25 m, 30 m, 35 m,
40 m, 45 m, and 50 m. These measurement points are num-
bered y1 to y16.

According to the definition of 1SO3095-2013, the
equivalent continuous A-weighted sound pressure level
can be used for the study of aerodynamic noise of high-
speed trains. The expression is

T ,2 ¢
SPLy = 101g<;/ pAg)dt) )
0

Py

where T is the total time interval, p4(¢) represents the
instantaneous A-weighted sound pressure.

When using a single noise measuring point, it is diffi-
cult to evaluate the aerodynamic noise characteristics of
the whole train. Based on the principle of energy super-
position, the average sound pressure level can be used as
another indicator in aerodynamic noise evaluation, and
its expression is

1 m
SPLym = 101g ( Z 100'1(5PLpA)i>, (8)
m
=1

where (SPLpa);, (i =1,2,3..,m) is the equivalent con-
tinuous A-weighted sound pressure level of the i th noise
evaluation point, and m is the total number of noise eval-
uation points.

3.4 Meshing Strategy

In order to verify grid independence, Model 4 is selected
as the research object. Coarse, medium and fine grids are
established using different grid refinement strategies. The
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Table 2 Mesh independence
Level Total cells C4 Difference SPL (dBA) Difference
(million) (%) (dBA)
Coarse 37.85 0.297 - 932 -
Medium 4821 0.303 202 938 06
Fine 56.23 0300 —0.99 936 —02

Figure 5 Surface meshing of Model 1

(a) Mesh on a cross-section

(b) Boundary layer grid
Figure 6 Meshing of Model 4

total number of grid cells is 37.85 million, 48.21 million
and 56.23 million, respectively. The average aerodynamic
drag coefficient of the train and the sound pressure level
at far-field noise measurement point x8 are chosen for
comparison. It can be seen from Table 2 that the differ-
ence between the results obtained by using the medium
and fine grid is relatively small. Therefore, a medium grid
was selected for further research.

In order to further reduce the grid number, different
meshing strategies are adopted for different high-speed
train geometric models. Fine meshes are applied to the
surface of aerodynamic noise source components. Rough
meshes are applied to surfaces that are not a source of
aerodynamic noise. Figure 5 shows the mesh of Model 1.
When the head car is used as a source of aerodynamic
noise, the surface grid of the head car is very fine. How-
ever, as the non-aerodynamic noise source components,
the middle and tail cars have relatively rough surface
meshes. It is worth noting that the streamlined parts of
the train, bogie skirts and windshields have larger sur-
face curvatures, and the grid is finer than in the other
surfaces.
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Figure 6 shows the mesh of Model 4. When the whole
train is used as a source of aerodynamic noise, the head car,
middle car, and tail car all have very fine meshes. In order
to simulate the boundary layer flow near the train surface,
a boundary layer grid is also generated, as shown in Fig-
ure 6(b). The height of the first layer of the boundary layer is
0.1 mm and the growth rate is 1.1, for a total of 14 layers. For
different train models, the grid number is shown in Table 3.
It can be seen that the meshing strategy in this study can sig-
nificantly reduce the grid number.

4 Validation

An aerodynamic noise test of a high-speed train was con-
ducted in the acoustic wind tunnel of the Low Speed Aero-
dynamics Research Institute of the China Aerodynamics
Research and Development Center [35]. The test wind tun-
nel is a single-return low-turbulence acoustic wind tunnel.
The cross section of the wind tunnel is 5.5 m wide and 4 m
high, with the test section being 14 m long. The maximum
wind speed at the opening test section of the wind tunnel is
100 m/s. The background noise of the opening test section
is 75.6 dBA (at a lateral distance of 7.95 m from the center
of the nozzle outlet, the cut-off frequency is 200 Hz, and the
wind speed is 80 m/s).

The test uses a train model with a model scale of 1:8, as
shown in Figure 7. In order to measure the far-field noise
radiation characteristics of the test model, 30 far-field micro-
phones were arranged on the side of the model. The far-field
microphones are arranged vertically in 3 rows with a verti-
cal spacing of 0.2 m. There are 10 in each row, with an axial
spacing of 0.8 m. The detailed layout of the far-field micro-
phones is shown in Figure 8.

A numerical simulation in the same configuration as the
wind tunnel test is calculated. Taking the arithmetic aver-
age of the sound pressure level at the 30 noise measurement
points, the comparison between the numerical calculation
and the wind tunnel test is shown in Table 4. The differences
between the wind tunnel results and the numerical results at
different wind speeds are less than 1.5 dBA.

5 Results

The calculation results will be compared and analyzed in
terms of aerodynamic force, flow field, far-field noise and
frequency spectrum characteristics.

Table 3 Number of grids

Model 1 Model2 Model3  Model 4

Cells Number (million) 3458 29.25 36.74 56.23
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Figure 7 Wind tunnel experimental model

5.1 Sound Source Superposition

Based on Model 4, the sound source superposition
principle of high-speed trains is studied by calculating
the far-field aerodynamic noise of a single bogie, all six
bogies, the body of the head car (BHC), the body of the
middle car (BMC), the body of the tail car (BTC) and
the whole car body (WCB). These are then considered as
noise sources.

Figure 9 shows the far-field radiated noise of each bogie
and all six bogies combined, at the noise monitoring
point. According to Eq. (4), the "bogie synthesis" curve
can be obtained. The results show that the radiated noise
of bogie 1 in the far field is significantly greater than that
of other bogies, and each bogie produces a local maxi-
mum sound pressure level at the corresponding noise
monitoring point. In general, the radiated noise of the 6
bogies to the far field gradually decreases from the front
to the rear. The sound pressure level curve of the "bogie
synthesis" is similar to all bogies combined, as a noise
source. It shows that the sound source of the bogies con-
forms to the principle of noise superposition.

Figure 10 shows the far-field sound pressure level curves of
different parts of both the car body and the whole car body.
The maximum sound pressure level of the head car area is at
the x8 noise measurement point, which corresponds to the
streamline transition position of the head car. The maximum
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Figure 8 Schematic diagram of far-field microphones
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Table 4 Comparison of numerical simulation and wind tunnel test
Model state Wind speed(km/h) Experiment(dBA) CFD(dBA) Error(dBA)
Without pantograph 160 72.70 7148 —1.22

200 79.09 78.03 —1.26

250 85.95 84.63 —132
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Figure 9 Far-field noise analysis of the bogie
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Figure 10 Far-field noise analysis of the car body

sound pressure level of the tail car appears at the x34 noise
measurement point, which corresponds to the streamline
transition position of the tail car. Overall, the radiated noise
of the head car is greater than that of the tail car, and the
maximum sound pressure level appears in the head car. This
indicates that the head car is the main source of aerodynamic
noise. According to Eq. (4), the radiated noise from different
parts of the car body at the noise measuring points can be
used as the "car body synthesis" sound pressure level curve.
The sound pressure level curve for "car body synthesis" is
similar to that for all car bodies being used as noise sources.
This demonstrates that the noise sources of the car body also
conform to the principle of sound source superposition.

Table 5 Time-averaged aerodynamic drag coefficients of
different geometric train models
Part Geometry

Model 1 Model 2 Model 3 Model 4
Head 0.158 0.156 0.140 0.162
Middle 0.055 0.061 0.054 0.063
Tail 0.069 0.067 0.080 0.076
All 0.282 0.284 0.274 0.300

5.2 Aerodynamic

Table 5 shows the comparison results of the aerodynamic
drag coefficients of the four train models. As some bogies
are neglected in Model 1, Model 2 and Model 3, their time-
averaged aerodynamic drag coefficients are smaller with
comparison to Model 4. The differences are 2.5 %, 3.2 % and
5.3 %, respectively. The aerodynamic drag of high-speed
trains is mainly composed of differential pressure resistance
and viscous resistance. Most of the viscous resistance comes
from the car body. With the bogie being removed, there is
little effect on the surface viscous resistance of the train, but
there is a greater effect on the pressure resistance of the front
and rear of the train. It can be seen from Table 4 that due
to of the neglection of bogies 2, 3, and 4 in Model 3, a large
amount of airflow moving into the rear of the train will cause
an increase in the pressure resistance of the tail car.

Figure 11 shows the pressure coefficient time-history
curves of the measurement points P1, P2 and P3 for different
high-speed train models. It can be seen from the figure that
for all models, the time-average pressure coefficient of the
stagnation point P1 is close to 1, and the difference between
the time-averaged pressure coefficients of the monitoring
points P2 and P3 is very small. The results show that the dif-
ference in the underbody structures has little effect on the
flow above the roof.

Figure 12 shows more comparison results of the pres-
sure coefficients of the cross sections at different parts
of the train. The cross section positions are shown in
Figure 1.

It can be seen from Figure 12 that the time-averaged
pressure coefficient curves of Model 1 and Model 4 at
the cross-section ¢; are broadly in agreement. The flow
field in the front of the train is less affected by the rear
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Figure 11 Time history curves of pressure coefficient at surface Figure 12 Comparison of time-averaged pressure coefficients for
measuring points different cross-sections of car bodies

structure. The time-averaged pressure coefficient curves
of Model 2 and Model 4 at cross-section ¢, also agree
well. Due to the difference in the mesh of the head car,
the flow field around the middle car will be affected to
a certain extent, and the time-averaged pressure coeffi-
cient on the surface will be different. Model 3 and Model
4 have the same time-averaged pressure coefficient

distribution at the cross-section c¢;. However, the time-
averaged pressure coefficient varies significantly under-
neath the train. The main reason is that Model 3 ignores
bogies 2, 3 and 4, which leads to a weaker blockage of the
airflow underneath the train. This leads to a higher air-
flow velocity and greater negative pressure at the bottom.
In summary, Models 1, 2, and 3 are simplified forms of
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Model 4, whose simplifications do not cause a significant
change in the pressure distribution on the train. There is
reasonable similarity between them.

5.3 Flow Field
Aerodynamic noise is the result of the interaction
between fluid and structure as the air flows over a solid
surface. The similarity of the flow field implies a similar-
ity of sound field.

Figure 13 shows the time-averaged speed distribution
of the longitudinal central cross-section of the train for

different train models. It can be seen from the figure that
the flow fields around simplified Models 1, 2, and 3 have
a certain degree of similarity to the flow fields around
Model 4. When the head car or the middle car is used as
the aerodynamic noise source, the velocity field distribu-
tion around the noise source is basically the same. When
the tail car is used as the source of aerodynamic noise,
compared with Model 4, Model 3 has a different velocity
field distribution around the tail car. This is the result of
Model 3 ignoring several bogies.
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Figure 15 Comparison of wake vortex structure (colored by velocity)

Figure 14 shows the distribution of turbulent kinetic
energy in the longitudinal center section of the flow field
calculated by Models 1, 2, 3 and 4. Turbulent kinetic energy
(TKE) can describe the mixing ability of the turbulent flow
field around the train. The aerodynamic noise distribution
on the train surface can also be effectively evaluated, by ana-
lyzing the TKE. It can be seen from the figure that the bogie
1, head car and tail car wake regions have high TKE values,
which are the main sources of aerodynamic noise. When the
head, middle and tail cars are considered as aerodynamic
noise sources, Models 1, 2 and 3 are devised, respectively.
When the head car or the middle car are used as the aero-
dynamic noise source, the distribution of TKE around the
noise source is almost the same. However, there are slight
differences in some regions. When the tail car is used as
the source of aerodynamic noise, Model 3 ignores multiple
bogies resulting in a large increase in the TKE in the wake
area of the tail car with comparison to Model 4.

Figure 15 shows the wake vortex structures of Model 3
and Model 4. The vortex structure around Model 3 has not
changed substantially. However, the vortex scale and vorti-
city in some regions are different. Overall, the distribution of
flow fields around the simplified model and the whole train
model is quite similar.

5.4 Far-field Aerodynamic Noise

Figure 16 shows the sound pressure level distribution of
the far-field longitudinal noise measurement points (x1—
x41) for different train models. When the head, middle
or tail cars are used as the sources of aerodynamic noise,
the far-field noise distributions of Model 1, Model 2 and
Model 3 are compared with Model 4, with which they
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Figure 16 Sound pressure level of longitudinal noise measuring
point (x1-x41)

are consistent. When the head car is used as the source
of aerodynamic noise, both the noise distribution and
SPL of the head car of Model 1 and Model 4 are almost
the same. The flow field around the head is less affected,
and the difference in sound pressure level at the noise
measurement point (x1-x15) is smaller, with a maxi-
mum difference of 1.0 dBA. When the middle car is used
as the aerodynamic noise source, due to the little influ-
ence of model simplification and meshing, the noise dis-
tributions of Model 2 and Model 4 at the far-field noise



Li et al. Chinese Journal of Mechanical Engineering (2022) 35:28 Page 11 of 14
98 —=— model 4-head 881 —=— model 4-middle
—e— model 1-head —o— model 2-middle
84t
96
80
2 s z
5@ | ) 76+
= 921 S =
% % 72t
90 63 -
88 1 1 1 1 1 1 1 1 ] 64 1 1 1 1 1 1 1 1 ]
10 15 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 45 50 55
Lateral distance (m) Lateral distance (m)
(@ yl1-8 (© »9-y16
- 100 - . ;
88 —=— model 4-middle model 4-ta¥]
—e— model 2-middle model 3-tail
841
96 |
80+ ¥
< < 3dBA
2 76t @ 92+ i
~ ~
Q, 72t &
“ 88|
68 -
64 1 1 1 1 1 1 1 1 1 84 1 1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 45 50 55
Lateral distance (m) Lateral distance (m)
(b) y18 (d) »9-vl6
Figure 17 Sound pressure level curve of transverse noise measurement points (y1-y16)

measurement points (x14—x27) are basically the same.
However, there is a slight difference in sound pressure
level, the maximum difference being 1.8 dBA. When the
tail car is used as the aerodynamic noise source, the air
flow underneath the train is affected (as it ignores multi-
ple bogies). The vortex flow field of Model 3 is more com-
plicated. Compared with Model 4, the sound pressure
level at the far-field noise measurement points (x27—-x41)
is larger, with a maximum difference of 3.6 dBA.

Figure 17 shows the sound pressure level distribution
of the far-field lateral noise measurement points (y1-y16)
for different train models. It can be seen from the figure
that the sound pressure level distributions of the lateral
noise evaluation points are quite similar for different
models. As the distance increases, the sound pressure
level of the noise measurement point gradually decreases.
When the distance is doubled, the sound pressure level of
the noise measuring point is reduced by approximately 3
dBA. When the head, middle or tail cars are used as the
sources of aerodynamic noise, the sound pressure lev-
els at the far-field noise measurement points of Model
1, Model 2 and Model 3 are each compared with Model
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Figure 18 Superposition of sound pressure level at longitudinal

noise measuring point

4, respectively. The maximum difference in sound pres-
sure level between noise measurement points at the same
location is 1.1 dBA, 2 dBA and 2.3 dBA, respectively.
Figure 18 shows the superimposed results of the sound
pressure levels of different high-speed train models at the
longitudinal noise measurement points in the far field.
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Table 6 Comparison of average sound pressure level

Calculation model Average sound pressure Error(dBA)
level (dBA)

Model 4 91.80 -

Synthesis 93.72 —192

Based on Model 1, Model 2 and Model 3, the far-field aero-
dynamic noises of head, middle and tail cars are calculated,
respectively. The “synthesized” sound pressure level is then
obtained based on the principle of sound source superposi-
tion. The "synthesized" sound pressure level curve is in good
agreement with the far-field longitudinal noise distribution
calculated by Model 4. The maximum difference in sound
pressure level at the noise measurement point, at the same
location, is 3.7 dBA.

Table 6 gives the average sound pressure level of x1-x41
noise measurement points. It can be seen that the average
sound pressure level calculated by Model 4 is 91.8 dBA, and
the average sound pressure level of the "synthesized" pres-
sure level obtained using Models 1, 2, and 3, is 93.72 dBA.
The difference between the two is 1.92 dBA. Based on the
principle of superposition of sound sources, the error of
numerically predicting the far-field aerodynamic noise of
the whole train model using a stepwise calculation method
of aerodynamic noise sources, is within an acceptable range.

5.5 Spectrum Characteristics

When using the head, middle and tail as the aerodynamic
noise source, the power spectral density of the far-field noise
measurement points (x8, 21 and x34) is calculated with
different high-speed train models and shown in Figure 19.
Figure 19(a), (b) and (c) shows the comparison results of the
power spectral density of the simplified models (Model 1,
Model 2, and Model 3), and the whole train model (Model
4). It can be seen from the figure that the aerodynamic noise
of the high-speed train has no obvious dominant frequency,
and the amplitude of the power spectral density of the noise
measurement point at low frequencies is slight greater than
that at high frequencies. The frequency information of the
far-field noise measurement points calculated by using Mod-
els 1, 2, and 3 are close to the results calculated by using
Model 4. It shows that a simple model can be used to cal-
culate the far-field noise of a certain local aerodynamic noise
source component, and it will not cause a large reduction in
the total noise energy.

Figure 20 shows the equivalent continuous A-weighted
1/3 octave frequency of the far-field noise measurement
points (x8, x21 and x34) for different train models. It can
be seen from the figure that the far-field aerodynamic
noise of a high-speed train is broadband noise. When a
high-speed train runs at a speed of 350 km/h, the noise
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energy of the vehicle is mainly concentrated in the range
of 800-4000 Hz. The 1/3 octave frequency of the far-field
noise measurement point calculated by the simple model
is similar to the result calculated by the whole train
model. The far-field noise calculation of the local aero-
dynamic noise source using the simple model does not
change the spectrum distribution law of the noise source.
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6 Conclusions

In this study, the aerodynamic noise characteristics and
numerical prediction methods of high-speed trains are
investigated by means of numerical simulation. The reli-
ability of numerical simulation and methods is verified by
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wind tunnel experiments. By comparing and analyzing
the aerodynamic and aerodynamic noise characteristics
of high-speed trains with different degrees of simplifica-
tion, the following conclusions can be drawn:

(1) The whole noise source and all local noise sources of
the high-speed train conform to the principle of energy
superposition. The radiation noise of the head car to
the far field is greater than that of the tail car. The far-
field radiated noise of the first bogie of the head car is
significantly greater than that of the other bogies.

(2) Compared with the time-averaged aerodynamic drag
coefficients of the head, middle, and tail of the whole
train model, the errors of the head car of Model 1, the
middle car of Model 2 and the tail car of Model 3 are
2.5%, 3.2% and 5.3%, respectively. The simplified model
does not significantly change the surface pressure dis-
tribution, flow field structure and aerodynamic noise
source.

(3) The far-field noise sound pressure level and frequency
spectrum information of specific local aerodynamic
noise sources obtained by the simplified model are
almost consistent with the results calculated by the
whole train model. High-speed trains are composed of
multiple main aerodynamic noise source components,
which can be used to step-by-step predict the aero-
dynamic noise of different components. The method
proposed in this paper can provide a reference for solv-
ing the aerodynamic noise of a long-marshalling high-
speed train.
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