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Abstract
The bogie region is one of the most important aerodynamic noise sources of high-speed trains. A thorough understanding of
the generation mechanism and characteristics of bogie aerodynamic noise is the prerequisite for effective implementation of
noise control measures. In this study, a delayed detached eddy simulation (DDES) is performed to solve the unsteady flow
field around the bogie region, and an aerodynamic noise source identification method based on the integral solution of the
Ffowcs Williams-Hawkings (FW-H) equation is adopted to determine the dipole and quadrupole sources distribution in the
bogie region. The identification results of the two types of sources provide different understandings of the noise generation
mechanism of the bogie region but determine the same flow structures closely associated with the bogie aerodynamic noise,
which are the shear vortex structures formed at the rear edge of the cowcatcher and the front side edges of the bogie cavity.
The flow field data obtained by DDES simulation is also used as input for the FW-H solver to calculate far-field noise, and
the source contribution, spectrum characteristics and directivity of the far-field noise are analyzed. The results show that at a
speed of 350 km/h, the aerodynamic noise in the bogie region is still dominated by dipole sources, and the contributions of
the bogie itself and the bogie cavity to far-field noise are equally important despite the significant differences in their radiation
characteristics.
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1 Introduction

Noise pollution is one of the main impacts of high-speed
train operation on the surrounding environment. It is gener-
ally believed that when the train speed exceeds 300 km/h,
aerodynamic noise will gradually exceed rolling noise and
occupy a dominant position [1]. Nowadays, train operation
speeds have achieved 300 km/h in many countries, and peo-
ple are still making efforts for further improvements. Tomeet
the requirements of increasingly stringent environment pro-
tection regulations and ensure the sustainable development of
high-speed railways, aerodynamic noise control has become
an important consideration during the design of high-speed
trains [1, 2]. A thorough understanding of the generation
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mechanismand characteristics of the train aerodynamic noise
is the prerequisite for effective noise control.

During high-speed train operation, violent flow separa-
tion and turbulence mixing occur at the unsmooth areas of
the train body. These areas are also the main aerodynamic
noise sources of the train, usually including the bogie region,
pantograph region, inter-coach spacing, etc. [1, 2]. Compared
with other aerodynamic noise sources, the aerodynamic noise
generated in the bogie region is more complex. The bogie
is mechanically complex, the traction, guidance and brak-
ing functions are all realized by it, and it also needs to bear
the weight of the carbody and cushion the impact caused
by the track irregularity. As a key component that deter-
mines the driving safety and running quality of the train, its
design ismainly constrainedby requirements of dynamic per-
formance, structural strength, and maintenance convenience
rather than aerodynamic and aeroacoustics performance.
This causes a large number of components clustered together
in a highly nonaerodynamic shape, making the turbulence
in the bogie region highly dense and flow pattern complex.
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Besides, the flow field in the bogie region is also affected by
ground effects, wheel rotation and carbody structures [3–6].

Same as other aerodynamic noise issues, research on
aerodynamic noise of the bogie regionmainly relies on exper-
iment and numerical simulation. In terms of experimental
research, He et al. [7] used an array with 78 microphones
to measure the external noise of a high-speed train running
at 390 km/h. The results show that the train external noise
is mainly generated from the bogie region, especially the
first bogie of the leading car. Yamazaki et al. [8] tested the
underbody flow of a train and found that for the ground-fixed
coordinate system, the flow velocity increases sharply from
the train nose to the second car and then becomes almost
constant, which means that for the coordinate system mov-
ing with the train, the first bogie of the leading car has the
highest inflow velocity. This was considered to be the reason
that the aerodynamic noise generated by the first bogie of
the leading car is much higher than that generated by other
bogies. Since, the noise signals measured in line tests con-
tain both rolling noise and aerodynamic noise, and there is no
widely recognized method to separate them, it is difficult to
determine their respective contributions and characteristics.

Compared with the line test, the wind tunnel test provides
a more controllable environment, enabling separate inves-
tigation of the bogie aerodynamic noise. Lauterbach et al.
[9] conducted wind tunnel tests on a 1:25 scale ICE3 train
model. The results show that the aerodynamic noise of the
bogie region is concentrated in the frequency band below
5000 Hz and can be characterized by cavity noise model.
Hao [10] analyzed the wind tunnel test results of aerody-
namic noise generated by 1:8 scale three-car models with
different configurations. He also found that the noise energy
of the bogie region ismainly concentrated inmid and low fre-
quency bands, but his test results exhibit as broadband noise
in whole frequency band with no obvious peak in the spec-
tra. Iglesias et al. [11] tested the aerodynamic noise of 1:7
scale bogie models in anechoic wind tunnel and found that
the components exposed to free flow are main noise sources.
Yamazaki et al. [12] conductedwind tunnel test on a 1:7 scale
bogie model and analyzed the contribution of each compo-
nent to total noise by gradually removing the components
of the bogie model. The test results indicate that the wheels
exposed to the outer flow are important noise sources, while
the motor and brake that located inside the bogie cavity also
make certain contributions. Sawamura et al. [13] conducted
wind tunnel tests to identify the aerodynamic sound source of
a 1:7 scale bogie model using a 2-D microphone array posi-
tioned beneath the bogiemodel. They found that strong sound
sources appear in the rear section of the bogie region. Specif-
ically, the noise at around 250–315 Hz is generated by the
cavity structure and the noise sources at around 400–500 Hz
appear on the surfaces of the traction motors and gear units.

Although the existing experimental studies have presented
many aeroacoustics phenomena related to the bogie region,
the limited flow field data obtained from the tests cannot
fully reveal the underlying mechanism. Compared with the
experimental research, the numerical simulation can obtain
more abundant flow field information, and a detailed CFD
analysis is helpful to provide a profound insight into the
generation mechanism of aerodynamic noise. Meskine et al.
[14] combined the lattice Boltzmann method (LBM) and
FW-H equation to numerically simulate the aerodynamic
noise of a full-scale simplified train model and provided the
full-spectrum noise results of pantographs, bogies, and inter-
coach gaps. The acoustic energy of these aerodynamic noise
sources is concentrated in the frequency band below2000Hz,
and the first bogie of the leading car is the main noise con-
tributor in the frequency band below 150 Hz. Sun et al. [15]
investigated the near-field noise characteristics of the bogie
region using a nonlinear acoustics solver (NLAS). The results
indicate that the near-field noise in the downstreamarea of the
first bogie of the head car was slightly higher than that in the
upstream area. Zhu et al. [4, 16, and 17] numerically analyzed
the unsteady flowfield and aerodynamic noise characteristics
of a very simplified bogie model. As the model in his studies
only includes wheelsets and simple side frames, the results
may not be applicable to real bogie models. Minelli et al.
[18] numerically studied the aerodynamic and aeroacoustics
characteristics of a 1:25 scale head car of ICE3 train. They
pointed out that the aerodynamic noise generated by the bogie
cavity is closely related to two flow patterns, which are the
jet at the bottom of the cowcatcher and the shear layer flow
at the cavity side. However, due to that only the bogie cavity
is modeled, the influences of the bogie on the cavity flow
field and far-field noise remain unclear, the coupling effects
between the cavity and bogie need to be further investigated.
Li et al. [19] adopted subdomain method to simulate the flow
field of a full-scale train head shape and performed contribu-
tion and coherence analyses. They pointed out that the frame,
bogie cavity, and wheelsets have significant contributions to
the bogie noise. In a recent study, He et al. [20] developed
a hybrid grid system and applied it to bogie aerodynamic
noise simulation. The simulation results show that the outer
components of the bogie that are immersed in the turbulent
wake from upstream experience strong pressure fluctuation,
serving as main noise sources of the bogie.

Based on above review, the relationship between flow
structures and aerodynamic noise of the bogie region remains
to be further investigated, and the previous analysis on
aerodynamic noise radiation characteristics of the bogie aero-
dynamic noise is not yet in-depth enough. In this paper, a
CFD based aerodynamic noise source identification method
is established to determine the distribution of dipole and
quadrupole sources in the bogie region, and the generation
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mechanism of the bogie aerodynamic noise is revealed com-
bined with the flow field analysis from the perspective of
aerodynamic noise sources. The source contribution, spec-
trum characteristics, as well as the directivity of the far-field
noise of the bogie region are discussed in detail. These sound
radiation characteristics are also explained by the distri-
bution of aerodynamic sound sources. Compared with the
previous studies, the current study provides a new perspec-
tive to understand the generation mechanism and radiation
characteristics of the bogie aerodynamic noise, and the rele-
vant results could provide targeted guidance for aerodynamic
noise control of the high-speed train bogie region.

2 Numerical Methods

2.1 DDESModel

The detached eddy simulation (DES) is specifically designed
for high Reynolds number wall bounded flow. In the DES
model, the Reynolds average Navier–Stokes (RANS) model
is employed in near wall region to avoid the huge com-
putational cost of resolving boundary layer by using large
eddy simulation (LES), and the LES treatment in separa-
tion region can capture the flow field fluctuations dominated
by large-scale turbulent structures more accurately. Based
on the original DES model, Menter and Kuntz [21] pro-
posed the delayed detached eddy simulation (DDES) based
on the shear stress transport (SST)k − ω model to solve the
issue of grid induced separation. Shur et al. [22] proposed
the improved delayed detached eddy simulation (IDDES)
by combining the DDES model with wall modeled LES to
address the issue of log-layer mismatch. In recent years, both
the DDES and IDDES models have been widely used to cal-
culate the unsteady flowfield of high-speed trains. According
to our previous test of the turbulence model [23, 24], the SST
k − ω based DDES model is adopted to numerically solve
the unsteady flow field in the bogie region in this work.

In the SST k − ω model, the governing equations of tur-
bulent kinetic energy k and specific dissipation rate ω are
[25]

(1)

∂ (ρk)

∂t
+ ∇. (ρku) � ∇. [(μ + σkμt )∇k] + Pk

− ρβ∗ fβ∗ (ωk − ω0k0) + Sk

(2)

∂ (ρω)

∂t
+ ∇. (ρωu) � ∇. [(μ + σωμt )∇ω] + Pω

− ρβ fβ
(
ω2 − ω2

0

)
+ Sω

wherein, ρ is the fluid density, u is the time-averaged flow
velocity, t is the time, μ is the dynamic viscosity, σk ,σω,β∗

and β are model coefficients, μt is the eddy viscosity coef-
ficient, Pk and Pω are production terms, fβ∗ and fβ are the
free-shearmodification factor and the vortex-stretchingmod-
ification factor, respectively; Sk and Sω are source terms, k0
and ω0 are the ambient turbulence values for counteracting
turbulence decay. For the SST k−ω based DDESmodel, the
specific dissipation rate ω in Eq. (1) is replaced by ω̃ � ωφ,
φ � max(lratioF , 1), lratio is the ratio of the length scale of
RANSmodel to that of LESmodel, F � 1−F2 is the switch-
ing function (F2 is the boundary layer identification function
in the original SST k − ω model and acts as a delay factor
here). Thismodification delays the switch fromRANSmodel
to LESmodel in the boundary layer, reducing the dependence
of the DES model on grids. More detailed information about
the DDES model can be found in [21, 25].

2.2 FW-H Equation and Its Acoustic Analogy Integral
Solution

The FW-H equation is the theoretical description of sound
generated by the interaction between moving objects and
fluids [26], as shown in Eq. (3),

1

c20

∂2

∂t2
[
p′H (f)

] − ∇2 [
p′H (f)

]

� ∂

∂t
[ρ0vnδ (f)] − ∂

∂xi

[
pi j n̂ jδ (f)

]
+

∂2

∂xi∂x j

[
Ti jH (f)

]

(3)

where c0 is the speed of sound, t is the time, p′ is the sound
pressure, xi is the Cartesian coordinate component, f � 0
is the equation of the source surface, H(f) is the Heaviside
function, ρ0 is the density of undisturbed fluid, vn is the
component of the source surface velocity in outer normal
direction, pi j � pδi j − σi j is the fluid compressive stress
tensor, where p is the pressure, σi j is the viscous stress, Ti j
is the Lighthill stress tensor. For flow with high Reynolds
number and lowMach number, Ti j ≈ ρuiu j , where ui is the
component of fluid velocity in the xi direction.

According to Lighthill’s acoustic analogy, the three terms
on the right side in Eq. (3) represent monopole source,
dipole source, and quadrupole source, respectively. The
sound pressure p′(x, t) at far-field measurement point x is
the superposition of contributions of the three source terms:

p′(x, t) � p′
T (x, t) + p′

L(x, t)+p′
Q(x, t) (4)

where p′
T (x, t), p′

L(x, t) and p′
Q(x, t) are the sound pres-

sures generated by monopole sources, dipole sources and
quadrupole sources, respectively.

The time–space integral solutions of the far-field noise of
the three source terms are given by Farassat and Brentner
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[27, 28]. In current study, the numerical simulation is based
on wind tunnel mode and the train is a static rigid surface.
Under such conditions, the solutions given by Farassat et al.
can be simplified and their expressions are

p′
T (x, t) � 0 (5)

p′
L(x, t) � 1

4π

∫

f�0

(
l̇i r̂i
c0r

+
li r̂i
r2

)

ret
dS (6)

(7)p′
Q (x, t)

� 1

4π

∫

f>0

(
T̈i j r̂i r̂ j
c20r

+
3Ṫi j r̂i r̂ j − Ṫii

c0r2
+
3Ti j r̂i r̂ j − Tii

r3

)

ret

dV

In Eqs. (6 and 7), r is the distance between the sound
source point and the receiver, r̂i is the unit vector in the direc-
tion of the source point to the receiver. As the viscous stress
σi j is small and can be ignored, li ≈ pn̂i . The superscript
“Ṫ ” represents the derivative to time, and the superscript “T̈ ”
represents the second derivative to time. The symbol f � 0
under the integral sign indicates that the integration is carried
out on the source surface and f > 0 indicates that the inte-
gration is carried out in fluid space outside the source surface.
The subscript ret indicates that the variables in brackets are
evaluated at emission time.

Under acoustic far-field condition, the sound pressures in
Eqs. (6 and 7) are mainly determined by terms multiplied by
factor r−1, that is, the following approximations hold true
[29, 30].

p′
L(x, t) ≈ 1

4πc0

∫

f �0

(
ṗni r̂i
r

)

ret
dS (8)

p′
Q(x, t) ≈ 1

4πc20

∫

f >0

(
T̈i j r̂i r̂ j

r

)

ret

dV (9)

According to the integrated terms in Eqs. (8 and 9), the
dipole source intensity at a point on the source surfacemainly
depends on the changing rate of pressure with time, and
the quadrupole source intensity at a point in the fluid space
depends on the second derivative of the Lighthill stress tensor
with respect to time. Therefore, the rootmean square value of
the first derivative of pressure to time (∂p/∂t)rms on the source
surface can be used to characterize the dipole source inten-
sity, and the root mean square value of the second derivative
of the Lighthill stress tensor to time (∂2Tij/∂t2)rms can be
used to characterize the quadrupole source intensity.

3 CFDModel

3.1 Geometry Model, Computational Domain,
and Boundary Conditions

A 1:8 scale electric multiple unit (EMU) model is taken as
the research object, as shown in Fig. 1. The model consists
of a head car, a mid car, and a tail car, equipped with six
bogies. The considered bogie model preserves the essential
geometric features of typical bogies and therefore is ade-
quately representative. To simulate the underbody flow of
the train more realistically, the track structures are also mod-
eled. It should be noted that when using a scale model, the
corresponding Reynolds number decreases. However, if the
Reynolds number exceeds a critical value, theReynolds num-
ber effect is generally negligible. Referring to some previous
studies [10], it is expected that the results of current simula-
tion are largely independent of Reynolds number.

The computational domain established for the train model
is shown in Fig. 2. Taking the height of the train model (H
� 474.5 mm) as characteristic length, the inlet boundary
of the domain is 20H away from the train head, the out-
let boundary is 45H away from the train tail, the height of
the domain is 10.54H, and the distances between both sides
of the domain to the train are all 9.1H. The boundary condi-
tions of the computational domain are defined as follows: the
inlet boundary is set as velocity inlet with inflow velocity of
97.22 m/s (350 km/h), the outlet boundary is set as pressure
outlet with gauge pressure equal to 0. Both sides and top of
the domain are set as symmetry boundaries. The ground and
track surfaces are set as moving walls with the velocity same
as inflow velocity to simulate the relative motion between
the train and the ground during actual train operations.

3.2 Mesh Strategy

The hybrid mesh strategy of trimmed and prism layer mesh
is used to discrete the computational domain. The maximum
grid size of the head streamlined surface is 3mm, the grid size
of bogie cavity and bogie surface is controlled within 0.375
~ 1.5 mm. 15 layers of fine prism layer grids with an initial
height of 0.01 mm and a growth rate of 1.2 are generated on
the train surface to accurately simulate the flow in the near
wall region. The parameters of the prism layer mesh ensure
an appropriate volume change of volume grids and make the
wall y + values in most areas of the bogie surface less than
two. Several blocks are established for local refinements of
the volume mesh. The finest grid size of 1.5 mm is used for
the bogie region. The total number of the volume grids is
about 120 million. Figure 3 shows the meshing result.
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Fig. 1 Geometry model

Fig. 2 Computational domain

Fig. 3 Meshing result
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Fig. 4 Fluctuating pressure level beneath the bogie cavity

3.3 Solver Setup

The flow field simulation and acoustic calculation are car-
ried out in STAR-CCM + software. The Mach number of
current simulation is less than 0.3, so air is considered as
an incompressible gas [19, 20]. The segregated flow solver
based on SIMPLE algorithm is used to solve the discretized
flow governing equations. The second-order implicit method
is adopted for time marching. To accelerate convergence, the
transient simulation is initialized with a convergent steady
flow field obtained by RANS simulation. The transient sim-
ulation is run for 0.3 s with a time step size of 1 × 10−4 s
first, then the time step size is switched to 5 × 10−5 s and
the simulation is run to 0.4 s. Finally, maintain the time step
size of 5 × 10−5 s and run for another 0.25 s to calculate
the far-field noise signal. The far-field noise is calculated by
using the “Advanced time approach” proposed by Casalino
[31], which allows calculating the noise signal, while solving
the flow field with no need to store a large amount of flow
field data in advance for acoustic post processing.

4 Validation of theMesh Strategy
and Numerical Methods

4.1 Mesh Independence Test

To assess the influence of grid size on simulation results,
two additional sets of meshes are generated by adjusting the
grid size in the bogie region. The resulting meshes consist of
86 million and 140 million volume cells, respectively. The
fluctuating pressure level (FPL � 20 log(p′

rms

/
pref),p′

rms
is the root mean square value of the fluctuating pressure, pref
is reference pressure and is set as 2× 10−5 Pa here) beneath
the bogie cavity calculated by the three sets of meshes are
compared, as shown in Fig. 4, where the abscissa l is the
distance from a probe to the front end of the cowcatcher. For
most of the probes, the difference among the results of the
three sets of meshes is less than 1 dB. Therefore, the mesh

Fig. 5 The simple bogie model and its computational domain

parameters used in the current research is considered to meet
the requirements for grid independence.

4.2 Simple Bogie Case Validation

The simple bogie case proposed by Zhu [16] is chosen to
further validate the numerical methods in current study. The
bogie model is composed of two wheelsets and two simple
side frames, with the axle diameter equal to 17.5 mm and
wheel diameter equal to 92mm (1:10 scale). Thewind tunnel
test in [16] was conducted on a half-bogie model in an open-
jet anechoic wind tunnel, with inflow velocity of 30 m/s. In
the test, the half-bogie model was installed on a rigid baffle
with acoustic treatment. More information about the wind
tunnel test can be found in [16]. A CFD model that matches
the configurations of the wind tunnel test is established, as
shown in Fig. 5. The mesh for this case is generated based
on the mesh parameters shown in Sect. 3.2, and the number
of volume cells is about 3.9 million.

The far-field noise at the receiver named as top micro-
phone in [16] is used to validate the numerical results.
Figure 6 compares the spectrum results obtained by current
simulation, Zhu’s simulation and wind tunnel test. The sim-
ulation results have a frequency resolution of 6 Hz that is
the same as the test result. As can be seen, for this bench-
mark case, the current simulation obtains similar result to
that of Zhu’s simulation. The spectrum result obtained by
wind tunnel test is much smoother than that obtained by
numerical simulation, this is because the test spectrum is
obtained by averaging the spectrum results of multiple data
segments. However, the numerical results and test result are
in good agreement in terms of spectrum shape and domi-
nant frequency. The peak frequency in the wind tunnel test
results is 314 Hz and that predicted by current simulation is
318 Hz. The discrepancy in sound pressure level at the domi-
nant frequency between the spectra of current simulation and
wind tunnel test is about 2 dB. In general, these comparisons
further validate the reliability of the mesh parameters and
numerical methods in current research.
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Fig. 6 Comparison of simulation and wind tunnel test results of the
simple bogie model

5 Results and Discussions

The analysis of the simulation results is focused on the fore-
most bogie region of the head car. Firstly, the airflow path in
the bogie region is analyzed to provide a basic understand-
ing of the flow characteristics in the bogie region. Then, the
distribution of dipole and quadrupole sources in the bogie
region are presented and the formation mechanism of the
noise sources are analyzed. Finally, the far-field noise char-
acteristics of the bogie region are discussed.

5.1 Airflow Path in the Bogie Region

Figure 7 depicts the three-dimensional streamlines in the
bogie region. The two clusters of streamlines are emitted
from section S1 beneath the train and section S2 on the side
of the train, respectively (shown in the upper left corner of
Fig. 7), and they clearly illustrate the path of airflow enter-
ing and exiting the bogie cavity. It is evident that the airflow
inside the bogie cavity mainly comes from the bottom of the
train rather than both sides of the train. Beneath the train, the
airflow traverses across the front section of the bogie cavity
and then rolls up to enter the cavity from the gaps between
the bogie frame, rear wheelset, and the cavity rear wall. After
that, the airflow recirculates back toward the front of the bogie
cavity slowly, part of the airflow exits the bogie cavity from
the gaps between the cavity front wall, front wheelset and the
bogie frame, merging into the high-speed airflow beneath the
train. Simultaneously, the other part of the airflow exits from
both sides of the cavity and merges into the high-speed air-
flow on both sides of the train.

5.2 Aerodynamic Noise Sources Identification
of the Bogie Region

5.2.1 Dipole Sources in the Bogie Region

The time derivative of surface pressure is utilized to quantify
the dipole source intensity. Figure 8 shows the distribution
of the root mean square value of the pressure derivative to
time (∂p/∂t)rms in the bogie region. It is evident that the high-
est (∂p/∂t)rms occurs at several specific locations, including
the bottom surface of the cowcatcher, the lower sections of
both windward and side surfaces of the wheels, the lower
parts of the traction motors and gearboxes, the bottom sur-
face of the bogie frame, the lower part of the bogie cavity
rear wall and the carbody surface adjacent to the bogie cavity
rear wall. Additionally, a relatively high (∂p/∂t)rms distribu-
tion is observed on the outer surface of the yaw damper.
Overall, these results are consistent with the noise source
identification results reported in previous experimental stud-
ies [11–13].

The pressure fluctuations on solid surfaces typically arise
from the interaction between vortex structures and the solid
walls. To illustrate the formation mechanism of dipole
sources in the bogie region in Fig. 8, Fig. 9 shows the
instantaneous vorticity distribution on the mid-section of the
computational domain and a horizontal section that passes
through the yawdamper. By integrating this informationwith
the streamline diagrams shown in Fig. 7, the motion path of
the vortex structures convecting with the airflow in the bogie
region, as well as their interactions with the components of
the bogie region can be analyzed.

For the airflow beneath the train, it is evident from Figs. 7
and 9 that the airflow initially separates at the leading edge of
the cowcatcher and the separated vortex structures impact the
bottom surface of the cowcatcher. This interaction induces
strong pressure fluctuations there, resulting in a crescent-
shaped areawith high (∂p/∂t)rms distribution.Afterwards, the
airflow reattaches to the bottom surface of the cowcatcher,
flows downstream and separates again at the rear edge of
the cowcatcher, leading to the formation of a shear layer.
Due to the velocity gradient of the airflow inside and outside
the bogie cavity, the shear layer exhibits Kelvin–Helmholtz
instability. When the velocity differential surpasses a critical
value, the shear layer loses stability and forms separated shear
vortices. From Fig. 9, this occurs slightly anteriorly beneath
the front axle. The separated shear vortex structures then con-
vect downstream with the airflow beneath the train, roll up
and invade into the cavity, leading to forceful impingements
on the lower parts of both the bogie components and rear wall
of the bogie cavity, which account for the high (∂p/∂t)rms dis-
tributions at the bottom of the bogie (the lower parts of the
wheels, traction motors and gearboxes, and the bottom sur-
face of the bogie frame) and the rear wall of the bogie cavity
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Fig. 7 3-D streamline diagram in the bogie region

Fig. 8 (∂p/∂t)rms distribution in the bogie region

Fig. 9 Instantaneous vorticity distribution in the bogie region

shown in Fig. 8. Besides, after impacting the cavity rear wall,
part of the broken vortex structures are thrown out of the cav-
ity and interactwith the carbody surface adjacent to the cavity
rear wall, also resulting in strong pressure fluctuation there.

As shown in Fig. 9, the flow separations at the front side
edges of the bogie cavity also lead to the formation of shear
layers. According to the airflow path analysis, the side shear
vortex structures will convect with the airflow on both sides
of the cavity. Although the time-averaged streamline results

in Fig. 7 show that the airflow almost never enters the bogie
cavity from the side of the cavity, the instantaneous vorticity
distribution in Fig. 9 indicates that the shear vortex structures
formed at the front side edge of the bogie cavity will continu-
ously grow and oscillate laterally when moving downstream,
thus some vortex structures are still possible to invade into
the cavity. Obviously, the high (∂p/∂t)rms distribution on the
yaw damper surface and both sides of the cavity rear wall are
caused by the impact of the shear vortex structures formed
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at the front side edges of the bogie cavity. Similar to the
situation beneath the bogie cavity, part of the vortex struc-
tures break up after hitting the side corners of the cavity rear
wall and continue to move downstream to interact with the
adjacent carbody surface, also resulting in strong pressure
fluctuation there.

5.2.2 Quadrupole Sources in the Bogie Region

The root mean square value of the second derivative of the
Lighthill stress tensor to time (∂2Tij/∂t2)rms is utilized to
quantify the quadrupole source intensity at a point in fluid
space. Since, the Lighthill stress tensor is a symmetric tensor,
only six of its nine components are independent. Figure 10
shows the distribution of (∂2Tij/∂t2)rms on two sections cross
the bogie region. As can be seen, the quadrupole sources in
the bogie region are concentrated in the shear layers formed
at the rear edge of the cowcatcher and front side edges of
the bogie cavity. Among all the components of the Lighthill
stress tensor, the streamwise component has the highest value
of second-order time derivative. Combined with the distribu-
tion of dipole sources in the bogie region shown in Fig. 8,
it can be found that the surfaces with high dipole source
intensity are close to the fluid areas with high quadrupole
source intensity (immersed in the bottom and side shear lay-
ers). In fact, some scholars believe that the dipole sources are
not real sources, and the sound field radiated by the dipole
sources in acoustic analogy theory is actually an equiva-
lent of the scattering effects of solid surfaces on quadrupole
sources [32–35]. From this perspective, it is reasonable that
there is a certain consistency between the distributions of
dipole sources with high-intensity and quadrupole sources
with high-intensity. Usually, the quadrupole sources close to
solid walls can be scattered more effectively, resulting the
formation of dipole sources with enhanced sound radiation
abilities. As the distance between the quadrupole sources and
the solid wall increases, the intensity of the scattering sound
field decreases rapidly [33, 35]. In [33], Crighton provided a
more detailed elaboration on this effect through several cases
with analytical solutions. In a word, the quadrupole source
distribution in Fig. 10 provides another explanation for the
dipole source distribution in the bogie region in Fig. 8.

Figure 11 shows the instantaneous distribution of the sec-
ond derivative of the Lighthill stress tensor to time in the
bogie region (only the result of ∂2Tzz/∂t2 is given here,
other components have similar results). Figure 11a visualizes
the instantaneous quadrupole source distribution in three-
dimensional space in the form of threshold (areas where
the absolute value of ∂2Tzz/∂t2 is greater than 1011), and
Fig. 11b shows the instantaneous distribution of ∂2Tzz/∂t2

on two specific sections. The results both exhibit an alternat-
ing distribution of positive and negative values of ∂2Tzz/∂t2.
In Fig. 11a, high-intensity quadrupole sources are located

beneath and at both sides of the bogie cavity. In Fig. 11b, the
instantaneous distribution of ∂2Tzz/∂t2 is consistent with the
instantaneous vorticity distribution in the bogie region shown
in Fig. 9,which indicates that the quadrupole sources are gen-
erated in the turbulent vortex structures and again emphasizes
the importance of the shear vortex structures beneath and at
both sides of the bogie cavity in aerodynamic noise gen-
eration of the bogie region. In general, since the quadrupole
sources are distributed in fluid space and can be considered as
the real sources, the identification of the quadrupole sources
can help to determine the key flow structures related to aero-
dynamic noise generation more conveniently.

5.2.3 Correlation of Noise Sources

In addition to quantifying the intensity of dipole and
quadrupole sources, it is also necessary to investigate the cor-
relation of the noise sources [36–38]. The correlation of noise
sources can be characterized by correlation scales, which can
also be interpreted as the local vortex scale. A larger corre-
lation scale means that fluctuations of physical quantities in
a larger area near a point are correlated to the fluctuations of
physical quantities at that point, corresponding to higher radi-
ation efficiency. Themeasure of the correlation of two signals
is correlation coefficient, which is defined as the covariance
of the two signals normalized by the product of their respec-
tive standard deviations. For a point on a source surface (or
in fluid space), the correlation coefficient distribution of this
point can be obtained by performing correlation calculation
with other points on the source surface (or in fluid space),
and the correlation scale of this point can be further obtained
from this. By performing the same operations on all points on
the source surface (or in fluid space), the distribution of cor-
relation scales on the whole source surface (or in fluid space)
can be obtained. However, excessive computation makes this
operation somewhat impractical [38]. According to the noise
source identification results, thirteen representative reference
points are selected at the main noise source locations in the
bogie region, as shown in Fig. 12. Among them, M1–M9 are
used to evaluate the correlation of dipole sources (the variable
used for correlation calculation is ∂p/∂t), and M10–M13 are
used to evaluate the correlation of quadrupole sources (the
variable used for correlation calculation is ∂2Tzz/∂t2).

Figure 13 shows the distribution of correlation coefficients
of several typical reference points, in which the areas with
correlation coefficients within the range of 0.5–1 are consid-
ered as the correlation areas [38]. As can be seen, with the
exception of the M1 point located at the front of the cow-
catcher bottom, all other reference points have correlation
areas characterized by similar elliptical shapes. Notably, the
correlation area of point M1 displays a significantly elon-
gated length in the spanwise direction, indicating that the
vortex structures formed by the separation at the front edge
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Fig. 10 (∂2Tij/∂t2)rms distribution in the bogie region

Fig. 11 Instantaneous distribution of ∂2Tzz/∂t2 in the bogie region

of the cowcatcher has stronger correlation in spanwise direc-
tion.

To estimate the correlation scales, the correlation areas of
dipole and quadrupole sources are regarded as circles and
spheres, respectively, and the corresponding radii are cal-
culated as the correlation scales. Figure 14 summarizes the
correlation scale results of each reference point. As can be
seen, for dipole sources, the correlation scales of the points
on the bogie surface exhibit relatively small differences and
are slightly smaller than those of M1 on the bottom sur-
face of the cowcatcher and M7 on the rear wall of the bogie

cavity. For quadrupole sources, the correlation scale at M12
downstream the cavity is slightly larger, while the correlation
scale at M13 in the side shear layer of the cavity is slightly
smaller. In terms of the bogie region, the correlation scales
of the points on (or near) the bogie cavity rear wall are larger
than those on (or near) the bogie surface. This indicates that
compared to the bogie, the vortex scales near the bogie cavity
rear wall are larger, the flow field there tends to fluctuate at
a lower frequency, and the aerodynamic noise sources there
have a higher radiation efficiency. In addition, the correlation
scales of dipole sources are significantly higher than those of
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Fig. 12 Reference points for correlation calculation

quadrupole sources, indicating that the radiation efficiency
of the dipole sources are significantly higher.

Fig. 15 Far-field noise measurement points at the trackside

5.3 Far-Field Noise Characteristics of the Bogie
Region

5.3.1 Contribution Analysis

The arrangement of measurement points used for far-field
noise assessment at the trackside is shown in Fig. 15, where
the lateral distance from each point to the track centerline
is 2.5 m and the longitudinal distance between the adjacent
measuring points is 1m. All themeasurement points have the

Fig. 13 Correlation areas of several reference points
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Fig. 14 Correlation scale results
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same height from the ground as the bogie geometry center
from the ground.

The contributions of the dipole and quadrupole sources to
far-field noise are quantitatively compared first. According
to the aerodynamic noise source identification results, the
noise sources used for far-field noise calculation are defined.
For dipole sources, the definitions of the source surfaces are
shown inTable 1. For quadrupole sources, two volume source
regions are defined, which are named as Q_V1 and Q_V2, as
shown in Fig. 16. TheQ_V1mainly contains the contribution
of quadrupole sources beneath the cowcatcher and around
the bogie region, while the Q_V2 contains the quadrupole
sources around the whole train head.

Figure 17a shows the comparison of the overall sound
pressure level (OASPL) of the radiated noise of dipole and
quadrupole sources at measurement points p1–p9. Wherein,
the dipole noise is calculated by using two source surfaces,
the train head and bogie region, and the quadrupole noise
is calculated by using the volume source regions Q_V1 and
Q_V2. It can be seen that the OASPL of dipole noise is much
higher than that of quadrupole noise, with a difference of
about 50 dB. Therefore, at a speed of 350 km/h, the aerody-
namic noise of the bogie region is still dominated by dipole
sources.

Figure 17b illustrates the OASPL results of dipole noise
at p1–p9 when different components are employed as source
surfaces. It is evident from Fig. 17b that the bogie is the
most significant noise source for points p1–p9, followed by
the bogie cavity. At p1, p2, p8, and p9, the contribution of
the bogie cavity to far-field noise is equally important as
that of the bogie itself, while at p5 that on the side of the
bogie, the contribution of the bogie cavity to total noise is
negligible. In contrast to the bogie cavity, there exists a rel-
atively prominent influence of head streamlined surface on
total noise at p5, while its significance can be disregarded for
other measurement points. Furthermore, contributions from
dipole sources on both the cowcatcher and the carbody sur-
face adjacent to the bogie cavity rear wall to total noise at
p1–p9 are also negligible.

Figure 18 shows the spectrum results of p2 and p5 with
the train head, bogie region, bogie, and bogie cavity used
as source surfaces. At p2, the spectrum results of the train
head and bogie region exhibit a remarkable overlap above
200 Hz, indicating that the noise at p2 is almost completely
contributed by the bogie region, and this is also consistent
with the results in Fig. 17. Besides, comparing the spectrum
results of the bogie itself and bogie cavity, it can be found
that within the frequency band below 1000 Hz, the contri-
butions of the bogie and bogie cavity are equally important,
while for frequency band above 1000 Hz, the contribution
of the bogie is higher than that of the bogie cavity. Consid-
ering, that some small components have been removed in
the current bogie model, the real bogie model is expected to

have a higher contribution to the noise within this frequency
range. As the aerodynamic noise frequency is approximately
in inverse proportional to model scale (assuming that the
Strouhal number based on model scale is approximately a
constant), this frequency boundary is about 125 Hz for a
full-scale train model. At p5, the sound pressure level below
2000Hz is higher when using the train head as source surface
compared to employing the bogie region as source surface.
According to the results in Fig. 17, this difference is due to
the contribution of the dipole sources on the head streamlined
surface.

It is worth noting that in the noise source identification
results, high (∂p/∂t)rms values also appear on the bottom sur-
face of the cowcatcher and carbody surface adjacent to the
bogie cavity rear wall, but the results in Fig. 17 suggest that
they have minor contribution to the total noise at the track-
side, which is related to the directivity of the sources and the
areas of the source surfaces. On the head streamlined surface,
the dipole source intensity ((∂p/∂t)rms) is low, but it can also
produce significant noise contributions at specific positions,
which is mainly due to its large sound source area. In addi-
tion, except for the bogie cavity, the changes in noise level of
other source surfaces from p1 to p9 are basically consistent
with the change of the distance between the measurement
point and source surface. However, when the bogie cavity is
used as source surface, the maximum OSAPL appears at p1
and p9, and that at p5 is the minimum, which can also be
attributed to the directivity of the bogie cavity.

5.3.2 Directivity Analysis

Figure 19 shows the directivity curves of far-field noise of dif-
ferent source surfaces, which are drawn based on the OASPL
results of the measurement points on a horizontal circle and a
vertical circle with circle centers coinciding with the geom-
etry center of the bogie and radii of 2.5 m. It should be noted
that due to the usage of the incompressible gas model and the
solid surface formula of the FW-H equation, the current sim-
ulation does not consider the shielding and scattering effects
of the carbody and track structures. The directivity results
of the bogie components shown in Fig. 19 are equivalent to
the sound radiation characteristics of each component in free
space.

In most directions, the far-field noise is dominated by the
dipole sources in the bogie region. Only in a small range of
radiation angle on both sides of the bogie, the dipole sources
on the head streamlined surface have a relatively significant
contribution. In XOY plane, the dipole noise generated by
the bogie region mainly radiates upwards. On both sides of
the bogie region, with the radiation angle ranging from 0° to
30° and 150° to 180°, the dipole noise is mainly contributed
by the bogie itself. Above the bogie, with the radiation angle
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Table 1 Definitions of dipole
source surfaces Source surface Components included (Fig. 1)

Train head 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16

Bogie region 3,4,5,6,7,8,9,10,11,12,13,14,15,16

Bogie 8,9,10,11,12,13,14,15,16

Bogie cavity 3,4,5

Carbody surface adjacent to bogie cavity 6

Cowcatcher 2

Head streamlined surface 1

Fig. 16 Definition of quadrupole noise source regions
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Fig. 17 Source contribution analysis

ranging from 60° to 120°, the dipole noise is mainly con-
tributed by the bogie cavity. In addition, the dipole sources
on the cowcatcher and the carbody surface adjacent to the
bogie cavity also mainly radiate upwards and have little con-
tribution to the noise at the bogie side. On the contrary, the
dipole sources on the head streamlined surface mainly radi-
ates to both sides. In XOZ plane, there exists a relatively
uniform distribution of noise generated by the bogie region.
The noise generated by the bogie itself also exhibits a uniform
distribution in all directions, while the noise generated by the

bogie cavity presents characteristics of a dipole source fluc-
tuating in the inflow direction. On both sides of the bogie, the
aerodynamic noise generated by the bogie region is mainly
contributed by the bogie itself, while in front and rear direc-
tions of the bogie region, the contributions of the bogie and
bogie cavity are equally important. Additionally, the head
streamlined surface and carbody surface adjacent to bogie
cavity both show characteristics of dipole sources fluctuat-
ing in lateral direction.

In Eq. (8), the term that determine the directivity of the
source is ni r̂i , which is the cosine value of the angle θ
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Fig. 19 Directivity results

Fig. 20 Visualization of directivity factors of dipole sources on the train surface
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between the outer normal direction at a point on source
surface and its orientation towards the receiver. To better
understand the directivity of each component, the distribu-
tion of the absolute value of this directivity factor on the train
surface for measurement points p2, p5 and pxy_90 (point at
90° inXOYplane, just above the bogie) are displayed to visu-
alize the directivity of source surfaces, as shown in Fig. 20.

Combined with the dipole source distribution shown in
Fig. 8, the far-field noise results in Figs. 17 and 19 can
be explained. For the bogie cavity, high-intensity dipole
sources are located on the cavity rearwall. The included angle
between the outer normal direction at a point on the cavity
rearwall surface and its orientation towards p5 is close to 90°,
and the directivity factor is close to zero. Consequently, the
contribution of the bogie cavity to the total noise there is neg-
ligible. Along the direction from p5 to p1, the included angle
between the outer normal direction of a point on the cavity
rearwall surface and its orientation towards the receiver (p1 ~
p5) gradually decreases and the directivity factor cosθ gradu-
ally increases. Consequently, the contribution of bogie cavity
to the total noise at p2 is more obvious than that at p5. For
the cowcatcher, high-intensity dipole sources are located in
the front of its bottom surface. The included angle between
the outer normal direction of a point on the cowcatcher’s
bottom surface and its orientation towards p2 or p5 is close
to 90°, and the directivity factor is close to zero, while for
pxy_90, the directivity factor is close to one. Therefore, the
noise generated by the cowcatcher mainly radiates upwards.
Although the pressure fluctuation on the head streamlined
surface has not been separately analyzed, it can be inferred
from the directivity factor distribution that its noise contribu-
tion at p5 mainly comes from the dipole sources on its side
part.

6 Conclusions

Combining the DDES model and FW-H acoustic analogy
theory, a numerical investigation is conducted to enhance
the comprehension of the noise generation mechanism of the
high-speed train bogie region and provide valuable guidance
for subsequent research on bogie noise reduction. The main
conclusions of this study are as follows:

(1) The dipole sources in the bogie region are mainly dis-
tributed on the surfaces of components immersed in the
shear layers that formed at the trailing edge of the cow-
catcher and the front side edges of the bogie cavity,
including the lower parts of the wheels, traction motors
and gearboxes, the bottom surface of the bogie frame,
the rear wall of the bogie cavity and the outer surface of
the yaw damper. From the perspective of vortex-solid
interaction, the high-intensity dipole sources at these

positions are induced by the impingement of the shear
vortex structures.

(2) The quadrupole sources in the bogie region are mainly
distributed in the shear layers formed at the trailing edge
of the cowcatcher and front side edges of the bogie cav-
ity, that is, the surfaces with high dipole source intensity
are close to the fluid areas with high quadrupole source
intensity. This provides another explanation for the dis-
tribution of dipole sources in the bogie region. Because
the sound field radiated by the dipole sources in acous-
tic analogy can also be understood as an equivalent of
the scattering effects of the solid walls on quadrupole
sources. The quadrupole sources close to the solid walls
can usually be more effectively scattered, leading to the
formation of dipole sources with enhanced sound radi-
ation ability.

(3) At a speed of 350 km/h, the far-field aerodynamic
noise of the bogie region is still dominated by the
dipole sources. Although there are obvious differences
between the radiation characteristics of the bogie itself
and bogie cavity, their contributions to the far-field noise
of the bogie region are equally important in general.
However, it should be noted that despite the minimal
contribution of the quadrupole sources to the far-field
noise, the identification of quadrupole sources can deter-
mine the key flow structures related to aerodynamic
noise generation more conveniently.

(4) Theguideline for aerodynamicnoise control of the bogie
region can be summarized asminimizing the interaction
between the bottom and side shear vortex structures and
the bogie components, as well as the bogie cavity rear
wall, or in other words, making the solid components
of the bogie region far away from the high-intensity
quadrupole sources (the bottom and side shear layers).
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