
 

 

 
J. Cent. South Univ. (2020) 27: 1802−1813 
DOI: https://doi.org/10.1007/s11771-020-4409-8 
 

 

Aerodynamic noise characteristics of high-speed train 
foremost bogie section 

 
LIANG Xi-feng(梁习锋)1, 2, 3, LIU Hui-fang(刘慧芳)1, 2, 3, DONG Tian-yun(董天韵)1, 2, 3, 

YANG Zhi-gang(杨志刚)1, 2, 3, TAN Xiao-ming(谭晓明)4 
 

1. Key Laboratory of Traffic Safety on Track, Central South University, Ministry of Education, 
Changsha 410075, China; 

2. Joint International Research Laboratory of Key Technologies for Rail Traffic Safety, 
Changsha 410075, China; 

3. National and Local Joint Engineering Research Center of Safety Technology for Rail Vehicle, 
Changsha 410075, China; 

4. School of Automotive and Transportation Engineering, Hefei University of Technology, 
Hefei 230009, China 

 
© Central South University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 

                                                                                                  
 

Abstract: This paper investigates the main scale analysis of the aerodynamic noise in the foremost bogie area by the 
large-eddy simulation (LES) and the Ffowcs Williams-Hawkings (FW-H) analogy. The mechanism of the aerodynamic 
noise in this area has been excavated. The aerodynamic excitation results show that the bogie divides the bogie 
compartment into two cavities, each of which contains a large circulating flow and presents multi-peak characteristics in 
the frequency domain. The far-field noise results suggest that in the speed range of 200−350 km/h, the aerodynamic 
noise mechanism in the bogie area is the same. Cavity noise is the main noise mechanism in the foremost bogie area, 
and the bogie divides the bogie cabin into two cavities, thereby changing the aerodynamic noise in this area. 
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1 Introduction 
 

At present, China’s high-speed trains run at a 
speed of 300 km/h and are expanding to 400 km/h 
[1, 2]. However, with the increase of running speed, 
the noise problem of high-speed trains becomes 
more and more significant. When the high-speed 
train is running at 300 km/h, the aerodynamic noise 
will be greater than the wheel-rail noise, and 
becomes the main type [3]. Relevant research show 

that the bogie area is the main aerodynamic noise 
source of high-speed train [4], and the aerodynamic 
noise of the foremost bogie area is the strongest in 
all the bogie areas. 

The bogie area includes the Couette flow of 
the train bottom moving relative to the ground, the 
rod flow of the bogie, the cavity flow of the bogie 
cavity, etc. This makes the flow field in the bogie 
area quite complex. Currently, the research methods 
of aerodynamic noise in the bogie area mainly 
include experiments and numerical simulations. 
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    Comprehensive achievements have been made 
by researchers with corresponding experiments. For 
example, FREMION et al [5] analyzed the 
aerodynamic noise characteristics of the full-scale 
Train à Grande Vitesse (TGV) train bogie areas in 
France by using coherent output power technology, 
and it is found that the bogie area had a variety of 
incoherent sound sources, the sound source at the 
bottom of the bogie was not significantly radiated 
outwards. The sound source at the upstream and 
downstream of the wheel arch cover was 
significantly radiated outwards, the main frequency 
distribution range is 500−1000 Hz. The spectrum of 
the sound source intensity downstream of the wheel 
arch appears multiple peak frequencies around 600 
Hz. TAN et al [6] used the spectrum fitting method 
based on the frequency similarity criterion and the 
strength similarity criterion to separate the 
wheel-rail noise and the aerodynamic noise in the 
bogie area of high-speed train, performed the 
proportion analysis of the wheel-rail noise vs the 
aerodynamic noise at different operating speeds, 
and found that 300 km/h was the bogie area 
acoustics conversion speed. SONG et al [7] used 
the operation transfer path analysis (OTPA) 
technique to separate the wheel-rail noise and the 
aerodynamic noise in the trailer bogie area of 
high-speed train during a field test, and then 
analyzed their respective strength and spectrum 
characteristics, and got the following conclusion: 
the low-frequency noise in the trailer bogie area 
mainly comes from the wheel-rail noise, while the 
mid-to-high frequency noise mainly comes from the 
aerodynamic noise. Tests [8] were performed in the 
large-scale low-noise anechoic wind tunnel at 
Maibara, Japan used a 1:7 scale train car and bogie 
model to investigate the influence factors of the 
aerodynamic noise in the bogie area of the 
high-speed train, including the shape of the bogie 
cavity, different parts of the bogie, the arrangement 
of the skirts, and the boundary layer on the ground. 
The results indicate that the bogie cavity with the 
arc-shaped leading edge and the side skirt can 
effectively reduce the aerodynamic noise generated 
by itself. The aerodynamic noise in the upstream 
bogie area is greater than that in the downstream 
bogie area. The noise at the trailing edge of bogie 
cavity is larger than that at the leading edge. 
LAUTERBACH et al [9] performed an 
experimental study on the aerodynamic noise 
Reynolds number effect of the high-speed trains (a 

1:25 scale model), and found that the aerodynamic 
noise in the bogie area was mainly distributed 
below 5000 Hz, which can be described by cavity 
excitation model. 
    In terms of numerical simulations, MINELLI 
et al [10] performed an aero-acoustic numeric study 
of the flow surrounding the bogie cavity, and found 
that the aerodynamic flow field around the bogie 
cavity is dominated by two main structures, the jet 
flow created by the gap clearance between the 
snowplow and the ground and the shear flow 
detached from the curvature of the front snowplow. 
ZHU et al [11] utilized the delayed detached-eddy 
simulation (DDES) model and the FW-H equation 
to study the flow field and aerodynamic noise 
characteristics of a simple bogie composed of wheel 
sets, axles and frames, and discovered that the peak 
noise came from the axles, the contribution rate of 
the frame to the total noise is lower than that of the 
wheel sets, the aerodynamic noise of the front 
wheels presents the lift dipole characteristics, the 
aerodynamic noise of the rear wheels is 
characterized by a lift dipole and a drag dipole. 
MASSON et al [12] applied the lattice Boltzmann 
method [13] to investigate the aerodynamic noise of 
the bogie areas, and the results demonstrated that 
the foremost bogie area in the head-car was the 
most dominant source of noise in all bogies. LIU  
et al [14] employed the DDES model and the Fowcs 
Williams-Hawking (FW-H) equations to study the 
effects of Reynolds number on the flow field and 
sound field in the subcritical region and critical 
region, and the finding is that the peak Strouhal 
number (St), the aerodynamic coefficient and the 
aerodynamic noise (excluding velocity effect) in the 
subcritical region did not change much, but they 
changed significantly in the critical region. ZHANG 
et al [15] performed a numerical study on the 
aerodynamic noise of the power bogie, and it can be 
concluded that the contribution rate of the frame to 
the total noise was the largest among all 
components. 
    Based on the above literature research, the 
following problems can be found in the research of 
aerodynamic noise in bogie area. In the field test, 
the separation of wheel-rail noise and aerodynamic 
noise is the first problem to be solved. Although a 
variety of separation technologies have been 
proposed at present, they all have unavoidable 
defects, which make their results quite different. 
For example, TAN et al [16] drew the conclusion 
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that the aerodynamic noise in bogie area is mainly 
distributed in low frequency range relative to 
wheel-rail noise, while SONG et al [7] reached the 
opposite conclusion. In the acoustic wind tunnel 
test, the ground is still, which makes the flow field 
of bogie area different from the real flow field. In 
the numerical study, the research object is mainly 
focused on a simplified component, and the 
complex bogies in the real operating environment 
are not used; the research conclusions are mainly 
focused on the spectrum and directivity 
characteristics of aerodynamic noise, and the main 
scale analysis of aerodynamic noise is not involved. 
    Differing from the mentioned investigations, 
this paper does not focus on the problems in the 
field test and the acoustic wind tunnel test, but 
intends to use the numerical method to perform the 
main scale analysis of the aerodynamic noise in the 
bogie area, and then excavates the mechanism of 
the aerodynamic noise in this area. The geometry of 
all bogie areas in this simulation is the same, which 
makes them have similar aerodynamic noise 
mechanism. However, the underbody boundary 
layer effect changes their inflow velocity amplitude 
and turbulence, which in return changes their 
aerodynamic noise intensity. The foremost bogie 
area has the fastest incoming flow. For the sake of 
generality, the main scales of aerodynamic noise in 
the foremost bogie area are excavated as an 
example. Therefore, the structure of this paper is as 
follows: the second part is the numerical calculation 
model, the third part is the calculation results, the 
fourth part is the discussion, and the fifth part is the 
conclusions. 
 
2 Numerical computation model 
 
    Take a 1:8th-scale high-speed train including 
three cars (namely 3-train formation) and six sets of  

bogies as the computational model, see Figure 1. 
The bogie geometry is simplified but the general 
shape is presented [17]. The 3-trian formation 
model was used often in engineering because it is 
the most simplified model that can truly reflect the 
actual 8-section formation [18]. On the other hand, 
there are only test data of noise radiation from 3-car 
model in openly available data so the simulation 
results can be verified. The length, width and height 
of the train model are 10.044, 0.420 and 0.507 m, 
respectively. 
    The dimensions of the computational domain 
are 50 m×3.75 m×2.5 m. The geometric dimension 
descriptions used in this article are all under the 
1:8-scale model. The train model is placed at the 
central position in the span-wise direction, with a 
vertical distance of 0.025 m from the ground. The 
entry boundary in front of the train head is set as 
velocity inlet boundary, while the exit boundary 
behind the train tail is chosen as pressure outlet 
boundary. The upper side, the left and the right 
sides are set as symmetrical boundaries. Besides, 
the ground effects are simulated by setting the 
ground as the slip ground with a velocity equal to 
the incoming flow velocity. 
    The commercial software ICEM CFD was 
adopted to mesh grids. The computational grid is 
further optimized on the basis of grid division [16]. 
For example, the grid size of the whole underbody 
area is refined to less than 5 mm. The amount of 
meshes is about 1.1×108. Figures 1(b) and (c) show 
the grid distribution on the surface of the bogie and 
around the bogie, respectively. 
    In general, the refiner grid in the boundary 
layer and the space are two essential requirements 
of the LES. The parameter to measure the mesh in 
boundary layer is y+ [19] (see Eq. (1)). The spatial 
mesh distribution parameter is lΔ/lt [16], where lt is 

 

 
Figure 1 Model and mesh distribution: (a) Front view of train model; (b) Surface mesh distribution of a bogie;       
(c) Spatial grid distribution around a bogie section 
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the local integral scale, and lΔ is the equivalent 
length of the spatial mesh.  

*U yy


+ =                               (1) 
 
where /*U  =  is the wall friction velocity; τω 

is the wall shear stress; y is the distance from the 
centroid of the firs layer of mesh to the wall; υ is 
the kinematic viscosity coefficient. 
    The local integral scale is defined as:  
lt=C0k3/2/ε                               (2)  
where C0=0.2, k is the turbulence energy, and ε is 
the turbulence dissipation rate. 
    The equivalent length of the spatial mesh is 
defined as 
 

3
tl V=                                 (3) 

 
where V is the volume of the mesh. 
    Figures 2 and 3 show the y+ distribution on the 
train components and the lΔ/lt distribution in 
computational domain, respectively. They are both 
lower than 1, which means that the mesh schemes 
are fine and adequate for LES model. The LES is 
applied in this paper instead of the hybrid method, 
which has been widely used in the research of train 
aerodynamics [20, 22]. This is because the LES 

resolves the boundary layer instead of model it, thus 
provides a more accurate solution. 
    The CFD simulation was conducted by the 
ANSYS FLUENT from the National 
Supercomputing Center in Wuxi, China. To ensure 
the stability of the LES, the realizable k−ε 
turbulence model is chosen in the steady 
computation and the enhanced wall treatment 
method is used for the near wall face. The 
Smagorinsky-Lilly-based turbulence model is 
adopted for the transient flow field computation  
[23, 24]. Besides, PISO algorithm is employed for 
the pressure-velocity coupling terms. The bounded 
central differencing is used to separate the 
momentum terms. The second-order implicit 
scheme is employed for the temporal difference 
equation. The transient flow computation provides 
acoustic sources. The far-field noise predictions 
were computed by the FW-H acoustic analogy [25]. 
The unsteady calculation time step was 5×10−5 s. 
The Courant–Friedrichs–Lewy number (CFL= 
uΔt/Δx, u is velocity) is less than 1. Each time step 
includes 30 iterations. A total of 10000 time steps 
were calculated. 
    The grid generation, turbulence model and 
boundary conditions used here were validated [16], 
where the same numerical method was adopted to 

 

 
Figure 2 y+ distribution of power car (a), foremost bogie of power car (b), and tail of train (c) (incoming flow speed v=  
350 km/h) 
 

 
Figure 3 Spatial distribution of lΔ/lt in horizontal plane cut at z=0.05 m 
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calculate the far-field radiated noise of a high-speed 
train. The results were verified by comparison with 
the test data in anechoic wind tunnel. 
 
3 Results 
 
3.1 Characteristics of aerodynamic excitation 
    The free inflow velocities of the numerical 
include 200, 250, 300 and 350 km/h. The 
corresponding Reynolds numbers are the order of 
magnitude 6 (106) based on the height of the model. 
Therefore, in this speed range, the flow field in the 
foremost bogie area is located in the range       
of subsonic and high Reynolds number, and     
the corresponding aerodynamic excitation 
characteristics are similar. In the following, the 
aerodynamic excitation characteristics in the 
foremost bogie area at 350 km/h are discussed as an 
example. Figures 4 and 5 present the distributions 
of instantaneous velocity and vorticity magnitude, 
respectively, in the vertical mid-plane (y=0 m) and 
the horizontal plane at z=0.05 m. Figure 6 shows 
the instantaneous vortex structure around the 
foremost bogie based on Q-criterion [23] 
(defined by Eq. (4) , with a Q-value of 200000), 

which is colored by the vorticity magnitude. The 
animation made by Figure 4(a) at different 
moments and the animation made by Figure 5(a) at 
different moments can be found in supplementary 
files 1 and 2, respectively.  

2 21= (|| || || || )
2

Q S -                           (4) 
 
where || || is the second norm of the tensor; Ω is the 
vortex tensor, composed of the anti-symmetric part 
of the velocity gradient tensor; S is the strain rate 
tensor, composed of the symmetric part of the 
velocity tensor. 
    According to Figures 4−6 and the above 2 
animations, the flow under the train bottom is 
similar to the jet flow in the Laval nozzle, changes 
violently due to the narrow space, and produces the 
complicated flow structures here. On the whole, this 
flow can be divided into two parts: up and down. 
The up part is close to the train bottom, and is a 
low-speed, strong-vorticity airflow. The down part 
is close to the ground, and it is a high-speed, 
weak-vorticity airflow. The boundary between the 
two parts is not a straight line because of the 
disturbances of the snow-plough and the foremost  

 

 
Figure 4 Velocity distribution around train: (a) Vertical mid-plane; (b) Horizontal plane at z=0.05 m 
 

 
Figure 5 Vorticity distribution around train: (a) Vertical mid-plane; (b) Horizontal plane at z=0.05 m 
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Figure 6 Instantaneous vortex structure distribution 
 
bogie. Downstream the snow-plough, this boundary 
is a continuous wave. Under the foremost bogie, 
this boundary is divided into sections. 
    The flow field around the foremost bogie 
mainly includes 2 large circulating flows. The first 
circulating flow is between the leading edge of the 
cavity and the middle boxes of the bogie (the 
location of the middle boxes is shown in Figure 8). 
The second circulating flow is between the middle 
boxes of the bogie and the tail edge of the cavity. 
There are also smaller scale circulating flows in 
each circulating flow. Compared with the first 
circulating flow, the second circulating flow has 
stronger aerodynamic excitation intensity. 
    At the leading edge of the foremost bogie 
cavity, the shear flow is low-speed, strong-vorticity, 
and is divided into sections by the first circulating 
flow. This shear flow travels downstream, hits the 
front end of the middle boxes, and is divided into 
two parts. One part flows into the bottom of the 
cavity, and participates in the first circulating flow. 
The other part is attached to the bottom of the 
middle boxes, and becomes a new shear flow when 
leaving the rear end of the middle boxes. When the 
new shear flow flows downstream, it is affected by 
the second circulating flow and fluctuates up and 
down. When the shear flow fluctuates upward, it 
can impact the rear axle. When the shear flow 
fluctuates downward, it can approach the ground. 
Finally, the new shear flow crashes into the rear 
wall of the cavity and is divided into two parts. 
One-part flows downstream. The other part flows to 
the bottom of the cavity, and participates in the 
second circulating flow. 
    These flows create a lot of large-scale 
single-pin hairpin vortices around the foremost 

bogie. The hairpin vortices overflow on two sides 
of the cavity and grow along the side wall of the 
train body, which leads to larger single-pin hairpin 
vortices. Compared with the interior of the cavity, 
the vortex structure on the exterior of the cavity has 
a large scale. 
    Figure 7 shows a series of instantaneous 
vorticity magnitude contours at different time on 
the cavity mid-span surface. According to   
Figures 7(a)−(f), the strong periodical vortex 
shedding occurs at the leading-edge of the cavity, 
and then the vortices transport downstream, some 
of them are broken down by the bogie components. 
The vorticity fluctuations come from the shear layer 
and get amplified in the downstream direction. The 
approximate period of this cycle is 0.0015−0.0025 s, 
and the vortex shedding frequency can be estimated 
to be 400−667 Hz. Obvious vortex shedding from 
the cylindrical components is not observed. 
    Figure 8 shows the names of the main 
components of the bogie and the locations of the 
monitoring points. These 10 receiving points are 
arranged at the cavity mid-span, every 0.05 m in the 
x-direction. 
    The dimensionless power spectral density 
analysis of the velocity amplitude at these 10 
measuring points is shown in Figure 9. The power 
density function Eu of u is calculated using the FFT 
algorithm. The reference value of speed amplitude 
power at each point is the total power at the 
corresponding point. Hanning window was used for 
the power spectrum analysis. The overlap rate of 
Hanning window is 60%. The analysis frequency 
range is 0−10 kHz. The frequency resolution is   
20 Hz. 
    According to the similarity degree of power 
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Figure 7 Vorticity magnitude contours at cavity mid-span at six different instants (v=350 km/h): (a) t=t0; (b) t= 
t0+0.0005 s; (c) t=t0+0.001 s; (d) t=t0+0.0015 s; (e) t=t0+0.002 s; (f) t=t0+0.0025 s 
 

 
Figure 8 Schematic diagram of bogie and measuring 
points 
 
spectral density curve, these curves at 10 measuring 
points in Figure 9 can be divided into three 
categories: 1−4 measuring points, 5 and 6 
measuring points, and 7−10 measuring points. 
Measuring points 1−4 are between the leading edge 
of the cavity and the middle boxes of the bogie. 
Measuring points 5 and 6 are located under the 
middle box of the bogie. Measuring points 7−10 are 
between the middle boxes of the bogie and the tail 
edge of the cavity. Combined with the above flow 
field structure analysis, measuring points 1−4 
reflect the characteristics of the first circulating 
flow, measuring points 7−10 reflect the 
characteristics of the second circulation flow, 
measuring points 5 and 6 reflect the characteristics 
of their transition. The power spectral curves at 
these 10 measuring points all show multi peak 
characteristics. Their peak frequencies are shown in 

Figure 9. These peak frequencies will be further 
analyzed in combination with sound field results. 
 
3.2 Far-field radiation noise characters 
    According to the ISO3095-2013 standard, the 
receiving points are arranged 0.4375 m above the 
ground (z=0.4375 m) and 3.125 m away from the 
center line of the train (y=3.125 m), as shown in 
Figure 10. The total number of measuring points is 
16, and the points are arranged every 0.625 m in the 
x-direction. 
    Figure 11 shows the spectrum of the sound 
pressure level at Point 2 radiated by the foremost 
bogie area (divided into the bogie and the cavity). 
Its related parameters, such as window function, 
window overlap ratio and frequency resolution, are 
consistent with the parameters of Figure 9. In the 
200−350 km/h operating speed range, the sound 
pressure level spectrum curves of the foremost 
bogie area have a high degree of similarity, which 
are mainly distributed in the range of 100−1000 Hz. 
    In order to consider the directivity of acoustic 
radiation, the sound pressure levels of the 16 
measuring points in Figure 10 are calculated by 
formulas (5) and (6) to obtain the average 
equivalent radiated acoustic energy density, Iaverage.  
Ii=10SPLi/10                                                 (5)  

16

average
1

1=
16 i

i
I I

=
å                           (6) 
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Figure 9 Speed amplitude power spectral density curves 
at 10 mearing points (incoming flow speed v=350 km/h) 
 

 
Figure 10 Locations of aerodynamic noise observers 
parallel to central line 
 
where I is the equivalent radiated acoustic energy 
density; SPL is the sound pressure level; the  

 

 
Figure 11 Sound pressure level (SPL) spectrum curves at 
Point 2 radiated by foremost bogie and cavity 
 
subscript i represents the serial number of the 
measuring point. 
    Based on Iaverage, Table 1 summarizes the ratio 
of the sound energy of the bogie and the cavity to 
the foremost bogie area. In the foremost bogie area, 
the radiated acoustic energy of the cavity is slightly 
more than that of the bogie. 
 
Table 1 Statistical table of radiated acoustic energy 
(foremost bogie area) 

Inflow 
velocity/(km∙h−1) 

Energy proportion/% 

Bogie Cavity 

200 55.8 44.2 

250 56.4 43.6 

300 57.1 42.9 

350 57.3 42.7 

 
    Figures 12(a) and (b) show the dimensionless 
spectrum (1/3 octave) of Iaverage radiated from the 
foremost bogie and its cavity, respectively. The 
reference value of sound energy for each band is the 
total sound energy. In the speed range of 200−  
350 km/h, their spectra are relatively similar, 
displaying the characteristics of broadband and 
peak. Their peak frequencies are shown in   
Figure 12. This indicates that the aerodynamic 
sound mechanism in the foremost bogie area should 
be consistent in this speed range. 
 
4 Discussion: Noise production 

mechanism of foremost bogie area 
 
    According to the geometric type, the foremost 
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Figure 12 Dimensionless spectrum (1/3 octave) of Iaverage: 
(a) Foremost bogie; (b) Foremost bogie cavity 
 
bogie area components can be divided into two 
types of structures: cavity and rod. The cavity and 
the rod are both strong aerodynamic sound 
generators. Whether the aerodynamic noise in the 
foremost bogie area is dominated by the cavity, rod, 
or both is the focus of this section. 
    Concerning the above discussion results of the 
aerodynamic excitation, the flow field in the 
foremost bogie area is divided into two major 
circulating flows, and their energy suppliers are the 
low-velocity, strong-vorticity shear flow detached 
from the plate. Shear flow oscillation is the main 
mechanism of cavity aerodynamic noise [26]. 
Therefore, it can be preliminarily determined that 
the cavity is one of the main aerodynamic sound 
generators in the bogie area. 
    The cylindrical components of the bogie 
include axles, wheels, bellows, and brake discs, and 
their diameters are 29, 108, 55 and 30 mm, 
respectively. When the airflow flows through the 
cylindrical parts, if the Reynolds number is in the 

high Reynolds number region, the cylindrical 
radiated noise should exhibit a “peak” characteristic 
where the Strouhal number is approximately 0.2. 
Because their Reynolds numbers are the order of 
105, which corresponds to the high Reynolds 
number domain, the peak frequency for different 
flow speeds can be calculated using formula (7). It 
should be noted that the results presented in Table 2 
are derived using the airflow velocity in the main 
stream as the inflow velocity. However, the airflow 
velocity in the bogie region is generally less than 
half of that in main stream. Therefore, if the 
component interference is not considered, their 
peak frequency should be 0.5 times the results 
presented in Table 2, that is, it should be less than 
336 Hz. However, at the inflow velocity of 200,  
250, 300 and 350 km/h, the dimensionless Iaverage 
spectrums do not have peak frequencies below 336 
Hz, which indicates that the rod components do not 
generate the harmonic noise. In addition, no 
significant vortex street structure was found in the 
wake area of the rod. Finally, the shear flow 
detached from the rods coming from the upstream 
shear flow. Therefore, the rod is not the main 
aerodynamic sound generator in the bogie area, but 
it has some interference effect on the aerodynamic 
sound in this area.  

max =
5
u

f
L
¥                                (7) 

 
where L is the diameter of the cylinder. 
 
Table 2 Peak frequency of bogie cylindrical components 

Component Diameter/
mm 

Peak frequency/Hz 

200 km/h 250 km/h 300 km/h 350 km/h 

Axles 29 383.8 479.8 575.7 671.7 

Wheels 108 103.7 129.6 155.5 181.4 

Bellows 55 201.8 252.3 302.8 353.2 

Brake discs 30 371.6 464.5 557.4 650.3 

 
    ROSSITER [26] and ROCKWELL et al [27] 
considered that the shear flow upstream of the 
cavity deviated from the leading edge, impinged on 
the tail edge, and created a pressure feedback 
phenomenon that amplifies the shear layer 
disturbances in selective frequencies. The 
self-sustained oscillation of the cavity can be 
divided into three types: dynamic oscillation, 
resonance oscillation, and elastic oscillation [27]. 
The fluid elastic oscillations should not appear 
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because the train model is treated as rigid and solid, 
and only dynamic and resonance oscillations may 
occur. The fluid-resonant oscillation can not be 
essentially simulated without considering the 
compressibility effect of the flow [28]. 
    The sizes of the bogie cavity are 
approximately 525 mm in the length, 363 mm in 
width, and 100 mm in depth, respectively. The first 
circulating flow was 226 mm in length. The second 
circulating flow was 231 mm in length. Adopting 
Rossiter’s semi-empirical formula of cavity fluid 
dynamic oscillation frequency [29] (see Eq. (8)), 
the fluid dynamic oscillation frequency of the 
cavity is calculated. It should be noted that there 
may be some deviations in the peak frequencies of 
the noise spectra of the bogie and bogie cavity 
between the computed results and the semi- 
empirical data. This discrepancy could be partially 
ascribed to the inaccuracy of Rossiter’s semi- 
empirical formula in low Mach number [30] and 
complex configurations.  

0.25=
+1/0.57n

n vf
M L

-
×                         (8) 

 
where fn is the frequency of the nth mode, n=1, 
2, …; v is inflow speed; L is the cavity length; M is 
the free stream Mach number. 
    Comparing the fluid dynamic oscillations 
frequencies in Tables 3−5 with the peak frequency 
and Figure 12, it can be found that the 2nd and 3rd 
mode dynamic oscillations frequencies (listed in 
Tables 3 and 4, respectively) in the first and second 
circulating flows are in the range of the peak 
frequencies band in Figure 12, and the 6th and 7th 
mode frequencies in Table 5 are in the range of the 
peak frequency band. The 2nd and 3rd mode 
frequencies are more reasonable. The results tend to 
demonstrate that the two circulating flows divided 
by the middle boxes of the bogie dominate the 
aerodynamic noise in the bogie area. To further  
 
Table 3 Frequencies of dynamic oscillations for first 
circulating flow (L=226 mm) 

n 
Frequency/Hz 

200 km/h 250 km/h 300 km/h 350 km/h 

1 96 118 138 158 

2 224 274 322 369 

3 352 431 507 579 

4 480 588 691 790 

5 608 744 875 1000 

Table 4 Frequencies of dynamic oscillations for second 
circulating flow (L=363 mm) 

n 
Frequency/Hz 

200 km/h 250 km/h 300 km/h 350 km/h 

1 94 115 136 155 

2 220 269 316 362 

3 345 423 497 568 

4 471 577 678 775 

5 597 730 858 981 

 
Table 5 Frequencies of dynamic oscillations for whole 
cavity (L=525 mm) 

n 
Frequency/Hz 

200 km/h 250 km/h 300 km/h 350 km/h 

1 41 51 60 68 

2 97 118 139 159 

3 152 186 218 250 

4 207 253 298 340 

5 262 321 377 431 

6 317 388 457 522 

7 373 456 536 613 

 
confirm this, the flow field and sound field results 
of the case in 350 km/h are compared. In Figure 9, 
the dimensionless velocity power spectrum of the 
first circulating flow contains multiple peak 
frequencies, where the peak at 380 Hz is 
significantly larger than other peaks; for the second 
circulating flow, it also contains multiple peak 
frequencies, where the peak at 400 Hz is 
significantly larger than the other peaks. In   
Figure 12, 400 Hz is the peak frequency octave 
band of the dimensionless Iaverage spectrum. The 
peaks of the dimensionless velocity power spectrum 
are coincident with the peak frequency band of the 
dimensionless Iaverage spectrum. The above results 
indeed indicate that it is more reasonable to treat the 
bogie cabin as two cavities when paying attention 
to the aerodynamic sound of the bogie section. 
    Combining these results, it can be confirmed 
that the cavity dominates the aerodynamic noise in 
the bogie area, and the bogie divides the cavity into 
two, thereby changing the aerodynamic noise in the 
bogie area. 
 
5 Conclusions 
 
    In this study, the LES is applied to simulating 
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the fluctuating flow fields in the foremost bogie 
area. Then the FW-H method is used to calculate 
the far-field aerodynamic noise. Finally, the 
aerodynamic excitation and noise in the foremost 
bogie area are used to discuss the aerodynamic 
noise mechanism in this area. The specific 
conclusions are as follows. 
    1) The flow field in the foremost bogie area is 
divided into two by the middle box of the bogie, 
and each part is mainly composed of a large 
circulating flow. Their energy suppliers are the 
low-velocity, strong-vorticity shear flow detached 
from the plate. Each circulating flow produces a 
large number of multi-scale vortex structures. 
    2) In the speed range of 200−350 km/h, the 
far-field noise spectrum of the foremost bogie area 
is similar, mainly distributed in the range of 100− 
1000 Hz. In this area, the radiated sound energy of 
the bogie is slightly less than that of the bogie 
cabin. 
    3) The main geometric types causing 
aerodynamic noise from a bogie is identified. The 
cavity dominates the aerodynamic noise in the 
foremost bogie area, and the bogie divides the 
cavity into two, thereby changing the aerodynamic 
noise in the bogie area. 
 
Supplementary files 
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中文导读 
 

高速列车头车 1 位转向架区域的空气动力噪声特性 
 
摘要：本文采用大涡模拟和 FW-H 声学类比的仿真方法对高速列车头车 1 位转向架气动发声主尺度进

行了分析，获得了该区域气动噪声的发声机理。流场气动激励结果表明，转向架将转向架腔分隔为   
两个腔体，每个腔体内都形成了较大的环流，其流场脉动频谱呈现多峰离散特性。远场噪声结果表明，

在 55.56~97.22 m/s 的速度范围内，转向架区域的气动发声机理是相似的。空腔噪声是高速列车头车   
1 位转向架区域的主要噪声机制，转向架的存在将转向架腔分成两个腔体，改变了该腔的发声模式。 
 
关键词：大涡模拟；高速列车；流场结构；气动噪声；转向架 


