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A B S T R A C T   

Among the various aerodynamic noise sources associated with high-speed trains, the bogie regions, and 
particularly the leading bogie, contribute most to the overall noise. To control this noise, insight into the noise 
generation mechanisms is imperative but relevant studies are limited due to the difficulties of simulating the flow 
in regions with complex geometry. An investigation is presented of the aerodynamic noise from a bogie under the 
leading car of a high-speed train using Delayed Detached Eddy Simulation method. A hybrid grid system is 
utilized to simulate the flow field, which provides input for the far-field noise calculations based on the Ffowcs 
Williams and Hawkings equation. Analysis shows that the outer bogie components experience large pressure 
fluctuations as they are immersed in the shear layer detached from upstream, which is therefore identified as 
playing a critical role in the noise generation. The resulting noise spectra are broadband and dominated by low 
frequencies. Compared with the bogie, the bogie cavity and train nose emit 5 dB greater sound power for the 
current geometry. This study improves understanding of the mechanisms behind the generation of aerodynamic 
noise in train bogies and lays the foundations for future studies of train bogie noise reduction.   

1. Introduction 

As the speeds of high-speed trains continue to rise, the associated 
aerodynamic problems become more significant. On the one hand, 
aerodynamic issues, such as the aerodynamic drag, energy consumption, 
slipstreams, ballast flight, and trains passing through tunnels draw more 
and more attention (Ricco et al., 2007; Baker, 2014; Bell et al., 2015; 
Jing et al., 2019; Tian, 2019; Guo et al., 2020). On the other hand, it 
becomes imperative to mitigate the environmental impacts due to 
aerodynamic noise (Thompson et al., 2015; Tian, 2019). The increase in 
running speed of trains results in a more rapid growth of aerodynamic 
noise compared to other sources such as rolling noise. Thompson et al. 
(2015) found that the aerodynamic noise becomes dominant when train 
speeds exceed approximately 350 km/h. Among the various aero-
dynamic noise source regions, such as the pantographs, gaps between 
coaches, and the wake region, the bogie regions make the most sub-
stantial contribution to the overall noise (Thompson et al., 2015). 
Although the pantographs may produce high noise peaks during the 
train pass-by, there are many more bogies than pantographs on a train, 
so the bogies dominate the overall pass-by noise (Thompson et al., 2015; 
Li et al., 2020; Liu et al., 2021). Furthermore, the leading bogie is 

identified as the one that not only produces the highest drag but also 
forms the strongest noise source compared with other bogies (Nagakura, 
2006; Lauterbach et al., 2012; Guo et al., 2022). Therefore, to effectively 
manage the overall aerodynamic noise of high-speed trains, it is 
imperative to understand the noise generation mechanisms and the 
distinctive aerodynamic noise characteristics of bogies, particularly the 
leading one. 

Experiments employing scaled models have previously been con-
ducted to investigate the characteristics of aerodynamic noise produced 
by train bogies. Lauterbach et al. (2012) conducted experiments using a 
1/25 scale train model in a cryogenic wind tunnel to investigate the 
dependence of aerodynamic noise generation on Reynolds number and 
Mach number. The noise generated by the leading bogie was found to be 
only weakly dependent on Reynolds number; the speed power law 
exponent was approximately equal to 6 over a wide range of Reynolds 
numbers. Latorre Iglesias et al. (2017) measured the aerodynamic noise 
from a 1/7 scale bogie mounted under a model train body in a wind 
tunnel, and found that the noise spectrum was dominated by low fre-
quencies, which was also found by Lauterbach et al. (2012). Yamazaki 
et al. (2019) also conducted experiments using a 1/7 scale model. A 
two-dimensional microphone array, positioned at the trackside, was 
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employed to measure the aerodynamic noise produced by various con-
figurations of the bogie, situated within the cavity under the train 
model. The results showed that the wheelsets, as well as the motors and 
the brakes, have a significant impact on the bogie aerodynamic noise. 

Although some experiments such as these have been conducted to 
investigate the bogie aerodynamic noise, the mechanisms responsible 
for its generation remain not fully comprehended. Therefore, it is 
necessary to adopt numerical methods to facilitate the understanding. 
For numerical simulations of aerodynamic noise in an industrial context, 
the most popular approach is a hybrid one, which uses a combination of 
Computational Fluid Dynamics (CFD) and Computational AeroAcoustics 
(CAA) based on an acoustic analogy (Harwood and Dupère, 2016). 

In such a hybrid approach, the CFD analysis is a critical step because 
its results provide noise source information for the noise prediction of 
the next step. For industrial CFD simulations, one of the long-standing 
challenges is to generate an affordably sized grid with sufficient qual-
ity. Some numerical studies have been conducted for whole train 
models, including the bogies (Sima et al., 2008; Lan and Han, 2017; Zhu 
et al., 2017a; Dong et al., 2019; Liang et al., 2020). However, most of 
these studies focused on the general flow field without providing details 
of the grid used or the details of the flow field around the bogie. Due to 
its complex geometry, the discretisation of the region around the bogie 
with an appropriate CFD mesh becomes a bottleneck. 

To discretise the domain using a structured hexahedral grid, Zhu 
et al. (2016) greatly simplified the bogie geometry, and only included 
the wheelsets and a highly simplified bogie frame. In the initial simu-
lations, the bogie cavity under the train was omitted and for this situ-
ation the results indicated that the wheelsets produced a greater amount 
of dipole noise compared to that generated by the frame. Zhu et al. 
(2018) again utilized a structured grid approach to investigate the 
aerodynamic noise produced by a simplified bogie positioned within a 
bogie cavity, both with and without the inclusion of a fairing. It was 
found that the primary contributors to the dipole noise were pressure 
fluctuations resulting from vortex shedding and flow separation around 
the geometrical features. Due to the fairing the flow unsteadiness does 
not enter the bogie cavity and interact with bogie components, and this 
can reduce the pressure fluctuation outside the cavity, leading to a 
reduction of the far-field noise. 

To discretise a bogie with complex geometry, He et al. (2021) 
introduced a hybrid grid technique, which combines hexahedral ele-
ments near solid surfaces and polyhedral elements in the remaining 
volume. This grid configuration was employed for simulating the dipole 
noise generated by a bogie with most of its components located in a 
simplified cavity. The results, which are consistent with the experi-
mental research by Sawamura et al. (2021), showed that the rear part of 
the bogie had stronger noise sources than the front part, while the noise 
contribution from the cavity walls was dominant. 

However, the numerical simulations considered above either have an 
insufficiently refined grid in the boundary layer regions, an over- 
simplified bogie structure, or do not consider the effect of the turbu-
lent inflow from upstream. 

To simulate wall-bounded flow accurately, especially in cases 
involving flow separation, the grid distribution in the boundary layer 
region is known to be particularly critical (Spalart and Allmaras, 1992; 
Shur et al., 1999; Spalart and Streett, 2001). In particular, the 
non-dimensional height of the first boundary layer grid y+ should be 
sufficiently small, usually y+< 1 (y+ = yuτ/ν, where y is the distance of 
the first grid to the wall, uτ is the friction velocity, and ν is the kinematic 
viscosity). This ensures sufficient resolution of the viscosity sublayer, 
which, although thin, is very important for accurate simulations of the 
shear stress and momentum transportation in the boundary layer (Craft 
et al., 2006). Therefore, to resolve the boundary layer flow, it requires a 
large proportion of the total number of grid cells to be assigned to this 
region. In the context of industrial simulations, wall functions, which are 
empirical algebraic formulae that can provide overall flow properties of 
the sublayers, could be used to reduce the number of grid cells within the 

boundary layer (Eça et al., 2015). The wall functions can usually provide 
flow properties such as velocity, shear stress, turbulent kinetic energy, 
and length scale. However, these flow properties are empirical or 
semi-empirical, making them suitable primarily for straightforward 
near-wall flows. With more complex, non-equilibrium flow, reliance on 
such properties can result in significant errors (Craft et al., 2004; Eça 
et al., 2015). Furthermore, to predict aerodynamic noise, which requires 
higher accuracy in predicting flow fluctuations (Carley, 2011), the 
quality and resolution of the boundary layer grid are even more critical. 
Thus, for simulations of aerodynamic noise generated by complex ge-
ometries, high resolution grids are preferred for the boundary layer. 

It is pointed out by Guo et al. (2020) that simplification of the bogie 
geometry can significantly affect the high-speed train aerodynamics. In 
crosswinds, the increase in positive and negative pressures in the bogie 
cavities is affected by the degree of simplification of the bogie structure, 
whereas that on the cavity roof is mostly unaffected. Consequently, it is 
reasonable to suppose that, when the geometry of the bogies is unreal-
istic, the flow state will be also unrealistic and thereby the aerodynamic 
noise generated from the flow field will deviate from reality. Thus, to 
ensure the simulated flow that closely resembles practical one, the bogie 
geometry included in the model should be as realistic as possible. 

To calculate the noise generated by a realistic leading bogie, the nose 
of the train should be included in the simulation model. Minelli et al. 
(2020) investigated the aerodynamic noise generated by the nose of an 
ICE3 train, without a bogie in the cavity, using compressible improved 
delayed detached eddy simulations (IDDES). The jet flow below the 
cowcatcher and the lateral shear layer at the sides of the cavity were 
investigated. It was found that the jet flow predominantly interacts with 
the ground surface and the components situated beneath the train, 
whereas the lateral shear layer flow impacts components in close 
proximity to the cavity’s sides. Moreover, Guo et al. (2022) investigated 
the impact from cowcatcher clearance on leading car aerodynamics. It 
was also found that the state of the turbulence from upstream exerts a 
substantial influence on the surface pressure at the underside of the 
leading bogie, which is produced by the impingement from the turbulent 
flow through the cowcatcher clearance. 

The aims of this paper are to investigate the aerodynamic noise 
generated by the leading bogie of a high-speed train and provide insight 
into its noise generation mechanisms. Numerical simulations of the flow 
field around the bogie are performed and the aerodynamic noise is 
predicted. The bogie model retains most of its components and, to 
consider the effect of the turbulent inflow from upstream, it is positioned 
beneath the leading car of a high-speed train. To guarantee a sufficient 
grid resolution within the boundary layer region, the hybrid grid system, 
which was explored by He et al. (2021), is further developed and applied 
to discretise the complex geometry. To facilitate feasible numerical 
calculations, the physical scale of the model and the inflow velocity have 
been reduced. The flow field around the leading bogie, the dipole noise 
source distribution on the solid surfaces, and the characteristics of the 
aerodynamic noise are calculated and discussed, revealing the dipole 
noise generation mechanisms. 

The paper is organized as follows: Section 2 introduces the model 
geometry, numerical set-up, and the discretisation. Validation of the 
method is presented in Section 3. Section 4 provides an analysis of the 
aerodynamic results including the flow structures. The noise source 
analysis and the far-field noise are discussed in Sections 5 and 6. Finally, 
Section 7 presents the findings and conclusions of the study. 

2. CFD case description and numerical settings 

2.1. Model geometry and numerical settings 

To carry out simulations for a more realistic case, a computational 
model is developed that contains a detailed bogie, retaining most of its 
components, installed beneath the leading car body, as shown in Fig. 1 
(a). The car body encompasses a train nose, a cowcatcher situated 
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beneath it, a bogie cavity and part of the rear car body. The main di-
mensions are indicated in terms of the height of the train body H0. The 
train nose section refers to the front part of the car body, up to a point 
that is 0.5H0 behind the rear wall of the bogie cavity. To attenuate po-
tential influences from the outlet boundary condition at the downstream 
end, the first carriage is carefully truncated. This truncation is applied at 
a point 3.5H0 behind the rear wall of the bogie cavity, just before 
reaching the location of the second bogie cavity (which is omitted). The 
analysis focuses on the leading bogie; the slipstream, wake, and flow 
features related to subsequent bogie cavities and inter-car gaps are 
neglected. 

Fig. 1(b) displays the bogie model, which is the same as used by He 
et al. (2021) and contains all the main bogie components. To compare 
the noise levels emitted by different parts of the bogie, it is categorised 
into three groups: the upstream and downstream ‘dynamic’ components 
and the frame. The upstream and downstream dynamic components 
include the respective wheelsets, gear boxes, motors, and axle boxes; the 
group of components associated with the frame includes the air springs, 
lateral and vertical dampers at the two sides, and the bogie frame itself. 

To reduce the computational cost to a manageable level, both the 
physical size of the model and the incoming flow speed were scaled 
down. The model dimensions were reduced to 1/12 of the full scale; the 
flow speed was lowered to 10 m/s, equivalent to 1/11 of the original 
speed of 110 m/s or 400 km/h. The Reynolds number is 2.11 × 105 

based on the height of train model H0 (0.316 m) or 1.91 × 105 based on 
the width of the train model (0.287 m). The selection of this Reynolds 
number is based on the experimental research by Lauterbach et al. 
(2012). The Reynolds number of the computational model in Fig. 1 (a) 
exceeds the minimum Reynolds number of 1.53 × 105, based on the 

train width, established in the experiments of Lauterbach et al. (2012). 
This ensures that the results obtained are largely independent of Rey-
nolds number. When choosing the scale ratios for the physical size and 
train speed, a size ratio close to the speed ratio was opted. This approach 
ensures that the Strouhal number is least affected, which enhances the 
similarity of the flow field between the scaled model and the original 
model in the frequency domain. The Strouhal number St is defined as 
follows: 

St=
fD
U

(1)  

where f is the frequency of the oscillation, D is the characteristic 
dimension of the model and U is the flow speed relative to the model. 
The full speed of the train is taken as 400 km/h or about 110 m/s. An 
integer value for the scaled speed (10 m/s) was preferred when selecting 
the speed ratio. Thus, the scale ratio of speed is 1/11. However, for 
simplicity, the effect on the frequencies of the factor 11/12 has been 
neglected. 

It is worth mentioning that this reduction of the Reynolds number 
may introduce a certain level of error to the absolute noise level when 
scaling it to the Reynolds number of High-speed trains. This is particu-
larly true for the noise information at high frequencies, as it is typically 
generated by flow regimes that are less influenced by the dimensions of 
the bogie geometry but are more significantly affected by local viscous 
flow conditions. However, as indicated by the literature reviewed in the 
Introduction section, the bogie noise is dominated by low frequencies 
and the noise at high frequencies is of secondary importance. Further-
more, the results will pertain to the relative effects, such as the contri-
butions to the sound pressure levels and sound power levels from 

Fig. 1. Computational model and domain dimensions. (a) Side view of the model; (b) geometry of the bogie; (c) computational domain dimensions.  
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different components, as well as the areas identified with strong noise 
sources, are not expected to be significantly affected by the Reynolds 
number reduction. 

The full computational domain is shown in Fig. 1(c), with di-
mensions defined in terms of H0. To minimize the influence of the 
domain boundaries and improve the simulation stability, the front inlet 
plane is set at a distance of around 10H0 from the train nose. The dis-
tance between the two side planes is 18H0 and the top plane is around 
14H0 away from the roof of the car body; this ensures the blockage ratio 
due to the train remains below 0.4%. In addition, for simplicity the 
ground is positioned 20.83 mm (scaled size) below the wheels while 
both the rails and the track structure are excluded, as also done by 
Minelli et al. (2020) and Guo et al. (2022). It should be noted that, for 
the sake of computational affordability, only the leading carriage will be 
simulated, while the rear part of the train will be omitted. As shown in 
Fig. 1(a), the truncation surface is located at 3.5H0 away from the rear 
wall of the cavity. A zero-pressure outflow boundary condition is set at 
the truncation surface. It should be noticed that the pressure on the 
truncation surface is not precisely zero, particularly in the boundary 
layer, due to the non-uniform outflow field. However, with carefully 
chosen distance (3.5 H0) from the leading bogie region, the 
non-uniformity of the flow will decay and the flow field at the outlet 
plane will become considerably more uniform than upstream. Further-
more, at a certain distance downstream boundary, the pressure will tend 
to approach zero near the train’s solid surface, even though it may not be 
exactly zero within the boundary layer (Zhang et al., 2018; Gao et al., 
2019). The same boundary condition has been employed at the outlet 
plane in similar scenarios in numerical research conducted by Zhu et al. 
(2016) and Kim et al. (2020), and the numerical results demonstrate 
good agreement with the experimental data. 

2.2. Numerical set-up 

To facilitate the CFD simulations, a coordinate system centred on the 
train is adopted. In this coordinate system, the train remains stationary, 
while the ground and the incident flow move in the opposite direction at 
the running speed of the train. As seen in Fig. 1(c), the inlet plane is 
specified as a velocity inlet boundary condition (10 m/s) and the outlet 
plane is assigned a zero-pressure outlet boundary condition. Symmetry 
boundary conditions are applied to the two side and top planes. All solid 
surfaces of the computational model are set as non-slip walls. Zhu et al. 
(2017b) pointed out that the boundary condition applied at the ground 
has a significant impact on the flow under the bogie. Thus, to take ac-
count of the relative motion between the train and ground, the ground is 
specified as a moving wall with non-slip condition. 

Considering that high-speed trains typically operate at speeds below 
a Mach number of 0.3, the incompressible Navier-Stokes equations are 
solved to obtain the unsteady flow field (Chung, 2002). To balance the 
simulation accuracy and computational cost, the Delayed Detached 
Eddy Simulation (DDES) is employed, using the Spalart–Allmaras (S-A) 
turbulence model (Spalart et al., 2006). The DDES method has been 
applied effectively in simulating aerodynamic noise for models with 
complex geometry, such as train bogies (Zhu et al., 2016; Guo et al., 
2020) and airplane landing gears (Vuillot et al., 2012; Oza et al., 2016; 
Ricciardi et al., 2021). The noise calculations derived from the DDES 
method in OpenFOAM 2.4.0 have been validated through experiments 
conducted in previous research. This validation includes various basic 
geometric elements of the bogie, including circular cylinders (Liu et al., 
2019), square cylinders (Liu et al., 2018), and cubes (Wang et al., 2019), 
and simplified bogie components such as isolated wheelsets (Zhu et al., 
2017), tandem wheelsets (Zhu et al., 2016), and very simplified bogies 
(Zhu et al., 2016). 

Prior to the unsteady simulation using DDES, the steady Reynolds- 
averaged N–S equations are solved, with the S-A turbulence model, to 
initialize the flow field. The flow simulation is conducted by using 
OpenFOAM 2.4.0. To maintain computational stability and 

simultaneously achieve sufficiently accurate results, in the discretisation 
of the divergence term, a second-order Total Variation Diminishing 
(TVD) scheme is implemented. For the convection term, the Gauss linear 
interpolation scheme is utilized. This scheme necessitates a grid that is of 
high quality and has a uniform distribution to deliver accurate results 
and maintain computational stability. A second-order implicit temporal 
scheme is chosen, which is known as “backward time marching” in 
OpenFOAM. 

2.3. Grid strategy 

As mentioned in Section 1, aeroacoustic simulations for flow over 
solid structures require high quality and fine resolution grids, especially 
within boundary layers. At the same time, the problem geometry is too 
complex to allow a structured grid to be used throughout. Therefore, a 
hybrid grid, as has been explored by He et al. (2021), was adopted to 
discretise the model shown in Fig. 1. A hexahedral grid is generated to 
cover the boundary layer around the solid surfaces and a tetrahedral grid 
is implemented in the region away from the walls. These grids are 
generated in ANSYS ICEM and the tetrahedral grid is finally converted to 
a polyhedral one in ANSYS Fluent. 

The hexahedral grid for the bogie in the current simulations adopts 
the same grid density as suggested by the grid dependence study carried 
out for the same bogie by He (2023). In the boundary layer, there are 25 
grid layers with an expansion ratio of 1.1 and the first grid near the bogie 
surface was adjusted to ensure the values of y + are smaller than 1; the 
maximum aspect ratios of the cells close to the bogie components range 
from 65 to 128, which is acceptable. To decide grid parameters for the 
car body, a half-width model without bogie was employed in a grid 
dependence study. The computational domain and boundary conditions 
remain consistent with those detailed in Section 2.2 apart from a sym-
metry condition that is applied at the mid-plane, which is due to halving 
the model. It should be noted that using a half-model and applying a 
symmetry boundary condition at the mid-plane will introduce some 
changes to the local flow. This is because the symmetry boundary con-
dition prevents mass flow perturbations at the mid-plane. However, 
these perturbations are not expected to be significant because the car 
body is symmetrical at the mid-plane. Even though there may be some 
differences in the flow field near the cowcatcher area due to vortex 
shedding, it is not anticipated to affect the results of the grid study. 

In the grid generation, three refinement zones have been imple-
mented. The first zone encompasses the entire car body and employs the 
largest grid size. The second zone covers the train nose, cowcatcher, and 
the bogie region, using an intermediate grid size. The third zone, with 
the finest grid, is exclusively dedicated to the region covering the 
cowcatcher and bogie cavity, as these are the areas of primary interest in 
this simulation. Five cases were run with different mesh density, deno-
ted by case A-E, as listed in Table 1. Case A has the coarsest grid; case B is 
a baseline case and has a finer grid than case A. The hexahedral grid 
remains unchanged in the wall normal direction, while refinements are 
exclusively applied in the streamwise and circumferential directions. 
Compared with case B, the surfaces of the train nose and cowcatcher are 
refined for case C, while in case D only the volume grid is refined. Case E 
has the finest grid in all regions. In all cases, the first layers of the 
hexahedral grid were carefully selected to maintain y + values below 1 

Table 1 
Key flow and grid parameters for grid refinement study.  

Feature case A B C D E 

Max. aspect ratio 175 115 95 115 85 
Refinement size (mm) 2.7 2.0 2.0 1.5 1.5 
Number of cells (million) 3.9 8.4 10.1 9.9 15.5 
Cd 0.151 0.139 0.140 0.139 0.136 
Cl − 0.133 − 0.129 − 0.130 − 0.130 − 0.132 
SPL (dB) 97.2 95.5 95.6 95.5 95.2  
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and the expansion ratio was consistently set at 1.1. The mesh around the 
train nose and within the bogie cavity was particularly refined. 

Table 1 lists key flow and meshing parameters for the five cases. The 
mean drag coefficients for all cases, except case A, are found to be within 
5% of the results obtained for case E, while the mean lift coefficients are 
within 2.3%. The sound pressure level (SPL) is also calculated at a 
receiver situated to the side of the train at 20 m from the bogie centre. 
The discrepancy in SPL is generally less than 0.5 dB except for case A, 
which exhibits a difference of 2 dB. Therefore, it is recommended to 
prioritize the grid parameters from case B when discretizing the full 
model. To improve grid quality at the junction with the bogie grid, 
localized variations in grid density are implemented when the bogie is 
included. These variations fall between those employed in cases C and D. 

Based on this grid refinement study, and the one conducted by He 
(2023) for the bogie, the final grid of the full model shown in Fig. 1 is 
generated with about 36.4 million cells, which consist of 17.7 million 
hexahedral and 18.7 polyhedral cells. Fig. 2 illustrates the grid distri-
bution in the bogie region, specifically in a horizontal plane through the 
wheel centres. As shown in the expanded view in Fig. 2(b), transitional 
hexahedral volume grids are strategically utilized to connect the 
boundary layer grid with the polyhedral volume grid wherever feasible. 
This improves the grid quality in the proximity of the interfaces, and it 
effectively mitigates any flow disruptions attributed to grid transitions 
at these interfaces. Furthermore, this is a good general practice as these 
interfaces are typically located near solid boundaries, where the flow 
undergoes rapid changes; it should therefore be applied whenever 
possible. In tight spaces, such as where the wheel surface closely ap-
proaches the axle box, as illustrated in Fig. 2 (b), great care is taken 
when creating a direct connection between these two different types of 
grid. The height of the outermost cell within the structured grid, posi-
tioned near the interface, is of great importance as it directly impacts the 
orthogonality of the nearby polyhedral grid. Therefore, it is imperative 
to endeavour towards maintaining a minimal discrepancy in volume 
between the adjacent hexahedral and polyhedral cells at the interface. 

3. Methodology validation 

The isolated wheelset case, previously studied through both experi-
mental and numerical analyses by Zhu et al. (2014), is chosen to validate 
the numerical methodology employed in this study. As in the original 
study, the wheelset is modelled at a scale of 1:10 and, to reduce the 
computational cost, simulations were run for half of the wheelset with a 
symmetry condition applied at the centre plane, and the wheel shape 
was idealized to a flat disc. The diameter of the wheel is 92 mm and the 
inflow velocity is 30 m/s; other parameters of the wheelset geometry 
and computational domain can be found in Zhu et al. (2014). 

The same hybrid approach is used as for the bogie simulations. The 
surface grid on the wheelset is shown in Fig. 3. In the boundary layer 
region, there are 25 prism layers based on a stretching ratio of 1.1. The 

first boundary layer grid is fine-tuned to ensure that y + on the wheel 
surface remains below 1. In addition, there are 10 additional transition 
layers located outside the boundary layer to facilitate a smooth transi-
tion from the structured grid to the polyhedral one. In the polyhedral 
volume grid, two refinement zones are established around the wheelset. 
The inner one encloses the wheelset, while the outer one surrounds it 
and is three times larger. In the inner zone, the maximum mesh size is 1 
mm, while in the outer zone it is 5 mm. The structured mesh employed 
by Zhu et al. (2014) had 5.5 million cells, whereas, in the current 
simulation, it has been reduced to approximately 3.2 million by 
employing the hybrid grid. 

The numerical approach introduced in Section 2.2 is consistently 
applied in the current simulation. In the unsteady DDES simulation, a 
physical time step of 3 × 10− 6 s is used to maintain a maximum Cou-
rant–Friedrichs–Lewy (CFL) number below 3.5. Data collection for flow 
statistics and noise source information commences after 0.4 s. The total 
data sampling time is 0.55 s, which is roughly equivalent to passing the 
wheel diameter 180 times. 

Fig. 4 shows the noise spectra at two receiver locations used by Zhu 
et al. (2014). These are defined based on the coordinate system shown in 
Fig. 3, with the origin located at the outer end of the axle. The top 
receiver is located at (− 0.018, 1.375, 0.0313) and the side receiver at (0, 
0.185, 2.2113), in which the dimensions are all given in metres. To 
compare with data from Zhu et al. (2014), the power spectral densities 
(PSD) were converted to SPL spectra with Δf= 6 Hz. The current results 
from the hybrid grid agree with those from the structured hexahedral 
grid of Zhu et al. (2014). In comparison to the measurements conducted 
by Zhu et al. (2014), the spectra are predicted with a similar shape, with 
variations in the peak frequencies being under 3%. In Fig. 4(a), at the top 
receiver, the numerical predictions of the peak using both methods 
exceed the measured one by approximately 5.5 dB. This difference may 
be due to approximations introduced in the CFD model, such as 
modelling the wall as a symmetry plane, as explained by Zhu et al. 
(2014). In Fig. 4(b), at the side receiver, the background noise in the 

Fig. 2. Mesh distribution on a horizontal plane in the domain. (a) Overall view of the mesh on a horizontal slice; (b) local enlarged view (rotated 90◦ clockwise).  

Fig. 3. Wheel surface grid. (a) Front view; (b) oblique view.  
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wind tunnel has a significant impact on the experimental results, 
particularly at low frequencies, as noted by Zhu et al. (2014). Conse-
quently, these values are higher than those obtained from the numerical 
results. However, the peaks in the numerical and experimental results 
are very close, with a difference smaller than 1.5 dB. 

Based on these simulation results, it can be inferred that the per-
formance of the hybrid grid is comparable to that of the structured 
hexahedral grid. The agreement between the numerical results and 
experimental data further validates the both the hybrid grid concept and 
the numerical settings adopted in Section 2. 

4. Aerodynamic results 

Before the unsteady simulation for the complete model depicted in 
Fig. 1 was conducted, a steady RANS simulation was performed using 
the S-A turbulence model to initialize the flow field. The steady calcu-
lation required approximately 4000 iterations to achieve convergence. 
The unsteady simulation was conducted using a physical time step of 2×

10− 5 s, ensuring that the maximum CFL remains below 5. The simula-
tion is conducted for approximately 4.3 s, which corresponds to 120 
flow-through times of the bogie cavity. Data collection begins once the 
simulation reaches statistical stability, a process requiring 

approximately 0.6 s, and it concludes when the statistical convergence is 
achieved in the collected force coefficients. The computational wall- 
time for this process totalled about 650 h, utilizing 640 processors on 
the Iridis5 cluster at the University of Southampton. 

Fig. 5 displays the mean flow streamlines around the leading car. As 
indicated by the red arrows in Fig. 5(a), at the bottom, the flow from 
upstream is split by the cowcatcher. At the cowcatcher front edge, a 
portion of the flow separates and travels beneath it toward the bogie 
cavity, exerting a substantial influence on the flow dynamics within the 
cavity. Meanwhile, the rest of the flow moves along both sides of the 
cowcatcher (Fig. 5(b)). As can be noted in Fig. 5(c), the flow along the 
side of the cavity comprises two distinct components. One component 
originates from the streamlines split by the train nose, with a portion 
entering the cavity and contributing to the formation of vortices at the 
rear section of the bogie cavity, as highlighted by the blue arrows in 
Fig. 5(c). The other component results from the flow division by the 
cowcatcher front face, leading to the creation of vortices at the front of 
the cavity, as denoted by the red arrows in Fig. 5(c). Those vortices cause 
strong unsteadiness in the cavity flow, which interacts with the bogie 
and generates aerodynamic noise sources. 

The presence of the bogie cavity provides some shielding to the 
bogie, resulting in a less impact on the inner components from the up-
stream flow compared to the outer components. To provide a detailed 

Fig. 4. Comparisons of the far-field noise spectra. (a) Top receiver; (b) side receiver.  

Fig. 5. Mean streamlines for flow over the leading car nose. (a) Bottom streamlines; (b) side streamlines; (c) vortex streamlines in the cavity.  
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view of the flow field around the bogie, Fig. 6 displays the streamlines on 
three slices superposed with contours representing the mean streamwise 
velocity. Fig. 7 shows the instantaneous pressure coefficient: 

Cp = p
/(

1
2

ρU0
2
)

(2)  

where p is instantaneous pressure, ρ is the density of air and U0 is free- 
stream velocity) on two of these three planes. Figs. 6(a) and Fig. 7(a) 
show a horizontal slice at the centre of the axles. As a result of the 
curvature of the train nose, the flow velocity at the leading edge of the 
cavity increases to approximately 1.1U0 after being split by the train 
nose. Subsequently, the shear layer along the side surface of the train 
separates from the leading edge of the cavity. Low pressure cores within 
the shear layer can be clearly seen in Fig. 7(a), which are characterized 
as shear vortices (Minelli et al., 2020). These vortices are generated due 
to the Kelvin-Helmholtz instability within the shear layer, a phenome-
non that typically arises in separated shear layers around bluff bodies 
(Brun et al., 2008). As the flow develops further downstream, the de-
tached shear layer disperses. Some large vortices, formed within the 
shear layer, penetrate into the cavity propelled by the high-speed flow 
from the train side. These vortices have a notable effect on the rear 
section of the cavity and the bogie, particularly on components situated 
near the outside of the cavity. 

Fig. 6(b and c) show the detailed flow field on two vertical slices that 
pass through the centres of the bogie and the middle of the wheels. 
Notably, the incoming flow experiences acceleration to approximately 
1.25U0 beneath the cowcatcher due to the decreased gap under it. 
Additionally, it can be noted from Fig. 7(b) that a separation zone ap-
pears immediately following the front edge of the cowcatcher. This 
separation zone causes increased blockage, consequently leading to a 
further acceleration in the flow under the cowcatcher. Subsequently, as 
the flow exits the cowcatcher region and enters the cavity, it experiences 
a sudden expansion, resulting in a significant reduction in velocity, 
particularly towards the rear section of the cavity. Unlike the two sides 
of the cavity, a greater flow is entrained into the cavity from underneath, 
as shown in Fig. 6(b) and (c). Within the cavity, the airflow circulates at 
a considerably lower speed, flowing from the rear to the front along the 
roof of the cavity. Therefore, it seems that the outer parts of the bogie, 
including the bottom and its two sides, are more affected by the tur-
bulent flow from upstream. 

The discussion above showed that the bogie is exposed to the tur-

bulent shear layer separated from the front edges of both the cowcatcher 
and the cavity. It is expected that this interaction between the exposed 
components and the shear layer would produce strong noise sources. In 
Fig. 8, the turbulence structures are visualized through the presentation 
of iso-surfaces of Qnorm, which is the normalized Q criterion. The Q cri-
terion represents the second invariant of the gradient of velocity: 

Q= 1 / 2
(
ΩijΩij − SijSij

)
(3)  

where Ωij= 1 /2(∂ui /∂xj− ∂uj /∂xi) is the vorticity tensor and 
Sij= 1 /2(∂ui /∂xj+∂uj /∂xi) is the strain rate tensor. Qnorm is calculated: 

Qnorm =Q
/
(U0/H0)

2 (4)  

where U0 represents the free stream speed and H0 is the car body height. 
The plot corresponds to a value of 12. The iso-surfaces are coloured 
based on the normalized time-averaged streamwise velocity U/U0. 

Fig. 8(a) shows the bottom view of the model, from which the 
vortices emanating from the front section of the cowcatcher are clearly 
visible. As illustrated in Fig. 5(a), the incoming flow encounters the 
cowcatcher and subsequently separates at its front edges, creating a 
wake with high turbulence intensity beneath the train. The flow also 
moves along the cowcatcher’s sides and separates towards the termi-
nation of its arc. This separation leads to the creation of a detached wake 
at the cavity front edge, clearly observable in Fig. 8(b), which gives a 
side view of the model. Consequently, the components of the bogie are 
situated within the intense turbulent wake and are exposed to a complex 
incoming flow. In addition, the vortices behind the bogie cavity disperse 
much more rapidly compared with the flow patterns established at the 
bogie region. Considered together with the mean velocity shown in 
Fig. 6, it appears that the rear wall of the cavity impedes further 
development of the wake. Some of the vortices in the wake enter the 
cavity, impinge on the cavity rear wall and deform, as was also found by 
Zhu et al. (2016). This turbulent flow entrainment causes large pressure 
fluctuations on the cavity and bogie surfaces, especially on the cavity 
rear wall and surfaces of bogie side components. 

Fig. 9(a and b) show the instantaneous spanwise vorticity field on 
two slices at different spanwise locations, along train mid-plane and 
through wheel centre-plane. The wake that separates from the 
cowcatcher exhibits significant vorticity. As it progresses downstream, 
impingement by the strong vortical wake occurs on the lower segments 

Fig. 6. Contours of the mean streamwise velocity and 2D streamlines on slices. H0 is the height of the car body. (a) Horizontal slice through the wheel centres; (b) 
middle vertical slice; (c) vertical slice through wheel centres. 
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of the bogie front components, including the underside of the frame, the 
front motors, and wheels. This impingement elevates the wake turbu-
lence intensity, resulting in a more extensive dispersion of the wake. 
Consequently, a larger portion of the bogie’s rear components are sub-
ject to the turbulent flow within the wake, which introduces high in-
tensity pressure oscillations on their surfaces and will generate 
significant dipole noise. This is shown clearly in the horizontal slice 
through the centre of the axle, given in Fig. 9(c). The detached shear 
layer interacts with the bogie side components, including the axle boxes 
and the side dampers. This is the main reason, as will be analysed in 
more detail in next section, why the rear part of the cavity has stronger 
noise sources than the front. 

5. Noise source analysis 

As discussed in Section 4, the flow field in the bogie region exhibits 
high complexity and unsteadiness; this generates strong pressure oscil-
lations on the surfaces of the bogie and cavity, which form the sources of 
dipole noise. The dipole noise sources originate from the presence of 
solid surfaces. This presence either generates or amplifies unsteady flow 
phenomena, such as vortex shedding, flow separation (Wang et al., 
2005) or impingement. In the context of far-field noise analysis, the rate 
of pressure change, denoted as dp/dt, on the surface can serve as an 
indicator of sound source strength (Curle, 1955). To locate areas with 
strong noise sources, Fig. 10 displays its level, integrated across the 
frequency ranging from 20 Hz to 1600 Hz: 

Fig. 7. Instantaneous field of pressure coefficient Cp on 2D planes. H0 is the height of the car body. (a) Horizontal slice through the wheel centres; (b) vertical slice 
through the wheel centre. 

Fig. 8. Instantaneous flow structures represented by Q/(U0/H0)
2 at a value of 12, coloured by U/U0. (a) Bottom view of the model; (b) side view of the model.  
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Lṗ= 10log10

(∫ f2

f1
PSDdf

)

(5)  

where PSD is the power spectra density of the dp/dt signal; f1 and f2 are 
the integral frequency limits. 

Fig. 10 reveals that the lower portion of the model, encompassing 
both the cowcatcher and the lower surfaces of the components of the 
bogie, exhibits significant noise sources. This phenomenon is attributed 
to the interaction of this region with the strong turbulent wake, as 
depicted in Fig. 8(a), which separates from the cowcatcher front edge. 
This observation aligns with the experimental findings reported by 
Nagakura (2006). Although the cowcatcher is positioned at a lower level 
compared to all the bogie components except for the wheels, it appears 
that the bogie components do not receive significant shielding benefits. 

This is because of the abrupt flow expansion occurring behind the 
cowcatcher as it enters the bogie cavity. This expansion causes the 
high-speed flow beneath the cowcatcher to spread when entering the 
bogie area, subsequently introducing the turbulent wake into the cavity. 

Strong pressure fluctuations are also evident on the bogie side 
components, including the vertical dampers, lateral dampers, and the 
side sections of the bolster. This region is primarily influenced by the 
shear layer separated from the cavity side edges, as illustrated in Fig. 9 
(c). The lateral dampers, exposed directly to the detached shear layer, 
exhibit substantial pressure fluctuations on all surfaces. Additionally, 
the cavity rear wall is also subject to significant pressure fluctuations. As 
previously discussed, the presence of the cavity rear wall exerts a sig-
nificant impact on the distribution of noise sources on both the bogie 
and the cavity. On one hand, it obstructs the downstream progression of 

Fig. 9. Contours of instantaneous vorticity. H0 is the car body height. (a) Vorticity in middle vertical slice; (b) vorticity in vertical slice through wheel centres; (c) 
vorticity in horizontal slice through the wheel centres. 

Fig. 10. Contours of the rate of pressure change, dp/dt, on the bogie components surfaces, integrated across 20–1600 Hz. (a) Model bottom view; (b) model 
side view. 
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the turbulent wake, leading to pronounced pressure fluctuations on the 
wall due to wake impingement. On the other hand, the impeded wake 
flow generates vortices in the rear section of the cavity, as depicted in 
Fig. 6(a). As a result, a larger area of the rear section of the bogie is 
covered by intense pressure fluctuations. This finding aligns with the 
conclusions drawn from the experimental study conducted by Sawa-
mura et al. (2021). 

The contours of Lṗ at three different frequencies are displayed in 
Fig. 11. The integration bandwidth (f2 − f1) is 2 Hz, with centre fre-
quencies of 30 Hz, 100 Hz and 1000 Hz. It can be observed that the 
intense pressure fluctuations at 100 Hz and below cover the largest area 
within the bogie region, while those at 1000 Hz cover the smallest area. 
This observation suggests that the noise source from low frequencies is 
expected to make a primary contribution to the far field noise, while the 
contribution from high frequencies is anticipated to be secondary. 

The above discussion highlights the critical role played by the de-
tached shear layer originating from the cavity front sides and the wake 
flow formed beneath the cowcatcher. These factors significantly influ-
ence the local flow dynamics around the bogie region and are expected 
to contribute to the generation of noise sources in these specific areas. 
This conclusion is consistent with that of the experimental research from 
Nagakura (2006). 

6. Far-field noise 

The far-field acoustic pressure is computed utilizing the Formulation 
1A of Farassat (2007), which is the time-domain solution of the Ffowcs 
Williams and Hawkings equations, with the time-varying pressure on 

the solid surfaces as input. 36 receivers are set in a circle of radius 20 m 
around the bogie at an interval of 10◦. Free space Green’s functions are 
used and therefore effects of shielding and scattering by the car body and 
bogie structure and reflections from the ground are not considered. 

The PSD of the sound pressure signals is determined using Welch’s 
method, employing a Hanning window with a 50% overlap for each 
segment. Each segment has a duration of approximately 0.4 s, yielding a 
frequency resolution of 2.5 Hz. Then, these spectra are integrated into 
one-third octave bands after being rescaled to correspond to the full- 
scale train at 400 km/h. According to the dimensional analysis in 
Curle’s theory (Curle, 1955), the sound intensity I generated by a dipole 
noise source conforms to the following relations: 

I∝ρ0c− 3
0 U6D2r− 2 (6)  

where ρ0 is the air density, c0 is sound speed in air, U is the flow speed, D 
is the typical size of the source and r is the receiver distance to the 
source. Therefore, the sound pressure level of the model can be scaled 
using the following equation: 

ΔSPL= 10log10

[(
D1

D2

)2(U1

U2

)6
/(

r1

r2

)2
]

(7)  

where ΔSPL is the adjustment to the sound pressure level, D1/D2 is the 
geometry ratio, U1/U2 is ratio of the speed and r1/r2 is ratio of the 
receiver distance. Subscript 1 represents the full-scale situation, and 2 
corresponds to the scaled model. For the frequency scaling, the Strouhal 
number St in formular (1) remains unchanged and the frequency can be 
scaled using the following equation: 

Fig. 11. Contours of the rate of pressure change, dp/dt, on the bogie components surfaces, integrated around different frequencies with 2 Hz bandwidth. (a) 30 Hz, 
(b) 100 Hz, (c) 1000 Hz. 
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f1

f2
=

(
U1

U2

)

×

(
D1

D2

)

(8)  

in which f1/f2 is the frequency ratio. Fig. 12 presents the one-third 
octave band noise spectra for the car body, the bogie and their com-
bined spectrum at a horizontal receiver positioned at the same height as 
the bogie centre. In Fig. 12, the highest frequency is 2000 Hz and the 
SPLs at higher frequencies are not displayed because they are of sec-
ondary importance for the bogie noise. These spectra display broadband 
characteristics without discrete peaks. Notably, the noise spectrum of 
the bogie is consistently lower than that of the car body across all fre-
quencies. Additionally, the noise levels around 50–160 Hz are higher 
than those in other frequency regions, which aligns with the noise source 
analysis in Fig. 11 and the results of the experiment conducted by 
Lauterbach et al. (2010). 

Fig. 13 presents the overall SPLs produced by the bogie, the car body, 
and their total values, recorded across the circular arrangement of re-
ceivers. In general, the noise exhibits an almost omnidirectional distri-
bution. The car body generates higher noise levels than the bogie does, 
with an approximately 8 dB difference in the upper direction. This can 
be attributed to the extensive shielding of the bogie from incoming 
airflow by the cavity, resulting in a considerably lower flow velocity 
inside the cavity compared to the external flow, as shown in Fig. 6. 

The overall SPL contributions from different bogie components are 
shown in Fig. 14. At the lateral receiver (0◦), the most substantial con-
tributions come from the wheelsets (upstream and downstream). Among 
the frame components, the lateral side dampers make the most signifi-
cant contribution, with a noise level similar to the gearboxes. At the 
vertical receiver (90◦), notable noise contributions arise from both the 
frame surface and the axle boxes. These components exhibit pronounced 
noise sources on their lower surfaces, see Fig. 10. 

The calculated sound pressure levels have been determined using the 
free space Green’s functions. In reality, the car body would act as a 
shield for the sound waves in the upward direction. Furthermore, the car 
body and the ground would reflect the sound wave. However, it is ex-
pected that this model limitation is unlikely to have a significant impact 
on the total sound power generated by the various sources. 

To gain deeper insights into noise contributions from various com-
ponents and to identify critical areas for noise mitigation, the sound 
power level (SWL) emitted by the various components is examined. A 
sphere with a radius of 20 m, which encloses the entire model, was 
almost uniformly divided into 486 patches, with their central points 
designated as receivers. The SWL is obtained by integrating over the 
sphere: 

SWL= 10log10

[(∮

S

p2
rms

ρc0
ds
)/

Wref

]

(9)  

where prms is the rms acoustic pressure, ρ is the air density, c0 is sound 
speed in air, S is the sphere surface, ds is the segment area, and Wref =

10− 12 W is the reference sound power value. 
The proportion of the sound power produced from each component 

is shown in Fig. 15. As identified in Fig. 1(a), the car body is divided into 
different regions. The cavity walls produce the highest sound power 
contribution, as seen in Fig. 15(a). Based on the noise source distribution 
depicted in Fig. 10, it is evident that the rear section of the cavity is the 
primary area with the highest contribution to noise. Furthermore, the 
assessment includes the sound power generated by the ground (it was 
neglected in the sound pressure results earlier). This is the second 
highest component and occurs due to the high-speed flow beneath the 
cowcatcher, seen in Fig. 6(b and c). The sound power emitted by the 
entire bogie exhibits a similar level to that generated by the train nose 
and is approximately 5 dB lower than the combined sound power of the 
train body components. Although the cowcatcher and car body exhibit 
strong noise source regions, as evident in the dp/dt results presented in 
Fig. 10, they contribute less to the overall sound power due to the 
limited total area covered by the strong noise source. As seen in Fig. 9, 
the outer bogie components, such as the wheelsets and the lateral 
damper, are either fully exposed to the turbulent wake originating up-
stream or possess a substantial surface area that interacts with this 
turbulent flow, such as the lower surface of the frame. Therefore, as 
illustrated in Fig. 15(b), these four components contribute significantly 
to the sound power from the bogie. In the dynamic systems, the up-
stream and downstream gearboxes and axle boxes make a moderate 
contribution to the overall noise levels. Although they benefit from some 
shielding provided by the cavity, the turbulent wake impinges upon 
their lower surfaces, generating strong noise sources, as shown in 
Fig. 10. Other components, including the vertical dampers, the motors, 
and air bags, make minor contributions as they are mostly shielded by 
the cavity or upstream components or have relatively small surface 
areas. 

From the above analysis, it is reasonable to conclude that, to reduce 
the radiated sound power, the most important regions are the rear sec-
tions, with a specific emphasis on the rear wall of the cavity, as well as 
the ground below the cowcatcher and the bogie. The ground generates a 
significant sound pressure in the vertical direction but considerably less 
in the horizontal direction. Therefore, in free space, it may not be sig-
nificant for receivers located at the sides of the bogie. However, it can 
become important in practice, as the radiated sound may be redirected 
towards the sides. Regarding the sound power generated by the bogie, 
the most critical components are those that come into direct contact 
with the shear layer and the highly turbulent wake originating from the 
upstream components. Fig. 12. Noise spectra of the model (1/3 octave), rescaled to full size, at the 

horizontal receiver at 20 m distance. 

Fig. 13. The far-field noise in a vertical plane at 20 m distance.  
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7. Conclusions 

Numerical simulations have been conducted to study the aero-
dynamic noise produced by a high-speed train bogie beneath the leading 
car. The noise generation mechanisms have been analysed based on the 
results of the simulations of the flow field around the bogie and aero-
dynamic noise generated by its components. In simulations of the flow 
field, a hybrid grid system is introduced to facilitate the mesh generation 
around the complex bogie geometry, maintaining a sufficient resolution 
with practical grid size. The unsteady flow has been solved using the 
DDES method and the radiated sound is determined using the Ffowcs 
Williams and Hawkings equations. Strong noise sources are identified in 
areas that directly interact with turbulent wake and detached shear 
layers. These areas comprise the rear wall of the cavity, the side 
dampers, and the bottom of the cowcatcher and bogie. These observa-
tions are consistent with findings from Sawamura et al. (2021). 

The sound power produced by the bogie is approximately 5 dB lower 
than that generated by the car body. This is primarily because the cavity 
shields the majority of the bogie from the turbulent flow. The largest 
contributors to sound power are the cavity walls and the ground beneath 
the train. Among the bogie components, the lateral dampers, the frame 

surface, and the wheelsets make the most significant contributions to the 
sound power. Furthermore, different bogie components contribute 
differently to sound pressure levels in the horizontal and vertical di-
rections. In the horizontal direction, the wheelsets have the highest 
impact on the bogie noise, while in the vertical direction, the frame 
surface plays a more significant role. 

In conclusion, for effective noise reduction, it is essential to address 
two crucial flow patterns: the shear layer detached at the two sides of the 
cavity and the wake flow with high turbulence intensity separated from 
the cowcatcher front edge. Furthermore, it is crucial to reduce the strong 
noise sources on the rear part of the cavity and on the ground to mitigate 
noise effectively. These findings confirm the cause of the noise source at 
the lower part of the leading car inferred in the experimental study by 
Nagakura (2006) and Sawamura et al. (2021), and enhance the under-
standing of the characteristics and generation mechanisms of the bogie 
aerodynamic noise, which can facilitate the development of noise 
reduction measures. 
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