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Abstract: The purpose of this study is to determine a suitable modeling method to make computational fluid dynamics (CFD) 
simulation more efficient for aeroacoustics optimization of the bogie region of high-speed trains. To this end, four modeling 
methods are considered, which involve different geometry simplifications and boundary condition specifications. The corresponding 
models are named the three-car marshalling model, computational domain shortening model, carbody shortening model, and 
sub-domain model. Combining the detached eddy simulation (DES) model and Ffowcs Williams-Hawkings (FW-H) equation, 
the unsteady flow field and far-field noise of the four models are predicted. To evaluate the effect of the different modeling 
methods, the time-averaged flow field, fluctuating flow field, and far-field noise results of the four models are compared and 
analyzed in detail with the results of the three-car marshalling model used as basis for comparison. The results show that the 
flow field results of the bogie region predicted by the four models have relatively high consistency. However, the usage of the 
non-time varying outlet boundary conditions in the computational domain shortening model and sub-domain model could affect 
the pressure fluctuation on the upstream carbody surface. When only the bogie region is used as the source surface, the differences 
between the far-field noise results of the three simplified models and the three-car marshalling model are all within 1 dB; when 
the train head is used as the source surface, the results of the carbody shortening model and the three-car marshalling model are 
more consistent.
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1 Introduction 

With the continuous improvements in train oper‐
ation speed, the problems related to train aerodynam‐
ics are increasingly prominent, one of which is aero‐
dynamic noise (Thompson, 2008; Meskine et al., 2013; 
Thompson et al., 2015). As with other aerodynamic 
problems, optimization of train aeroacoustics perfor‐
mance mainly relies on wind tunnel test and numeri‐
cal simulation. The length of a typical eight-car high-
speed train is about 200 m. Such a large size makes it 
impossible to conduct wind tunnel tests on full-scale 
train models. In China, the 1:8 scale three-car model 

is commonly used for wind tunnel tests (Ding et al., 
2016; Li et al., 2022). Research on Reynolds number 
effects and observation of the flow field in the middle 
of the train have demonstrated the rationality of this 
approach (Khier et al., 2000; Bell et al., 2017; Chang 
et al., 2022). The biggest advantage of the wind tunnel 
test is its high reliability, but it is not suitable for large-
scale shape parameter optimization, because it is usu‐
ally difficult to implement shape modification on a 
physical prototype used for wind tunnel test. With 
the rapid development of computational technologies, 
numerical simulation has become another option for 
aerodynamic and aeroacoustics optimization. Com‐
pared with the wind tunnel test, the model configura‐
tion is more flexible in numerical simulation, and a 
large number of design modifications can be com‐
pleted in a short period of time. However, in terms of 
aerodynamic noise, it is still a time-consuming work 
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to predict the response to design changes through nu‐
merical simulation due to the high requirements of grid 
size, time step size, and geometry accuracy.

In aerodynamic drag optimization, the influence 
of changes in component shape must be evaluated 
on a whole vehicle model. However, the main noise 
sources of high-speed trains are relatively independent 
and there is not a strong coupling effect among the 
flow field and sound field of different sources. There‐
fore, when optimizing train aeroacoustics performance, 
the components as the main noise sources can be opti‐
mized one by one (Li et al., 2020b). The bogie region 
is one of the most important aerodynamic noise sources 
of high-speed trains (Thompson, 2008; Lauterbach 
et al., 2012; Meskine et al., 2013; Thompson et al., 
2015; Li et al., 2022). Numerous experimental and nu‐
merical results have shown that although a high-speed 
train has multiple bogies, the aerodynamic noise gen‐
erated by the first bogie of the leading car is far greater 
than that generated by other bogies (Thompson, 2008; 
Meskine et al., 2013; Thompson et al., 2015; Li et al., 
2022). Therefore, aerodynamic noise control of the 
bogie region should be focused on the first bogie of 
the leading car. In view of this, the three-car model 
seems not to be the most suitable choice for computa‐
tional fluid dynamics (CFD)-based aeroacoustics opti‐
mization of the bogie region, because the areas we are 
really interested in are only concentrated at the train 
head and the foremost bogie region, while the use of a 
three-car model makes a large number of grids wasted 
in areas that have little impact on the flow phenome‐
non of interest. To make CFD simulation more efficient 
for aeroacoustics optimization of the bogie region, a 
suitable modeling method is needed.

In fact, due to the high computational cost of 
aeroacoustics simulation, many studies on aerodynamic 
noise have attempted to use some model simplifica‐
tion methods to improve the efficiency of CFD simu‐
lation. In a study on aerodynamic noise generated 
by the head streamlined surface of a high-speed train 
(Liu et al., 2011), the streamlined surfaces of the head 
car and tail car were directly connected to build a 
geometry model. The authors evaluated the effect of 
the middle body length on pressure distribution on the 
carbody surface by steady Reynolds-averaged Navier-
Stokes (RANS) simulation and found that when the 
middle length is greater than 8 m, further increase in 
the middle body length has little effect on the pressure 

distribution on the carbody surface. However, it is not 
clear how the middle body length affects the aerody‐
namic noise of the head streamlined surface. Minelli 
et al. (2020) used a computational domain shortening 
model to study the aerodynamic noise generated by a 
simplified Inter City Express (ICE) train head. In their 
model, the train geometry was truncated by the outlet 
of the computational domain at the middle of the head 
car and the outlet boundary was set as pressure outlet 
with gauge pressure of 0. In a study on wind noise 
generated by the A-pillar and side mirror region of a 
heavy truck (Yao et al., 2018), the researchers tried to 
reduce the simulation cost by simplifying the trailer 
model, including removing some components from the 
trailer and modifying the tail shape. The simulation re‐
sults show that these simplifications have little effect 
on flow characteristics in the A-pillar region. This 
also indicates that the geometrical modification of 
downstream components has a limited effect on the 
flow field around the distant upstream components. 
The sub-domain model is also a method to enhance 
the computational efficiency of aerodynamic noise sim‐
ulation. The so-called sub-domain is a part of a larger 
computational domain. During the simulation, the time-
averaged flow field of the large computational domain 
is first calculated by steady RANS simulation, and the 
obtained flow field data are mapped to the boundary 
of the sub-domain as boundary conditions for further 
analysis through unsteady simulation. Karbon and 
Dietschi (2005) applied the sub-domain method to the 
aeroacoustics optimization of a passenger car’s roof 
rack. The dominant frequency and ranking of the 
sound pressure level of different models predicted by 
CFD simulation are in good agreement with the wind 
tunnel test results. In a recent study, Schell and Eiselt 
(2020) employed the sub-domain method to simulate 
the squealing of a car side mirror. Their simulation re‐
produced this complex aeroacoustic feedback phenom‐
enon and accurately captured the frequency associated 
with the squealing. In recent years, the sub-domain 
method has also been applied to the aerodynamic noise 
simulation of high-speed trains. Gao et al. (2017) tried 
to predict the aerodynamic noise of a full-scale train 
head shape with the sub-domain method. Zhao et al. 
(2020) validated the effectiveness of the sub-domain 
method based on a 1:40 scale train model, and ob‐
served that the numerical results of the time-averaged 
vorticity distribution in the wake of the pantograph 
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closely resembled those obtained by the particle image 
velocimetry (PIV) test. Furthermore, they found that the 
pressure-spectrum structures of the two measurement 
points on the carbody surface obtained by the simula‐
tion are consistent with the test results, albeit with an 
overall pressure level difference of about 3.8 dB.

Based on the above review, it is evident that vari‐
ous modeling methods have been applied for aerody‐
namic noise simulation of the bogie region or could 
serve as a reference for this. However, there is currently 
a lack of research that quantitatively compares the 
flow field and aerodynamic noise obtained from dif‐
ferent modeling methods. In this study, four modeling 
methods applied to the aerodynamic noise simulation 
of the bogie region are considered, which involve dif‐
ferent geometry model simplifications and boundary 
condition specifications. The four models are called the 
three-car marshalling model, the computational domain 
shortening model, the carbody shortening model, and 
the sub-domain model. In a sense, the last three mod‐
els can be regarded as simplified versions of the three-
car marshalling model. A comparative analysis is con‐
ducted on the simulation results of the four models, 
with the results of the three-car marshalling model used 
as basis for comparison, to evaluate the effectiveness 
of different modeling methods in accurately reproduc‐
ing the flow field and far-field noise in the train head 
and bogie region. The results will provide a basis for 
the selection of modeling methods for subsequent re‐
search on aerodynamic noise control measures for the 
bogie region.

2 Numerical methods 

2.1 Detached eddy simulation (DES) model

DES is a hybrid method. Its basic idea is to use 
the large eddy simulation (LES) model in the sepa‐
rated zone and the RANS model in the near wall re‐
gion, which offers a good compromise between accu‐
racy and cost. Control of the solving region of the 
two models is achieved by modifying the length scale 
in the original turbulence model. Two variants of the 
original DES model have been proposed successively, 
which are the delayed detached eddy simulation (DDES) 
and the improved delayed detached eddy simulation 
(IDDES) (Spalart et al., 2006; Shur et al., 2008), and 
both of them are widely used to calculate the unsteady 

flow field around high-speed trains (Zhu and Hu, 2017; 
Guo et al., 2020; Li et al., 2020a; Minelli et al., 2020; 
Wang et al., 2020; Shi et al., 2024). In current study, 
the shear stress transport (SST) k-ω based DDES 
model is used to numerically solve the unsteady flow 
field in the bogie region.

2.2 Ffowcs Williams-Hawkings (FW-H) acoustic 
analogy

The FW-H equation, as shown in Eq. (1), is the 
basic equation of the aeroacoustics (Williams and 
Hawkings, 1969):

1
c2

0

¶2

¶t2 [ p′H ( f ) ] -Ñ2[ p′H ( f ) ] = ¶
¶t [ ρ0vnδ ( f ) ] -

¶
¶xi

[ pij n̂jδ ( f ) ] + ¶2

¶xi¶xj
[Tij H ( f ) ] 

(1)

where c0 is the speed of sound, t indicates the time, p′ 
is the sound pressure, xi (i=1, 2, 3) is the Cartesian co‐
ordinate component, f = 0 is the equation of the source 
surface, H ( × ) is the Heaviside function, δ ( × ) is the 
Dirac function, ρ0 is the density of the undisturbed 
fluid, vn is the component of the sound source surface 
velocity in the outward normal direction, n̂j is the ele‐
ment of unit vector of the outward normal direction at 
a point on the source surface, pij = pδ ij - σ ij is the ele‐
ment of fluid compressive stress tensor, p is the pres‐
sure, δ ij is the element of Kronecker tensor, σ ij repre‐
sents the viscous stress, Ñ is the Nabla operator, and 
Tij is the element of Lighthill stress tensor.

According to Lighthill’s acoustic analogy, the three 
terms at the right end of Eq. (1) correspond to the 
monopole source, dipole source, and quadrupole source. 
By using Green’s function from classical acoustics, 
the far-field sound pressure can be expressed as the 
superposition of the contributions of the three source 
terms. In this study, the quadrupole source term is 
neglected due to its low radiation efficiency in low 
Mach number flow and minimal contribution to far-field 
noise. In addition, the numerical simulation is based 
on wind tunnel mode. The train surface remains static 
and rigid, so the monopole source term is also equal 
to 0. Consequently, the far-field noise only includes 
the contribution of dipole sources, which can be ex‐
pressed by Eq. (2) (Farassat, 2007):
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where li = pij n̂j, Mi is the component of the Mach num‐
ber of the sound source (M) in the xi direction, r is the 
distance between a point y on the source surface and 
receiver point x, and r̂i is the element of unit vector of 
y pointing to x. The subscript ‘ret’ of the integral term 
indicates that the relevant variables are evaluated at 
the restarted time τ = t - r c0.

3 CFD model 

3.1 Geometry model, computational domain, and 
boundary conditions

A 1:8 scale electric multiple unit (EMU) model 
is taken as the research object. Fig. 1a shows a three-
car model consisting of a head car, mid car, and tail 
car. The coordinate system defined for current simula‐
tion is also depicted in Fig. 1a, with the negative direc‐
tion of the x-axis aligned with the train operation direc‐
tion. Figs. 1b and 1c further show the geometry of 
the train head and bogie region, which will be used as 
source surfaces for far-field noise calculation. Although 
simplified to some extent, the bogie model is still 
sufficient to reflect the structural characteristics of its 
real counterpart (Dong et al., 2019).

In addition to the three-car marshalling model 
(abbreviated as TCMM below), three simplified models 
are established, namely the computational domain 
shortening model (CDSM), carbody shortening model 
(CSM), and sub-domain model (SM), as shown in 
Fig. 2. The carbody height H=474.5 mm is taken as 
the characteristic length, and the relevant geometry 
sizes are also marked in Fig. 2. The total length of 
the TCMM is 20.86H. In the case of CSM, a straight 
smooth surface connects the streamlined surface of the 
head car and tail car over a length of 2.94H. The fore‐
most bogie configuration is preserved while the rear 

one is removed. For the CDSM and SM, the head car 
is truncated by the outlet boundary, and the reserved 
middle body length is about 1.47H.

The computational domains established for the 
four models are shown in Fig. 3. For the TCMM, the 
distance from the inlet of the domain to the nose tip 
of the head car is 20.00H. The width and height of the 
domain are 18.20H and 10.54H, respectively, making 
the blocking ratio less than 0.5%, which is sufficient 
to simulate the operation condition of a train running 
in open air. The distance from the nose tip of the train 
tail to the outlet of the domain is 45.00H, which is 
sufficient to ensure full development of the wake flow 
of the train. For the CSM, SM, and CDSM, the width 
and height of the domain and the distance from the 
nose tip of the head car to the inlet of the domain are 
the same as those of the TCMM, while for the CDSM 
and SM, the outlet boundary truncates the carbody in 
the middle of the head car. For the CSM, meanwhile, 
the distance from the nose tip of the train tail to the outlet 
of the domain is slightly shorter than that of the TCMM. 
For all four models, the inlet boundary of the compu‐
tational domain is set as velocity inlet with an inflow 
velocity of 69.44 m/s. The both sides and top of the 
domain are defined as symmetry boundary. The ground 
and track are defined as no-slip moving wall, whose 
velocity is the same as the inflow velocity. The outlet 
of the computational domain is defined as pressure 

Fig. 1  Geometry model: (a) three-car marshalling model; 
(b) train head; (c) bogie region

Fig. 2  Schematic diagram of train geometry and size
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outlet. For the TCMM, CDSM, and CSM, the gauge 
pressure is set as 0. For the SM, the pressure and turbu‐
lence parameters at the outlet boundary are obtained 
by a steady RANS simulation based on the TCMM.

3.2 Mesh generation

The trimmed mesh (a kind of Hexa-dominant 
mesh) is used to discretize the computational domain. 
The maximum grid size of the head streamlined sur‐
face is 3.0 mm. The maximum surface grid size of the 
bogie and cavity is 1.5 mm. The blocks used for local 
refinements of the volume mesh in the TCMM are 
shown in Fig. 4a. As for the three simplified models, 
the same refinement strategy is used, but the size and 
position of the refinement blocks are adjusted accord‐
ing to the length of the train model. There are 15 lay‐
ers of prism grids on the train surface. The initial 
height of the prism grids is 0.01 mm, and the stretch‐
ing ratio of the prism grids is 1.2. The wall y+ values 
in most areas of the train surface are less than 1, meet‐
ing the requirements of the DES model. Fig. 4b shows 
the meshing results of the TCMM. Table 1 lists the 
volume cell counts of the four models.

3.3 Solver setting

In the simulation, the air is defined as a gas with 
constant density because the inflow Mach number is 

less than 0.3. The semi-implicit method for pressure 
linked equation (SIMPLE) algorithm based segre‐
gated flow solver is selected to solve the discretized 
flow governing equation system. The second-order 
implicit scheme is adopted for time discretization, 
and the time step is set as 5×10−5 s. The convective 
Courant-Friedrichs-Lewy (CFL) numbers of most cells 
in the domain are below 2.5 (check after calculation), 
which are enough to achieve a stable solving (Siemens 
PLM software, 2017). A convergent steady field ob‐
tained by RANS model is used to initialize the un‐
steady simulation. After the running of the first 0.4 s 
of the simulation that ensures the full development of 
the transient flow field, the flow field data are collected 
for another 0.25 s for far-field noise calculation. For 
the SM, an additional steady RANS simulation based 
on the TCMM is needed to obtain the boundary condi‐
tions of the sub-domain outlet. This RANS simulation 
lasts for 4500 steps to ensure convergence. The aver‐
aged values of pressure and turbulence parameters of 
the last 1000 iterations are recorded and mapped to 
the sub-domain outlet as boundary conditions.

4 Validation of the mesh strategy and 
numerical methods 

4.1 Clean cavity case

The flow field in the bogie region shows certain 
cavity flow characteristics due to the bogie cavity (Shi 
and Zhang, 2024). Therefore, the ‘clean cavity’ (no 
object in the cavity) model is selected as a case to 
validate the mesh strategy and numerical methods. 
This case is based on the experiments in (Plentovich 
et al., 1993). The cavity has a length-depth ratio of 
6:1 and width-depth ratio of 4:1, which are close to 
the geometrical characteristics of the bogie cavity in 
current study. The depth and length of the cavity are 
d1=61 mm and D1=366 mm, respectively, and the 
Mach number of incoming flow is equal to 0.2. The 

Fig. 3  Computational domain and boundary conditions

Fig. 4  Refinement blocks and meshing result (TCMM): 
(a) blocks for local refinements of the volume grids; 
(b) meshing result

Table 1  Volume cell counts of the four models

Model

TCMM

CDSM

CSM

SM

Number of cells

120 million

25 million

33 million

25 million
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corresponding computational domain and boundary 
conditions are shown in Fig. 5, which are established 
by referring to the settings used by Kim et al. (2020).

To test the influence of grid size, three sets of 
meshes are established by modifying the surface grid 
size of the cavity and the volume grid size in blocks 
R1–R3 (marked in Fig. 5), named mesh1–mesh3. 
The number of volume cells of them are 2.8 million, 
6 million, and 8 million, respectively. Detailed mesh 
parameters are listed in Table 2, and the mesh parame‐
ters of mesh2 correspond to the grid size of the bogie 
cavity surface in current study.

Fig. 6 presents a comparison between the pres‐
sure coefficient Cp (Cp = ( )p - p¥ ( )0.5ρ¥u2

¥ , and p¥, 

ρ¥, and u¥ are the pressure, density, and velocity of 
incoming flow, respectively) on the bottom surface of 
the cavity calculated based on three sets of meshes 
and the test results (Plentovich et al., 1993). The pres‐
sure data are measured on a line probe with a lateral 
distance of 60.96 mm from the central line of the cavity. 
At the front and mid parts of the cavity, the simula‐
tion results are in good agreement with the test re‐
sults, and the pressure coefficient exhibits a trend of 
uniform distribution close to 0. At the rear part of 
the cavity bottom surface, the pressure value increases 
rapidly with the increase of d/D1 (d is the distance 
from the point probe to the front wall of cavity). The 

simulation results indicate an overestimation of the 
pressure values but still align with the observed trend 
of the test results. With the further refinement of the 
mesh, this situation does not significantly improve. 
Therefore, the difference in the pressure results at the 
rear part of the cavity is likely to be caused by the 
difference between the simulation and the actual test 
environment, including differences in inflow quality 
and failure to fully reproduce the geometry of facili‐
ties in the wind tunnel test (the cavity is installed on a 
suspended f lat plate in the wind tunnel test). Consider‐
ing that the pressure distribution at the bottom of the 
cavity obtained by current simulation has the same 
trend as the test results, and the difference between 
them is also within an acceptable range, it is appropri‐
ate to adopt the mesh parameters of mesh2 to gener‐
ate the surface mesh of the bogie cavity.

4.2 Simple bogie case

The simple bogie model proposed by Zhu (2015) 
is selected as another case to validate the mesh strategy 
and numerical methods. The model is composed of two 
wheelsets and a simple side frame, and is 1:10 scale, 
with the wheel diameter D2 equal to 92.0 mm and 
axle diameter d2 equal to 17.5 mm. Since the model is 
symmetric about the midspan section of the axle, the 
wind tunnel test in (Zhu, 2015) was conducted on a 
half-bogie model, as shown in Fig. 7a. The computa‐
tional domain and boundary conditions of this case 
are shown in Fig. 7b, and are also consistent with the 
settings in (Zhu, 2015).

To test the influence of grid size, three sets of 
meshes are established by modifying the grid size of 

Fig. 6  Comparison of simulation and test results of the 
pressure distribution

Fig. 5  Computational domain of the clean cavity case

Table 2  Mesh parameters of the clean cavity case

Part

Cavity

Region1 (R1)

Region2 (R2)

Region3 (R3)

Grid size (mm)

mesh1

1.8

1.8

3.6

7.2

mesh2

1.5

1.5

3.0

6.0

mesh3

1.2

1.2

2.4

4.8
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the bogie surface and the volume grid size around 
the bogie, named as mesh1–mesh3, and the volume 
cell counts of them are 2.8 million, 3.9 million, and 
9.0 million, respectively. The corresponding mesh 
parameters are listed in Table 3, and the mesh parame‐
ters of mesh2 are close to the surface grid size of the 
bogie in Section 3.2.

The far-field noise results of the receiver named 
‘top microphone’ in (Zhu, 2015) is used to validate 
the numerical results. The specific coordinates of the 
receiver can also be found in (Zhu, 2015). Fig. 8 illus‐
trates a comparison between the spectrum results ob‐
tained by current simulation and from the wind tunnel 
test. The simulation results based on three sets of 
meshes and test results are in good agreement with 
regard to spectrum shape. The main frequency of the 
wheelset lift fluctuation is also well predicted by the 
three sets of meshes, with relative errors of 7.0%, 2.2%, 
and 2.3%, respectively. However, the sound pressure 

level at this frequency in the simulation results is 
slightly higher than the test results, and the same phe‐
nomenon was found in the numerical results in (Zhu, 
2015). This is mainly because the symmetry boundary 
used in the simulation has stronger spanwise unifor‐
mity than the solid wall used in the experiment, which 
strengthens the coherent vortex shedding on the axle 
and makes noise level corresponding to the vortex 
shedding frequency higher (Zhu, 2015). Considering 
that the difference between the simulation results of 
mesh2 and mesh3 is small and the results of them are 
closer to the test results, it is appropriate to apply the 
mesh parameters of mesh2 to the aerodynamic noise 
simulation of the bogie region.

5 Results and discussion 

5.1 Flow field results

Accurate simulation of the flow field is the prem‐
ise of accurate prediction of the far-field noise. In this 
section, the time-averaged flow field and fluctuat‐
ing flow field results obtained by the four models are 
compared and analyzed to evaluate the effect of differ‐
ent modeling methods on flow field in the train head 
and bogie region.

5.1.1　Time-averaged pressure

The pressure distribution on the section where the 
carbody is truncated in the CDSM and SM is checked 
first (For the CSM and TCMM, the time-averaged 
pressure data are extracted on the section that at the 
same position relative to the carbody), as shown in 

Fig. 7  Simple bogie model and corresponding computational 
domain: (a) half-bogie model; (b) computational domain

Table 3  Mesh parameters of the simple bogie case

Part

Axle

Wheel and side frame

Region1 (R1)

Region2 (R2)

Region3 (R3)

Grid size (mm)

mesh1

0.75

1.5

0.75

1.5

3.0

mesh2

0.375

1.5

0.75

1.5

3.0

mesh3

0.1875

0.75

0.375

1.5

3.0

Fig. 8  Far-field noise comparison for the simple bogie model
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Fig 9. It is evident that due to the implementation 
of a 0-gauge pressure-outlet boundary condition in the 
CDSM, it fails to reproduce the pressure distribution 
with gradient on this section as the TCMM, CSM, and 
SM do. Compared with the TCMM, the CSM overes‐
timates the negative pressure around the train, while 
the SM underestimates the negative pressure on both 
sides of the lower part of the carbody, but the relative 
difference between the results of SM and TCMM is 
not as obvious as that between CSM and TCMM. 
Overall, on this section, the pressure distribution of SM 
is the closest to that of TCMM.

Fig. 10 further presents the time-averaged pres‐
sure distribution on the central line of the train head 
to provide a quantitative comparison. A local coordi‐
nate system is defined to describe the position of the 
pressure probe, where l is the longitudinal distance 
between the point probe and the nose tip of the train 
head, L=3.67H is the total length of the geometry 
model of the CDSM and SM, and the value of l/L is 
taken as the abscissa in Fig. 10. It can be observed 
that there is an excellent agreement among pressure 
results of all four models on the streamlined surface. 
Downstream from the streamlined surface, the pres‐
sure on the straight section of the carbody gradually 
recovers to zero. Comparatively, the CDSM exhibits a 
faster pressure recovery than the TCMM, while the 
CSM shows a slightly slower recovery. The pressure 
results of the SM and TCMM exhibit the closest 
agreement. At the lower part of the carbody, two nega‐
tive pressure peaks can be observed near the front 
edge of the cowcatcher and the rear edge of the bogie 
cavity, which indicate the strong flow separation there. 
For the negative pressure peak at the bottom of the 
cowcatcher, the TCMM and CSM yield relatively 
consistent results, which are higher than those ob‐
tained from the CDSM and SM. At the rear edge of 
the bogie cavity, all three simplified models slightly 
underestimate the negative pressure compared to 

TCMM. Downstream from the cavity, similar trends 
of pressure recovery to that of the upper part can be 
observed.

5.1.2　Time-averaged velocity

Fig. 11 illustrates the time-averaged velocity dis‐
tribution on longitudinal section S1 and horizontal 
section S2. The results show that the time-averaged 
velocity field results of the four models are also in 
good agreement; even the vortex patterns in the bogie 
cavity are not significantly different. When the airflow 
passes the front side edge of the bogie cavity, a shear 
layer forms and extends downstream. The airflow 
diverted downward from the nose tip forms a small 
separation zone at the front edge of the cowcatcher, 
which corresponds to the first negative pressure peak 
observed in Fig. 10b. Then, the airflow reattaches to 
the bottom surface of the cowcatcher and forms a jet 
shear layer when passing the rear edge of the cow‐
catcher, resulting in a clear boundary with the low-
speed zone in the cavity.

Fig. 9  Time-averaged pressure distribution on the outlet 
section. References to color refer to the online version of 
this figure

Fig. 10  Time-averaged pressure distribution on the central 
line of the train head: (a) upper part of train head; (b) lower 
part of train head
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Fig. 12 provides a quantitative comparison of the 
time-averaged velocity distribution in the shear layers 
below and on the side of the bogie cavity. Two line 
probes are located on sections S1 and S2, as marked 
in the background of Fig. 12. Below the bogie cavity, 
the streamwise velocity Vx experiences a rapid decrease 
after entering the bogie cavity area. At the rear edge 
of the cavity, a peak of Vx can be observed due to the 
local flow acceleration caused by the diversion effect 
of the cavity rear wall. After the airflow leaves the 
cavity area, Vx gradually increases. The time-averaged 
lateral velocity Vy is not equal to 0, which is attributed 
to the asymmetry of the bogie structures. The vertical 
velocity component Vz initially increases to the maxi‐
mum positive value after the airflow enters the bogie 

cavity area, which corresponds to the process of the 
shear layer rolling up to enter the cavity. The consis‐
tency of the maximum value and change tendency of 
Vz in the four models indicates that they predict identi‐
cal positions where the shear layer rolls up. After that, 
Vz quickly changes to the maximum negative value, 
which corresponds to part of the airflow flowing out 
of the bogie cavity due to the obstruction of the cavity 
rear wall. On the side of the cavity, the distribution of 
streamwise velocity Vx resembles to that observed at 
the line probe beneath the cavity, because only in terms 
of flow in x-direction, the flow at these two positions 
can be perceived as airflow passing through a back‐
ward step and a forward step in tandem. In the middle 
part of the line probe, a significant difference can be 
observed between the Vx results of CDSM, SM, and 
TCMM, while the difference between the results of 
CSM and TCMM is minor. The lateral velocity Vy 
shows a small negative value first, indicating that the 
airflow tends to roll inward to enter the cavity from 
both sides. At the rear edge of the cavity, Vy becomes 
negative again, which is due to the cavity rear wall 
forcing the airflow to turn to both sides. The distribu‐
tion of the vertical velocity Vz is similar to that ob‐
served at the line probe beneath the cavity, indicating 

Fig. 11  Time-averaged velocity distribution. References 
to color refer to the online version of this figure

Fig. 12  Time-averaged velocity distribution in the shear layers below (a, b, and c) and on the side (d, e, and f) of the 
bogie cavity: (a and d) Vx; (b and e) Vy; (c and f) Vz

724



J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(9):716-731    |

that the velocity field here is also affected by the shear 
layer rolling up below the cavity.

5.1.3　Fluctuating pressure

Fig. 13 shows the fluctuating pressure distribu‐
tion of the train head and bogie region of the four 
models. Obviously, the amplitude of the fluctuating 
pressure in the lower part of the train is much higher 
than that in the upper part. The most violent pressure 
fluctuation occurs at the bottom of the cowcatcher, 
the lower surface of the bogie, the rear wall of the 
bogie cavity, and the carbody surface connected to the 
cavity rear wall. These locations are also the areas 
with the highest dipole source intensity.

Fig. 14 further compares the fluctuating pressure 
results on the central line of the train head. On the 
head streamlined surface, significant relative differ‐
ences can be observed between the simulation results 
of the four models. Among them, the results of CDSM 
and SM are relatively consistent, while the results of 
CSM and TCMM are closer. Compared with TCMM 
and CSM, the CDSM and SM underestimate the in‐
tensity of the pressure fluctuation on the head stream‐
lined surface, and with the increase of l/L, this kind of 
underestimation becomes more obvious. Considering 
the differences between the four models, this underes‐
timation is likely due to the use of non-time-varying 
outlet boundary conditions in CDSM and SM. At the 
lower part of the carbody, the simulation results of the 
four models have the same trend, and the relative dif‐
ference is small. Two fluctuating pressure peaks appear 
at the front of the bottom surface of the cowcatcher 
and the lower part of the cavity rear wall, which are 

consistent with the two negative pressure peaks ob‐
served in Fig. 10b. The largest relative difference be‐
tween the four models also occurs in these two posi‐
tions. At the bottom surface of the cowcatcher, the 
simulation results of the CSM and TCMM are rela‐
tively consistent, while the CDSM and SM underesti‐
mate the amplitude of the fluctuating pressure here. 
At the rear edge of the bogie cavity, the results of 
the SM and TCMM are relatively consistent, while the 
CDSM and CSM underestimate the amplitude of the 
fluctuating pressure here.

5.1.4　Fluctuating velocity

Fig. 15 shows the time-averaged turbulent kinetic 
energy 

- -----
ETK distribution on sections S1 and S2 (ETK=

(u′iu′i)/2; u′i is the fluctuating velocity in the xi direc‐

tion). Obviously, the most intense velocity fluctuation 
also occurs in the bogie region, especially in the shear 
layers formed at the rear edge of the cowcatcher and 
the front side edge of the bogie cavity.

Fig. 13  Fluctuating pressure distribution in the train head 
and bogie region. References to color refer to the online 
version of this figure

Fig. 14  Fluctuating pressure distribution on the central 
line of the train head: (a) upper part of train head; (b) 
lower part of train head
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Fig. 16 presents a quantitative comparison of the 
fluctuating velocity in the shear layers below and on 
the side of the bogie cavity. The results show that the 
fluctuating velocity profile in the shear layers below 
and on the side of the bogie cavity simulated by the 
four models has good consistency and the relative dif‐
ference between the results of the four models pres‐
ents a random distribution. As the strength of the ve‐
locity fluctuation can reflect the stability of the shear 
layer, the above results also indicate that the dynamic 
processes of formation, development, and destabiliza‐
tion of the shear layers in the four models are also 
quite consistent.

5.1.5　Vortex structures

Fig. 17 shows the instantaneous vortex struc‐
tures defined by the Q-criterion (the carbody surface 
is colored by instantaneous pressure fluctuation). Q is 
the second invariant of the velocity gradient tensor, 

defined as Q =
1
2 (Ω ijΩ ij - SijSij ), where Ω ij is the ele‐

ment of vorticity tensor, and Sij is the element of 
rate-of-strain tensor. As is evident from the observa‐
tions, there is a remarkable consistency in the instanta‐
neous vortex structures across the four models. At the 
front part of the cowcatcher, the vortex structures formed 
by the flow separation interact with the bottom surface 
of the cowcatcher, causing severe pressure fluctuations 
there. The shear vortex structures with high vorticity 
form at the leading edge of the bogie cavity, develop 
downstream, and then roll up and invade into the cavity, 
resulting in a strong impingement on the lower part of 
the bogie and the rear wall of the bogie cavity, as well 
as violent pressure fluctuation there.

5.2 Far-field noise results

As shown in Fig. 18, the receivers for far-field noise 
assessment are arranged along two circles (a horizontal 
circle in the XOY plane and a vertical one in the YOZ 

Fig. 15  Time-averaged turbulent kinetic energy distribution. 
References to color refer to the online version of this figure

Fig. 16  Fluctuating velocity distribution in the shear layers below (a, b, and c) and on the side (d, e, and f) of the bogie 
cavity: (a and d) standard deviation of Vx; (b and e) standard deviation of Vy; (c and f) standard deviation of Vz
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plane); the centers of the circles coincide with the 
geometry center of the bogie model and the radius is 
2.5 m.

As mentioned earlier, the train head (Fig. 1b) 
and bogie region (Fig. 1c) are used as source surfaces 
to calculate the far-field noise. Fig. 19 presents the 
comparison of the overall sound pressure level (OASPL) 
results of the four models. In most radiation directions, 
there is no obvious difference between the OASPL re‐
sults of the two source configurations, indicating that 
the noise radiation of the train head in most directions 
is dominated by the bogie region. The most signifi‐
cant difference between the results of the two source 
configurations occurs within a small radiation-angle 
range on both sides of the bogie, with a maximum dif‐
ference of about 3 dB. In addition, at the receiver above 
the bogie in the YOZ plane, the OASPL results with 
the train head used as the source are slightly higher than 
those when the bogie region is used as the source, 

with a difference of about 1.5 dB. Based on the defini‐
tion of the source surfaces, the aforementioned differ‐
ences can be attributed to the contribution of dipole 
sources distributed on the head streamlined surface 
and cowcatcher. Considering that these dipole sources 
can make significant contribution to the far-field noise 
in some specific directions, it is more rational to use 
the entire train head (encompassing the head stream‐
lined surface, cowcatcher, and bogie region) as the 
noise source when conducting aeroacoustics optimiza‐
tion for the bogie region.

To give a quantitative description of the differ‐
ence in the far-field noise results between the three 
simplified models and the TCMM, define ΔSPL as the 
absolute value of the difference between the OASPL 
results of the simplified model and TCMM. Based on 
the OASPL results in Fig. 19, the average and maxi‐
mum ΔSPL of the three simplified models are summa‐
rized in Fig. 20. The results show that when the bogie 
region is set as the source surface, the differences be‐
tween the far-field noise results of the three simplified 
models and that of the TCMM are all within 1 dB. 
This is consistent with the comparison of the fluctuat‐
ing pressure results at the lower part of the carbody 
shown in Fig. 14b. When the train head is set as the 
source surface, the maximum difference between the 
OASPL results of the CDSM and TCMM is around 
1.8 dB, and the maximum difference between the 
OASPL results of the SM and TCMM is around 1.3 dB, 
both occurring at pxy28 (marked in Fig. 18); while 
the difference between the OASPL results of the CSM 
and TCMM here is still less than 1 dB. According to 
the previous analysis, the dipole sources on the head 
streamlined surface and cowcatcher make a significant 
contribution to the total noise at this receiver. Combined 

Fig. 17  Instantaneous vortex structures defined by Q-
criterion (Q=5000). References to color refer to the online 
version of this figure

Fig. 18  Arrangement of the far-field noise receivers
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with the fluctuating pressure results in the upper part 
of the train shown in Fig. 14a, the difference between 
the OASPL results of the CDSM, SM, and TCMM at 
this receiver can be attributed to underestimation of the 
pressure fluctuation on head streamlined surface in the 
CDSM and SM. In addition, in terms of the average 
difference, the results of the CSM and TCMM also have 

minimal discrepancy, regardless of whether the bogie 
region or the train head is used as the source surface.

Fig. 21 further shows the sound pressure level 
(SPL) spectrum results at pxy34 and pxy28. At pxy34, 
whether the train head or bogie region is used as the 
source surface, the spectrum results of the four models 
show little difference in the frequency band above 
100 Hz. This is because the dipole sources on the stream‐
lined surface and cowcatcher make no obvious contri‐
bution to the total noise there. In the frequency band 
below 100 Hz, the difference in sound pressure level 
is mainly due to the fact that the current sampling time 
is not long enough to analyze the low-frequency noise 
components (below 100 Hz). At pxy28, when the bogie 
region is set as the source surface, the spectrum re‐
sults of the four models are also in good agreement 
above 100 Hz. However, when the train head is con‐
sidered as the source surface, the SPLs of the TCMM 
and CSM in the frequency band with a central fre‐
quency of 630 Hz are about 10 dB higher than those 
of the CDSM and SM, which accounts for the differ‐
ence in OASPL results at pxy28 observed in Fig. 19.

Fig. 20  Statistics of the difference between the OASPL 
results of the three simplified models and TCMM

Fig. 19  OASPL results in the XOY and YOZ planes: (a) train head, YOZ plane; (b) bogie region, YOZ plane; (c) train 
head, XOY plane; (d) bogie region, XOY plane
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6 Conclusions 

In order to determine a suitable modeling method 
to make CFD-based aeroacoustics optimization more 
efficient for the bogie region of high-speed trains. A 
numerical study is conducted to evaluate the effect of 
different modeling methods on flow field and aerody‐
namic noise in the foremost bogie region of a high-
speed train in this paper. The reliability of the numeri‐
cal methods is indirectly validated through a clean 
cavity case and simple bogie case. By comparing and 
analyzing the simulation results, the following conclu‐
sions are drawn:

(1) The time-averaged pressure distributions on 
the train surface predicted by the three simplified 
models are in good agreement with the results of the 
TCMM. The slight difference in pressure distribution 
caused by model simplification is only observed in 
the straight section of the carbody downstream from 
the head streamlined surface. The time-averaged ve‐
locity fields in the bogie region predicted by the three 
simplified models are also consistent with the results 
of the TCMM.

(2) The pressure fluctuation at the lower part of 
the train is much more intense than that at the upper 
part of the train. Compared with the TCMM, pressure 
fluctuation results in the bogie region of all the three 
simplified models are in consistent with those of the 
TCMM. As for the upper part of the train, both the 
CDSM and SM show an underestimation of the pres‐
sure fluctuation here, while the result of the CSM is 
in good agreement with that of the TCMM. The usage 
of the non-time-varying outlet boundary conditions in 
the CDSM and SM is likely to weaken the pressure 
fluctuation on the head streamlined surface and the 
carbody surface upstream the outlet boundary.

(3) The most severe velocity fluctuation also oc‐
curs in the bogie region, especially in the shear layers 
formed at the front side edge of the bogie cavity and 
the rear edge of the cowcatcher. The fluctuating veloc‐
ity results of all four models are also in good agree‐
ment. Since the strength of the velocity fluctuation can 
reflect the stability of the shear layer, it can be consid‐
ered that the dynamic processes of the formation, de‐
velopment, and destabilization of the shear layers in 
the four models also appear to be consistent.

(4) When only the bogie region is used as the 
noise source, the far-field noise results of the three 

Fig. 21  Noise spectrum results of pxz34 and pxz28: (a) pxy34 
(train head); (b) pxy34 (bogie region); (c) pxy28 (train head); 
(d) pxy28 (bogie region)
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simplified models are very consistent with those of the 
TCMM, with difference of OASPL within 1dB. When 
the whole train head is used as the source surface, due 
to the underestimation of dipole source intensity on 
head streamlined surface in the CDSM and SM, the 
OASPL results of them and of the TCMM can differ 
by up to 1.3 dB and 1.8 dB in certain specific direc‐
tions, while the difference between the OASPL results 
of the CSM and TCMM is still less than 1 dB. There‐
fore, the CSM seems to be a good choice for aero‐
acoustics optimization of the bogie region. It can signifi‐
cantly improve the efficiency of CFD simulation while 
ensuring consistency with the results of the TCMM.
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