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Abstract

To investigate the impact of different ground modeling approaches on the
aerodynamic noise characteristics of high-speed trains, this study adopts a numerical
simulation method based on Delayed Detached Eddy Simulation and Ffowcs
Williams-Hawkings equations. Aerodynamic noise sources and sound field
characteristics of a simplified three-car high-speed train are compared between flat-
ground modeling and refined bridge modeling. The results show that bridge modeling
narrows the flow space beneath the train, leading to fragmentation and lateral
overflow of vortex structures, thereby modifying the noise spectrum distribution.
Under flat-ground modeling, sound energy is concentrated in the mid-frequency range
(250-1600 Hz) with higher source intensity, while bridge modeling disperses sound
energy toward both low and high frequencies, resulting in an overall reduction in noise
level. The study further reveals that the underbody region serves as the main noise
contributor. Although bridge modeling reduces overall noise by decreasing the
underbody-to-rail gap, the fragmented vortex structures simultaneously enhance low-
and high-frequency noise components. In terms of far-field noise, bridge modeling
yields lower sound pressure levels; however, the difference between bridge and flat-
ground modeling gradually widens downstream, reaching a maximum of
approximately 4 dB. This variation is attributed to the combined effects of mid-
frequency sound energy peaks and high-frequency sound energy contributions.

Keywords: high-speed trains, ground modeling, aerodynamic noise, noise source,
acoustic field, frequency band.



1 Introduction

The level of development of high-speed trains is an important indicator of a country's
industrial capabilities [1-2]. Noise levels are one of the most important criteria for the
future development of high-speed trains [3-4]. With the continuous increase in
operational speeds of high-speed trains, acrodynamic noise has become the dominant
acoustic source, surpassing rolling and propulsion noise at speeds typically above 300
km/h [5-6]. This aerodynamic-generated sound not only contributes to environmental
noise pollution along railway lines but also affects passenger comfort and imposes
strict design constraints on new train generations. Therefore, accurately predicting and
effectively mitigating aerodynamic noise is paramount for the sustainable
development of high-speed rail.

Extensive research has been conducted to understand and model the aerodynamic
noise sources of high-speed trains [7-8]. Early numerical and experimental studies
often simplified the geometry and surrounding conditions to isolate key noise sources.
A common simplification involves modeling the train running on a flat, rigid ground
plane [9]. This approach has successfully identified and characterized major
aerodynamic noise contributors of the train, including: bogie cavities, pantographs,
inter-car gaps, and etc [10-12]. Among these, the complex bogie structure renders the
aerodynamic noise in the bogie area exceptionally intricate, making it the primary
source of aerodynamic noise in high-speed trains [13]. The noise generation
mechanism in the bogie area is primarily due to the interaction of the flow structure
generated by the high-speed aerodynamic flow through the bogie cabin and the flow
structure generated by the wheels, axles, and other blunt bodies in a narrow space,
which is part of the coupled noise of cavities and blunt bodies in the near-ground space
[14-15]. The flow around the bogie exhibits unsteady characteristics, particularly in
the rear edge region of the bogie cavity where vortex structures violently impact the
ground, resulting in highly turbulent flow conditions in this area [16]. It is evident that
this simplified boundary condition provides valuable insights into the noise generated
by underbody flow, particularly the bogie region [17].

However, the flat-ground model inherently assumes an acoustically semi-infinite
space and does not account for the complex geometric configurations encountered in
real-world operations. A significant portion of high-speed railway lines is composed
of viaducts or bridges, especially in regions with challenging terrains[18]. The
presence of a bridge structure fundamentally alters the aerodynamic and aeroacoustic
environment beneath the train. Instead of a confined ground clearance, the train
underbody and the bridge surface form a moving cavity, while bridge components like
parapets, guardrails, and the deck itself introduce additional flow separations and
sharp edges that act as potent dipole noise sources [19]. Additionally, the sleeper
arrangement on the bridge results in pressure peaks near the bogies, lower minimum
static pressure values, altered flow patterns in the underbody of the train, and high-
frequency fluctuations [20]. The acoustic field is also significantly modified by the
reflection and reverberation within the bridge structure, leading to a directivity pattern
and sound pressure level distribution that differ markedly from the flat-ground
scenario [21]. Consequently, relying solely on flat-ground models for noise prediction
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on bridge sections can lead to substantial inaccuracies in both the overall sound level
and the spectral composition.

Therefore, to achieve a comprehensive and realistic assessment of aerodynamic
noise from high-speed trains, it is essential to move beyond simplified flat-ground
models and incorporate detailed bridge geometries. This study aims to elucidate the
critical impact of bridge modeling on the accuracy of aeroacoustic simulations for
high-speed trains, particularly those originating from the underbody. Using methods
based on the DDES and FW-H equations, numerical simulations of the flow and noise
characteristics of high-speed trains were conducted. The aerodynamic acoustic results
from the flat-ground model were compared with those from the detailed bridge model.
This study emphasizes the necessity of incorporating real infrastructure into noise
prediction models to develop more effective and precise noise reduction strategies for
bridge sections, which constitute a vital part of modern high-speed railway networks.

2 Methods
2.1 Model Description

In this paper, a simplified three-car higher-speed train model is selected as the research
model, with enclosed windshields used to connect the head car to the middle car, and
the middle car to the tail car. The higher-speed train model has the following
dimensions: the height (H) is 3.7 m, the length (L) is 83.6 m, and the width () is 3.36
m, as illustrated in Figure. 1. Three surface pressure fluctuation monitoring points,
labeled S7 — S3 are designated on the train model, as shown in Figure. 1 (a). These
points are specifically placed at the following locations:

e SI: at the nose cone of the head car,
e  §2: at the middle of the middle car,
* S53: at the nose cone of the tail car.

The height of points S7 — §3 is 1.2 m, corresponding to the height of the nose
cone.

The three-car train is equipped with six bogies underneath, as illustrated in
Figure. 1 (b). Among them, the bogies of the head car and the tail car are both trailer
bogies, which are fitted with fairings/ web plates for noise reduction. The two bogies
of the middle car are motor bogies and are not equipped with fairings/web plates.

Figure. 1 (¢) and (d) show schematic diagrams of the geometric models from the
front view for flat-ground modeling and bridge modeling, respectively. In both
models, the train wheels are set at a height of 500 mm above the ground plane. In the
bridge model, a double-track configuration is adopted, with the crash wall located at
a height of 560 mm above the ground plane.
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Figure. 1 Schematic diagram of high-speed train model ((a) Lateral view and surface
pressure monitoring point locations; (b) Bottom view; (c) Flat-ground modelling
frontal view; (d) Bridge modelling frontal view).

To further analyze the contribution of noise intensity in each region along the
height direction of the high-speed train, the train’s height is divided into three distinct
zones, namely, High zone, Middle zone, and Low zone, as illustrated in Figure. 1 (¢)
and (d).

2.2. Numerical Simulation Method

In this paper, a combination of Delayed Detached Eddy Simulation (DDES) and the
Ffowcs Williams-Hawkings (FW-H) equations is employed. The Reynolds-Averaged
Navier-Stokes (RANS) model used in the DDES method is the SST k — w turbulence
model [22-23]. The simulation process begins with unsteady numerical simulation of
the flow field around the simplified train model. This step captures the flow field
information near the model, which serves as the sound source term. Subsequently, the
sound field information is derived using the FW-H equation, and The acoustic source
integration surface is the solid surface. The FW-H equation can be mathematically
expressed in the following form of Eq. (1):
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where u; is the component of the velocity of the fluid in the x; direction, u,
represents the component of fluid velocity in the normal direction of the wall, v;
denotes the component of the surface velocity in the x; direction, and v,, stands for
the component of surface velocity along its normal direction. The terms §(f) and
H(f) are the Dirac function, and the Heavyside’s unit function, respectively.

The term p' is the far-field sound pressure. If f = 0, it represents a mathematical
surface embedded in the unbounded space of the external flow problem (f > 0), so
that it can be solved easily using generalized function theory and free space Green's
function.

The term a is the far-field sound speed, and T;; is the Lighthill stress tensor,
defined by Eq. (2):

Tij = pwi; + Pij — a§(p — po)dy; ()

where P;j is the compressive stress tensor. For Stokesian fluids, the compressive
stress tensor 1s given by Eq. (3):
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The pressure-velocity coupling is solved using the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm. The discretized algebraic equations
are solved through Gauss-Seidel iterations. During the unsteady flow field
calculations, a physical time step of 1 x 10-4 seconds is adopted, with 20 internal
iterations per time step to ensure the convergence criteria. The analyses cover a
frequency range from 100 Hz to 5000 Hz.

To obtain numerical results, a computational domain is designed and sized with
the train height H as the reference value, as shown in Figure 2. The inlet of the
computational domain is positioned 15H away from the nose cone of the head car,
while the outlet is 30H away from the nose cone of the tail car. Consequently, the total
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length of the computational domain in the X-direction is 66.5H. As centered on the
central axis of the train cross-section, the width of the computational domain in the
Y-direction is 32H. The height of the computational domain in the Z-direction is 20H
above the rail’s ground surface as the reference level.

(b)
Figure 2 Schematic diagram of the computational domain ((a) Flat-ground
modelling front view; (b) Bridge modelling front view).

The boundary conditions for the computational domain are set as follows: the
velocity inlet for the inlet, and the pressure far field for the outlet and far fields. The
air is treated as an ideal and compressible gas. The speed is given as negative train
running speed, and U,, = 111.11 m/s is used in this paper. The Reynolds number based
on the train height is 2.81 x 107. The boundary conditions for the train body surface
are specified as no-slip and no-penetration solid wall. The ground plane, track surface
on bridges, and other wall facilities (e.g., anti-collision walls) are all defined as slip
walls, where the slip velocity is set to the incoming flow velocity.

Figure 3 and Figure 4 show the computational meshes adopted for the flat-ground
modelling and the bridge modelling, respectively. Both employ a Cartesian mesh
(predominantly hexahedral) with a three-layer refinement zone surrounding the train
to capture the complex details of the flow field surrounding the train. The maximum
mesh size is set at 4.0 mm for the streamlined parts of the train’s head and tail cars,
8.0 mm for the smoothed parts of the head and tail cars, the windscreen, and the
middle car, and 2.0 mm for the bogie areas. To further capture the boundary layer
characteristics, a 10-layer boundary layer mesh is implemented on the train’s surface,
with the first layer height set at 10/ as H is the train height. The y+ values near the
wall are all less than 1.
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Figure 3 Details of computational mesh for the flat-ground modelling: (a) Lateral
view of the entire train, (b) Lateral view of the head car, (c) Local enlarged view.

Figure 4 Details of computational mesh for the bridge modelling: (a) Lateral view of
the entire train, (b) Lateral view of the head car, (¢) Local enlarged view.

2.3. Simulation Verification

To verify the reliability of the numerical simulation method employed in this study,
the tandem double-cylinder model, which was previously utilized in NASA's BART
and QFF wind tunnel experiments [24], is adopted as the verification model for
aerodynamic noise simulation. The diameter (D) of each cylinder is 0.05715 m and
the spacing distance (L) between the two cylinders is set to 3.7D.

The mesh independence and numerical validation are done by three distinct grid
numbers with different elements. Specifically, the coarse, medium, and dense grids
contain 1.58 million cells, 3.52 million cells, and 7.32 million cells, respectively.
Accordingly, the heights of the first layer of the grid in the near-wall region are 5x10-



4D, 1x10-4D, and 5%10-5D for the coarse, medium, and dense grids, respectively.
The simulation methods applied in this verification are consistent with those described
in Subsection 2.2 above.
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Figure 5 Verification results of double-cylinder noise calculation.

Figure 5 shows a comparison of the simulation results obtained from the three
grid numbers using the previously described simulation methods and the experimental
data from the reference [24]. Clearly, both the medium and dense grids can accurately
capture the amplitude of broadband noise, as well as the characteristic frequency and
amplitude of narrowband noise. The numerical results obtained from these two grid
sets agree well with the experimental data and other computational results reported in
the reference [24], with amplitude errors of less than 3%. This indicates that the
medium and dense grids, along with the aerodynamic noise simulation methods
employed in this study, are reliable and effective. Compared with the results obtained
from the medium and dense grids, the coarse grid provides lower broadband noise
results, especially in the high frequency range.

In addition, cavity noise verification was performed. The experiments were
conducted in the D5 aeroacoustic wind tunnel at Bethang University [25] at a Mach
number of 0.16. The temperature T, and pressure P,, were 303 K s and 101325 Pa,
respectively. Near-field noise was measured using a G.R.A.S. 1/4” surface
microphone flush-mounted on the bottom wall of the cavity. The cavity dimensions
are 200 mm in length, 600 mm in width, and 300 mm in depth. The cavity model was
validated using three sets of meshes with different element counts. All three grids
share the same topology. The total cell numbers are 2.1 million, 4.3 million, and
7.6 million, respectively. The first-layer mesh height is the same as that used for the
cylindrical model.

Figure 6 shows the comparison results on the bottom surface, where several
narrowband peaks are superimposed on the broadband spectrum. Compared with the
experimental data [25], the coarse mesh exhibits significant errors at high frequencies.



When the mesh resolution is increased to the medium and fine levels, the simulated
broadband noise intensity agrees well with the experimental results. Moreover, all
numerical simulations successfully capture the frequencies corresponding to the
narrowband tones, with errors in the dominant tone intensity below 3%.
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Figure 6 Comparison of power spectral density of the near-field sound pressure
monitoring point placed at the bottom surface between experimental results and
numerical simulation results calculated by three computational grids.

Therefore, based on the premise of the calculation accuracy and the limited
computing resources, the grids in the subsequent simulations are generated according
to the setting of the medium grid. The medium grid for a full-scale high-speed train
has approximately 42 million elements, and the height of the first layer of the grid in
the near-wall region is 10H.

3  Results
3.1 Analysis of near-filed sound source characteristics

In this subsection, we analyze the variation patterns of the train’s near-field sound
sources.

Figure 7 and Figure 8 show the surface sound power level distributions for flat-
ground modeling and bridge modeling, respectively. The surface sound power (W) is
calculated by Eq. (4):
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where r is the height of the first layer grid, c is the sound speed, p is the air density,
and p is the sound pressure. According to the definition of sound pressure, sound
pressure is the fluctuation value of wall pressure. The surface pressure of the model
can be obtained directly through CFD calculation. The instantaneous value of pressure
minus the time-averaged value is its fluctuation value. Then, the sound power level is
computed by Eq. (5):

w
Sound power level = 10 log (Wo) %)

where W, is the reference acoustic power, 10-12 Watt.

Comparing Figure 7 (a) with Figure 8 (a) from the lateral view, the sound power
level under flat-ground modeling is higher than that under bridge modeling,
particularly beneath the streamlined section of the head car, as indicated by the pink
box in these figures. From the top view in Figure 7 (b) with Figure 8 (b), the sound
power level on the roof of the streamlined head region is higher under flat-ground
modeling, also marked by the pink box; however, near the nose cone of the tail car,
the sound power level under flat-ground modeling is lower than that under bridge
modeling, as shown in the purple box. From the bottom view in Figure 7 (c) with
Figure 8 (c), the sound power level across the train underbody is consistently higher
under flat-ground modeling compared to bridge modeling.

It can be observed that, except for the region near the tail car nose cone, the sound
power level under flat-ground modeling is generally higher than that under bridge
modeling. This indicates that the sound source intensity is greater under flat-ground
modeling than under bridge modeling.

Based on the near-field 1/3 octave A-weighted sound pressure level spectrum
distribution (Figure 9), we investigate why the sound source intensity under
flat-ground modeling is higher than under bridge modeling. The 1/3 octave
A-weighted sound pressure level is calculated as follows:

n
L, = IOZgZ 1091(L,; + A4;) (6)
i=1

Here, L, represents the A-weighted sound level in dB(A), Ly; represents the

sound pressure level in the i-th octave band in dB, and AA4; is the attenuation value of
the i-th frequency A-weighting network.
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Figure 7 Surface sound power level of high-speed trains for flat-ground modelling
((a) Lateral view; (b) Top view; (c) Bottom view).
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Figure 8 Surface sound power level of high-speed trains for bridge modelling((a)
Lateral view; (b) Top view; (c) Bottom view).

From the 1/3 octave A-weighted sound pressure level spectrum at the nose cone
of the head car (corresponding to S1 in Figure. 1(a)) shown in Figure 9(a), the
following observations can be made: Below 200 Hz and above 2000 Hz, the spectral
intensity under bridge modeling is higher than that under flat-ground modeling, as
indicated by the red shaded areas. In contrast, within the mid-frequency range of
250 Hz to 1600 Hz, flat-ground modeling exhibits higher spectral intensity, as shown
by the gray shaded areas. Moreover, the spectral peaks for both modeling approaches
occur within this frequency range. Consequently, from the perspective of overall
sound pressure level, the sound source strength is stronger under flat-ground
modeling. Additionally, Figure 9 (a) indicates that, compared with bridge modeling,
the acoustic energy under flat-ground modeling is more concentrated in the
mid-frequency range.

Figure 9 (b) shows the 1/3 octave A-weighted sound pressure level spectrum at
the midpoint of the middle car (corresponding to S2 in Figure. 1 (a)). The result is
similar to that in Figure 9 (a), with two notable differences: first, in the high-frequency
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range (above 2000 Hz), the spectral amplitude at this location is higher under
flat-ground modeling than under bridge modeling; second, in the low-frequency
range, the spectral amplitude at the midpoint of the middle car is significantly stronger
than that at the nose cone of the head car for both modeling approaches.

Figure 9 (c) shows the 1/3 octave A-weighted sound pressure level spectrum at
the nose cone of the tail car (corresponding to S3 in Figure. 1 (a)). Its trend is largely
consistent with that in Figure 9 (a), but the spectral amplitudes across all frequency
bands are relatively lower.
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(a) (b) (c)
Figure 9 A-weighted sound pressure levels at different positions on the near-field
vehicle surface ((a) Front car nose cone; (b) Mid-point of middle car; (c¢) Tail car
nose cone).

In summary, based on Figure 9:

* The peak spectral amplitude is highest at the nose cone of the head car,
indicating that the sound source intensity is strongest at this location among
different locations along the train body.

e Compared with bridge modeling, flat-ground modeling concentrates
acoustic energy more in the mid- and high-frequency ranges. Since the
spectral peaks occur in the mid-frequency range, flat-ground modeling
results in stronger overall sound source intensity.

*  Bridge modeling leads to an increase in high-frequency acoustic energy near
the nose cone of the head car.

Figure 10 presents the surface sound power values of various components/areas
of the train, providing further insight into the influence of ground modeling
approaches on the acoustic source characteristics. Regardless of the ground modeling
approach, the strongest sound source intensity is observed in the lower part of the head
car, followed by the upper part of the head car, and the entire head-car region generally
exhibits high acoustic source levels. This observation aligns with the results shown in
Figures 7 to 9. Moreover, the sound source intensity under flat-ground modeling is
essentially higher than that under bridge modeling. This indicates that not only at the
three positions analyzed in Figure 9, but across all components/areas of the entire
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train, acoustic energy is more concentrated in the mid-frequency range under
flat-ground modeling—i.e., the frequency band where spectral peaks occur.

Figure 11 shows the surface sound power percentage of different
components/areas of the train. It can be seen that, although the absolute value of sound
source intensity under flat-ground modeling is higher than that under bridge modeling
for all components/areas of the entire train, the relative variation in “sound power
percentage” follows a different pattern. First, for all height zones (head car, middle
car, and tail car), the sound power percentage under bridge modeling is higher than
that under flat-ground modeling. This indicates that, although the overall sound source
intensity is lower under bridge modeling, the contribution and proportion from the car
body increase.
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Figure 10 Surface sound power of different components/areas.
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3.2 Analysis of far-filed noise characteristics

The previous subsection analyzed the influence of ground modeling approaches on
near-field sound sources. This subsection examines the impact of ground modeling
approaches on far-field noise.

Figure 12 presents the overall sound pressure level of the far-field noise at a
height of 3.5 m and a lateral distance of 25 m from the train’s central axis. A total of
11 points were arranged along the flow direction at intervals of 10 m.

The variation trend of the far-field overall sound pressure level along the flow
direction shows that, at all 11 points, the overall sound pressure level of the high-
speed train under flat-ground modeling is consistently higher than that under bridge
modeling. Additionally, both overall sound pressure level curves gradually decrease
in the downstream direction. The difference between the two curves is minimal at X
= -50 m, amounting to less than 1 dB. As the measurement extended downstream, the
difference gradually increases, reaching a maximum of approximately 4 dB at X =
50 m.

Figure 13 presents the 1/3 octave A-weighted sound pressure level spectra of the
entire high-speed train at three far-field locations: X =-—40 m, 0 m, and 40 m. Similar
to the near-field spectral distributions shown in Figure 9, Figure 13 (a) and Figure 13
(b) indicate that below 200 Hz and above 2000 Hz, the spectral intensity under bridge
modeling is higher than that under flat-ground modeling (as represented by the red
shaded areas). Conversely, within the mid-frequency range of 250 Hz to 1600 Hz, the
spectral intensity under flat-ground modeling is greater (as indicated by the gray
shaded areas), and the spectral peaks for both modeling approaches also appear in this
frequency range. Consequently, from the perspective of overall sound pressure level,
the far-field noise intensity is stronger under flat-ground modeling, and its acoustic
energy is relatively more concentrated in the mid-frequency range. Figure 13 (c)
further demonstrates that in the high-frequency range, the spectral intensity under
flat-ground modeling is also higher than that under bridge modeling, and the
difference between the two increases with frequency. This difference in
high-frequency acoustic energy, combined with the aforementioned mid-frequency
peak disparity, jointly explains the gradual increase in the difference between the two
overall sound pressure level curves along the downstream direction observed in Figure
12.
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Figure 13 A-weighted sound pressure levels at different standard measurement
points in the far field ((a) X =-40 m; (b) X =0 m; (c) X =40 m).

Figure 14 (a) shows the variation of the far-field noise equivalent continuous
A-weighted sound pressure level (Lyeq) with frequency. The Ly, is calculated
according to the international standard ISO 3095:2025 using the following formula
[26]:

1 tapa(t
Lyeq = 10Ig f pA(2 ) e ()
' ta —t1Jy, Do

Here, t; and t, represent the start and end times of the train passage,
respectively. The start and end times are defined as the moments when the short-term
pass-by noise is 10 dB(A) below the average A-weighted sound level of the train
passage. In this study, a space-for-time substitution method is adopted. p4 denotes the
measured sound pressure, and p,, is the reference sound pressure (2x10-5 Pa).

The distribution of Ly ¢4 across frequency bands in Figure 14 (a) largely follows

the trend observed in Figure 13 (a): under flat-ground modeling, acoustic energy is
primarily concentrated in the mid-frequency range, while under bridge modeling, it is
dispersed across both low and high-frequency bands.
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Figure 14 Far-field equivalent continuous A-weighted sound pressure level ((a) Total
noise from high-speed train; (b) High-speed train bogie area and different height
zones for flat-ground modelling; (¢) High-speed train bogie area and different height

zones for bridge modelling).

Figure 14 (b) and Figure 14 (c) present the variation of the far-field L, ., with
frequency for the two modeling approaches. The bogie area (including webs, six
bogies, and the bogie cavity), the lower zone, the middle zone, and the higher zone
are treated as integrated sound sources to analyze the contribution of different regions
to far-field noise. The contribution distribution is as follows:

In the low-frequency range, the lower zone contributes the most under both
modeling approaches, followed by the bogie area.

In the low-mid frequency range, the lower zone remains the dominant
contributor, with the middle zone ranking second.

In the mid-frequency range, the lower zone again contributes the most,
followed by the bogie area.

In the mid-high frequency range, the bogie area becomes the primary
contributor, followed by the lower zone.

In the high-frequency range, the lower zone contributes the most, with the
bogie area again ranking second.

Summarising Figure 14 reveals:

In the low- and high-frequency bands, the far-field Ly, under bridge
modeling is higher than that under flat-ground modeling, with the main
contributions coming from the lower zone and the bogie area. In the
mid-frequency band, however, the far-field Lye, under flat-ground
modeling is higher, mainly due to contributions from the lower zone, middle
zone, and bogie area. This indicates that the variation of far-field L4 .4 with
frequency does not stem from a simple shift of a single local sound source,
but rather reflects the overall spectral characteristics of the broadband noise
from different regions under the influence of the modeling approach.

Since the lower zone exhibits the highest sound source intensity, its impact
on far-field noise is the most significant. Bridge modeling reduces the
spacing between the train underbody and the track surface, lowering the
flow velocity and turbulent kinetic energy, thereby decreasing the overall
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underbody noise intensity. At the same time, the vortex structures beneath
the train become more fragmented, while the size of the overflow vortices
on both sides of the train increases, leading to enhanced noise intensity in
the lower zone within the low- and high-frequency bands. These acoustic
changes in the lower zone directly dominate the alteration of the overall train
noise characteristics.

4 Conclusions and Contributions

Based on a comprehensive analysis of the sound field, the following conclusions can
be drawn, revealing the mechanism by which different ground modeling methods
affect the aerodynamic noise of high-speed trains:

(1) The underbody region is the key contributor to overall noise in both modeling
approaches. Flat-ground modeling results in generally higher near-field sound source
intensity than bridge modeling, as acoustic energy is more concentrated in the mid-
frequency range (250-1600 Hz) where spectral peaks occur. This trend holds across
most train components, including the streamlined head, roof, and underbody, except
near the tail car nose cone. Although absolute sound power values are higher under
flat-ground modeling, the car body’s relative contribution is greater under bridge
modeling.

(2) Spatial variation of far-field noise arises from the coupling effect of spectral
structure and regional contributions. Far-field noise exhibits lower overall sound
pressure levels under bridge modeling, but the gap compared to flat-ground modeling
gradually widens downstream, reaching a maximum of approximately 4 dB. This
trend is jointly caused by differences in mid-frequency acoustic energy peaks and
contributions from high-frequency acoustic energy.
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