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Abstract: Although high-speed train (HST) bogie covers effectively reduce aerodynamic drag, they raise safety concerns due
to lift-induced oscillations caused by unsteady underbody flow. This study investigates the effects of various bogie covering
structures on aerodynamic load pulsations, pressure fluctuations, and underlying flow mechanisms in HSTs using an improved
delayed detached-eddy simulation at 400 km/h. Three covering configurations are considered: fully enclosed covers (FECs),
separated-type covers (STCs), and skirts-only. The numerical results show that all covering configurations significantly reduce
the total acrodynamic drag. Specifically, FECs achieve the largest reduction at 19.85%, while the STC and skirt-only configurations
achieve reductions of 16.22% and 14.45%, respectively. STCs perform better than FECs in suppressing lift fluctuations of car
bodies, effectively reducing the root-mean-square lift coefficient by up to 44%. While both STCs and FECs significantly
attenuate pressure fluctuations by up to 98% in the head bogie cabins and 83% in the tail cabins, they intensify fluctuations in
the middle cabins by 43% for STCs and 162% for FECs. Spectral analysis reveals that the dominant lift fluctuation frequencies
for STCs and FECs primarily fall within 7—14 Hz, with a secondary range of 63—72 Hz. These fluctuations are attributed
to cavity flow-induced resonance within the bogie cabin, which couples the internal and external airflows via the wheel
gaps. Additionally, FECs exhibit larger fluctuation amplitudes than STCs. Furthermore, boundary layer instability on the
lower surface of the head cover induces periodic high-frequency flow field fluctuations with a dominant frequency exceeding
115 Hz.
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1 Introduction into the aerodynamic drag reduction design of next-

generation HSTs in China (Dai et al., 2024). However,

As the operating speeds of high-speed trains
(HSTs) increase, their aerodynamic challenges have
become more pronounced (Mufioz-Paniagua and Garcia,
2020). Bogie encapsulation, an important and effec-
tive approach to drag reduction (Xia et al., 2017; Zhang
et al., 2018; Dong et al., 2020), has been integrated
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such encapsulation significantly alters the underbody
flow dynamics. Given the complexity of this flow re-
gime, the resulting aerodynamic disturbances in the
structure warrant thorough investigation.

Reducing aerodynamic drag and noise in HSTs
has become a global research priority (Zhang et al.,
2016; Guo et al., 2024). In academia, substantial prog-
ress has been made regarding the drag reduction ef-
ficacy of bogie enclosures (Zhang et al., 2018; Dong
et al., 2020). Studies demonstrate that, compared to
fully exposed bogie arrangements, encapsulated config-
urations can achieve drag reduction rates exceeding
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30% (Zhang et al., 2022) while also exhibiting superior
aerodynamic performance under both crosswind and
non-crosswind conditions. Additionally, installing skirts
offers a feasible solution for mitigating wheel-generated
noise (Zhang et al., 2019). In engineering practice, the
dominant configurations primarily include skirt enclo-
sures (Moon et al., 2014; Wang et al., 2020b) and bo-
gie cover enclosures (Dai et al., 2024); notably, skirt
technology has matured and is widely implemented
(Wang et al., 2020a). Researchers worldwide have con-
ducted extensive investigations into the aerodynamic
performance of HSTs with various enclosure configu-
rations. Moon et al. (2014) demonstrated that three
skirt designs reduce the drag of the HEMU-430X six-
car train by 7.8%. Li et al. (2025) numerically revealed
that skirts optimize the pressure distribution on bogie
cabin sidewalls, mitigating unsteady aerodynamic loads
and resonance risks. Subsequent investigations by Wang
et al. (2020b), Zhang et al. (2022), Dai et al. (2024), and
Shang et al. (2024) corroborated that sealing bogie
cabins or installing bogie covers yields drag reduction
rates ranging from 25.5% to 42.0%, while also improv-
ing the flow field and suppressing vortex shedding.
However, while bogie covers contribute significantly
to drag and noise reduction, they simultaneously intro-
duce safety risks associated with flow-induced fluctu-
ations (Baker, 2014). Within the underbody flow field,
unsteady pressure fluctuations driven by vortices act
directly on the bogies and covers. If the excitation fre-
quency aligns with the natural frequency of the cover,
it may trigger structural resonance, potentially leading
to component detachment.

Prior studies regarding the underbody flow field
have confirmed the flow complexity in the bogie re-
gion. Zheng et al. (2011) employed the delayed detached
eddy simulation (DDES) method to identify high-
turbulence unsteady flows, observing that multiscale
vortex structures form as airflow passes over each bo-
gie. Kwon (2023) noted that acrodynamic fluctuations
in the underbody region are highly sensitive to varia-
tions in incoming flow. Liu et al. (2019) further veri-
fied that bogies serve as key sources of vortex and
wake fluctuations, whose flow mechanisms warrant pri-
oritized investigation. Additionally, Dong et al. (2022)
observed strong shear layers within the cabin region,
where shear instability coupled with complex bogie
components exacerbates turbulence. He et al. (2024)
highlighted that bogie components experience intense

pressure fluctuations due to their location within the
upstream separated shear layer, thereby acting as pri-
mary noise sources; the resulting noise spectrum ex-
hibits broadband characteristics dominated by low fre-
quencies. Research on the surface fluctuating pressure
of HSTs has emerged relatively recently (Xiao et al.,
2010). Due to the train’s non-streamlined geometry, sur-
face roughness, and ground effects, a complex turbulent
flow field forms around the vehicle, leading to vortex
shedding, flow separation, and reattachment. These phe-
nomena ultimately manifest as surface fluctuations on
the car body (Li et al., 2025). Most existing studies have
predominantly focused on key aerodynamic regions,
such as the head and tail cars. Li et al. (2025) performed
proper orthogonal decomposition (POD) analysis on the
trailing car’s surface pressure and found that positive
and negative pressure fluctuations concentrate near the
bogie skirt edges, directly influencing lateral aerody-
namic vibrations. Xiao et al. (2010) and Wang et al.
(2015) extracted the fluctuating pressure characteris-
tics of the head car using large eddy simulation (LES),
while Li et al. (2011) computed surface pressure fluc-
tuations and flow field boundaries using various tur-
bulence models to analyze their frequency-domain be-
haviors. Although these studies have laid a solid foun-
dation for understanding surface pressure fluctuations,
notable gaps remain regarding the underbody region,
specifically the pressure fluctuation characteristics
around bogie covers.

To date, the underlying mechanisms governing
the pressure and lift fluctuations induced by bogie
covers remain insufficiently explored. The literature
offers fragmented insights, leaving a distinct gap in
understanding the intrinsic correlation between these
fluctuations and the complex underbody cavity flows
(Gao et al., 2023). To address the aforementioned
research gaps, this study conducts an in-depth inves-
tigation into the influence of bogie covers on train
aerodynamic performance, systematically explores the
characteristics of pressure and lift fluctuations act-
ing on bogie covers, and reveals the intrinsic corre-
lation between the lift fluctuation characteristics of
bogie covers and the underbody flow field of bogie
cabins. The research findings can provide reliable
theoretical support for the structural safety design of
bogie covers and the optimization of train acrodynamic
performance.



2 Methodology
2.1 Numerical method

This study uses the commercial software STAR-
CCM+ for numerical simulations based on the finite
volume method. Given the operating speed of the HST
at 400 km/h (approximately 0.33 Mach), the flow is con-
sidered compressible (Zhou et al., 2020; Huang et al.,
2024; Li et al., 2024). Furthermore, the improved de-
layed detached-eddy simulation (IDDES) and coupled
fluid solver are key tools for addressing high-Reynolds-
number, strongly separated, unsteady, and compressible
flows, and their combination can accurately capture
transient vortex structures, pressure fluctuations, and
dynamic characteristics of aerodynamic loads (Zhou
et al., 2020). Therefore, this study employs the IDDES
method based on the shear stress transport (SST) k-w
model (Wang et al., 2025) and coupled fluid solver
to obtain high-precision unsteady turbulent simulation
results. Further details on the numerical solution are pro-
vided in Section S1 of the electronic supplementary
materials (ESM).

2.2 Computational models, computational domain,
and boundary conditions

In this study, 1:8 scaled models are adopted for
the numerical simulations to ensure validation consis-
tency, computational feasibility, and aerodynamic sim-
ilarity. Specifically, this scale aligns with the physical
benchmark model from the China Aerodynamics Re-
search and Development Center (CARDC) wind tunnel
tests (Li et al., 2023), guaranteeing a direct and rigor-
ous validation of the numerical methodology. The flow
fields around the scaled models enter the Reynolds num-
ber self-similarity regime, fundamentally ensuring the
physical reliability of the aerodynamic evaluations.

The train consists of three cars: Car 1 (head car),
Car 2 (middle car), and Car 3 (tail car), as shown in
Fig. 1a. Mechanically, the head and tail cars are trail-
ers with unpowered bogies, while the middle car is a
powered car equipped with motorized bogies. Notably,
the bogie covers are installed exclusively on unpow-
ered bogies. The powered bogies are left uncovered
because the internal high-power traction motors and
gear transmission systems severely restrict the avail-
able installation space (Zhao et al., 2025). Furthermore,
the covers obstruct the substantial cooling airflow re-
quired for heat dissipation during high-speed operation.
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Fig. 1 Geometry models: (a) sketch of the HST model;
(b) HST models of all cases
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It should be noted that all dimensions provided below
are based on the 1:1 full-scale model. The total length
of the train is 80.7 m, with the head and tail cars each
measuring 27.5 m. The car body width is 3.36 m, and
the height is 4.05 m (defined as the characteristic length,
H). The bogie model includes main components (wheel-
sets, frames, and brake calipers). Detailed dimensions
are shown in Section S2 of the ESM.

Fig. 1b illustrates the four simulation cases: Case 0,
without skirts or bogie covers; Case 1, featuring skirts
on the head and tail cars; Case 2, with separated-type
covers (STCs) and skirts; Case 3, with fully enclosed
covers (FECs) and skirts. The STC configuration uses
axle-mounted brake discs with covers attached to the
bogie frame, introducing numerous opening clearances
(e.g., front/rear walls, lateral sides, and wheel rims).
Conversely, the FEC configuration employs wheel-
mounted brake discs with covers anchored directly to
the car body. Featuring only minimal gaps near the train
nose and gap-free boundaries elsewhere, FECs restrict
airflow exchange primarily to the wheel rim openings,
thereby achieving significantly enhanced sealing per-
formance over STCs.

The computational domain and boundary condi-
tions are illustrated in Fig. 2. The domain extends 15H
upstream from the train nose and 35H downstream
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Fig. 2 Computational domain and boundary condition

from the tail. This longitudinal span ensures that the
outlet boundary is sufficiently remote to prevent bound-
ary reflection effects from contaminating the near-wake
flow. At the inlet, a uniform free-stream velocity of
(111.11, 0, 0) m/s was imposed, corresponding to a
cruising speed of 400 km/h. The inlet turbulence in-
tensity and turbulent viscosity ratio were set to 1% and
10, respectively. Although the CARDC wind tunnel
(Li et al., 2023) exhibits a turbulence intensity below
0.12%, a 1% intensity was employed in the simula-
tion to prevent nonphysical decay of turbulent viscosity
in the far field and to ensure robust numerical conver-
gence of the IDDES solver. The fluid properties are
detailed in Section S3 of the ESM. To account for the
ground effect, the ground and tracks were designated
as moving no-slip walls, with their velocity and direc-
tion matching the incoming flow.

2.3 Computational mesh and validation

The computational domain is spatially discretized
using a Cartesian cut-cell mesh generated in STAR-
CCM+, with consistent meshing protocols applied
across all cases. To satisfy the requirements of the
IDDES method, the wall-normal spacing of the first
prismatic layer was set to 5x107° m, maintaining wall
y'=1. The details of the grid setup and the computa-
tional mesh topology can be found in Section S4 and
Fig. S1 of the ESM. To systematically evaluate the aero-
dynamic performance of the HST, the aerodynamic
drag coefficient (C,), lift coefficient (C)), and surface
pressure coefficient (C,) are introduced as dimension-
less parameters, which are defined in Egs. (S1)—(S3)
of the ESM. To validate grid independence, three sets
of meshes with varying resolutions (coarse, medium,
and fine) were evaluated. The specific mesh density pa-
rameters and calculations are provided in Table S1 of the
ESM. Notably, the difference in the total C, between

the medium and fine meshes is only —2.53%. In con-
trast, the coarse mesh shows a significantly larger de-
viation of —5.68% compared to the fine mesh. There-
fore, the medium mesh meets the accuracy require-
ments for simulating the HST flow field. To balance
computational cost and accuracy, the medium mesh is
selected for all subsequent simulations.

The proposed numerical method is validated
against wind tunnel test data (Li et al., 2023) obtained
from a large low-speed wind tunnel at the CARDC.
The test employed a 1:8 scale train model (consisting
of a head car and a half-length car body). Section S5
and Fig. S2 of the ESM present the wind tunnel test
setup details for numerical validation and the corre-
sponding geometric comparison between the numer-
ical and experimental models. Validation focused on
two primary aerodynamic observables: the C, of the
head car and the C, distribution along the longitudinal
streamlined centerline. Table 1 presents the head car
C, derived from both the wind tunnel test and the nu-
merical simulation. The results indicate that the simu-
lated drag coefficient deviates by 3.39% from the wind
tunnel data, which is within the standard error margin
of 5%. Additionally, Fig. 3 compares the surface pres-
sure tap measurements on the head car with the nu-
merical predictions. The close match between the sim-
ulated surface pressures and the experimental data vali-
dates the predictive accuracy of the numerical method
regarding car body surface loads.

Table 1 Comparison of the aerodynamic drag coefficients for
the numerical simulation and wind tunnel test (Li et al., 2023)

Cd
- - Error (%)
Test Simulation
0.118 0.122 3.39
1.2
—— Numerical simulation
= Wind tunnel test (Li et al., 2023)
0.8}
< 04
0.0}
-04

00 02 04 06 08 10
X/Lnose

Fig. 3 Comparison of surface pressure coefficient distributions
between the numerical simulation and wind tunnel test (Li
et al., 2023) (L,,.: length of the streamlined nose)

nose®



For validation, comparisons are made with mov-
ing model tests (Bell et al., 2015) conducted at Reyn-
olds numbers of 2.5x10" and 3.3x10°. The mean un-
derbody flow velocity (U, y..) at a specific track-side
monitoring point (3.0 m from the track centerline and
0.2 m above the top of rail) is quantitatively compared
with corresponding measurements from the moving
model tests. The mathematical formulation for U, .
is provided in Eq. (S4) of the ESM. Notably, as illus-
trated in Fig. 4, the comparison reveals a high degree
of consistency between the simulation results and the
experimental data. Slight deviations are likely due to
unavoidable geometric differences and specific model
setup details that are not fully detailed in the litera-
ture. Overall, these results confirm that the numerical
method employed in this study provides reliable pre-
dictions of the undertrain flow field.

0.15

—— Numerical simulation (present study)

— — Moving model test (Bell et al., 2015)
o10bl 77 Numerical simulation (Dong et al., 2020)

Usipstream

Fig. 4 Comparison of U, among the present study,

lipstream

moving model experiments (Bell et al.,, 2015), and prior
numerical studies (Dong et al., 2020) (L: the characteristic
train length)

3 Results and discussion
3.1 Aerodynamic force
3.1.1 Aerodynamic drag force

This section compares the aerodynamic drag of
trains with different bogie covering configurations.
Table 2 presents the C, values for various cases to eval-
uate the drag reduction performance of bogie encapsu-
lations. First, compared to the baseline (Case 0), the
total C, is significantly reduced in all cases with skirts
or covers, achieving reduction rates of 14.45%, 16.22%,
and 19.85% for Cases 1, 2, and 3, respectively. Second,
while adding skirts reduces drag for every car, the ad-
dition of covers further enhances drag reduction for
the head and tail cars, with Case 3 achieving the maxi-
mum reduction. In contrast, the middle car shows the
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opposite trend: C, values in Cases 2 and 3 are higher
than those in Cases 0 and 1, with Case 3 showing the
most significant increase.

Fig. 5 depicts the streamwise velocity distributions
along the underbody longitudinal centerline (0.15 m
below the underbody surface). Cases 2 and 3 exhibit
markedly higher flow velocities than Cases 0 and 1,
with Case 3 displaying the most substantial accelera-
tion, particularly in the Car 2 region. Physically, this
phenomenon is attributed to the streamlining effect of
the bogie covers. By smoothing the geometric profile,
the covers mitigate the momentum loss of the high-
speed underbody flow. Consequently, this preserved
high-momentum fluid impinges more aggressively upon
the downstream bogie cabins of Car 2, directly result-
ing in increased acrodynamic drag for the middle car.

Table 2 Comparison of the aerodynamic drag coefficients

of each car
G
Case No.
Car 1l Car2 Car 3 Total
0 0.1230 0.0694 0.1079 0.3003
1 0.0994 0.0620 0.0955 0.2569
2 0.0907 0.0712 0.0897 0.2516
3 0.0848 0.0728 0.0831 0.2407

0.0 - - - ;
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5 Distribution of normalized flow velocity along the
longitudinal centerline of the underbody (u: flow velocity
magnitude; U_: inlet freestream velocity, 111.11 m/s)

3.1.2 Aerodynamic lift force

This section analyzes the aerodynamic lift of trains
with different bogie covering configurations. Table 3
presents a comparison of C, values for individual cars
and the entire train. Car 1 exhibits downforce, while
Cars 2 and 3 experience positive lift. Specifically, Car 3
displays the largest absolute value of C, while Car 2
shows the smallest. This trend is attributed to the varying
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Table 3 Comparison of the lift coefficients of each car

Case No. !
Car 1 Car 2 Car 3 Total
0 -0.0640 0.0023 0.0938 0.0321
1 -0.0540 0.0149 0.0982 0.0591
2 -0.0868 0.0144 0.0797 0.0073
3 -0.0801 0.0254 0.0874 0.0327

flow fields: Car 1 is influenced by the stagnation pres-
sure at the nose, while Car 3 is affected by flow sepa-
ration in the wake region. Both conditions contribute to
higher aerodynamic loads. In contrast, Car 2 is shielded
by the upstream car, resulting in a smoother flow field
and reduced lift. In terms of safety, the installation of
STCs and FECs reduces the lift coefficient of Car 3 by
15% and 7%, respectively, compared to Case 0. Overall,
the bogie covers effectively enhance the train’s aero-
dynamic stability.

Fig. 6 illustrates the root-mean-square (RMS) of
the lift coefficients (C,,,,) for the car bodies across the
four configurations. Installing skirts alone slightly am-
plifies the lift fluctuations on the head and tail cars
while offering minor attenuation for the middle car. In
contrast, bogie covers universally reduce the unsteady
loads on all cars. Notably, the STCs demonstrate supe-
rior suppression effectiveness compared to the FECs.
Specifically, STCs reduce the C,,, values by 41%, 30%,
and 44% for the head, middle, and tail cars, respec-
tively, outperforming FECs, which achieve reductions
of 31%, 26%, and 37%, respectively.

Fig. 7 presents the time-history curves of the C,
values for the individual bogie covers. After 0.5 s, the
flow field fully develops and reaches a statistically
stationary state characterized by stable periodic oscil-
lations. Therefore, to eliminate initial numerical tran-
sients, only the stable temporal data from 0.5 to 1.0 s
are extracted for all subsequent time-averaged and un-
steady aerodynamic analyses. Comparing the two con-
figurations, the STCs predominantly exhibit positive
or near-zero mean lift values. In contrast, the FECs
show a pronounced downward shift toward downforce,
particularly for Covers 2—4. Regarding transient fluc-
tuations, the FECs demonstrate significantly more in-
tense aerodynamic oscillations than the STCs. This in-
stability is visually evident from the broader fluctua-
tion bands in Fig. 7b.

Table 4 compares the lift characteristics of the
covers in Cases 2 and 3 to quantify their fluctuation

0.025

[ Case 0 [ Case 2
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Cims

0.010

0.005 |
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Fig. 6 RMS of the lift coefficients for car bodies
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Fig. 7 Time-history curves of the lift coefficients for the bogie
covers: (a) STCs; (b) FECs

properties. First, regarding the mean force, most covers
in Case 2 experience positive lift, while those in Case
3 exhibit negative lift. Second, C,,, values for STCs
are consistently lower than those for FECs, indicating
weaker aerodynamic instability. Specifically, comparing
STCs to FECs, the C,,, values for Covers 1-4 are re-
duced by 22%, 17%, 14%, and 13%, respectively. Third,
the fluctuation intensity follows a consistent order:
Cover 3>Cover 1>Cover 4>Cover 2. Additionally, re-
garding the maximum fluctuation amplitude, Covers 1
and 3 demonstrate the largest peak magnitudes among
the four covers.



Table 4 Comparison of the time-averaged lift coefficients, RMS of the lift coefficients, and maximum fluctuation amplitudes

for the bogie covers
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Time-averaged lift coefficient (x10™*) RMS of the lift coefficient (x10™) Maximum fluctuation amplitude (x107)

Cover No.
STC FEC STC FEC STC FEC
1 22 5 21 27 73 95
2 64 -62 15 18 61 57
3 5 -101 25 29 77 86
4 0 =26 21 24 73 71
The bogie cabin exhibits structural characteris- 107 oo
tics typical of a cavity. Thus, the underbody flow field s
near the cabin can be modeled as cavity flow for dy- Case 2
namic analysis. A boundary layer forms near the lead- RN sty
ing edge and separates as the airflow passes over the 3:"1 i
opening. Subsequently, the intense shear between the 2
high-speed external flow and the internal cavity flow 10°®
leads to the formation of a shear layer. This layer un- - :\ -.‘,"\“,,_':./' H
dergoes instability and oscillation, generating and trans- | NerHz v
porting shed vortices downstream. When this vortex- 107 S pvs ' 0 100 120
laden flow impinges on the trailing edge, it triggers in- Frequency (Hz)
tense pressure fluctuations and noise. The classical (@
method for predicting the modal frequencies of such -
flow-induced oscillations is the Rossiter semiempir- Case 0
ical formula (Rossiter, 1962). Heller et al. (1971) sub- 10° T
sequently refined this formula to account for compress- " — . = Case3
ibility effects. The Heller-modified Rossiter formula- N
tions are detailed in Eqs. (S5) and (S6) of the ESM. It = 107 Sk
is important to note that the Heller-modified Rossiter 2 it
formula is primarily valid within the Mach range of
0.3-1.4; beyond this regime, the predictive accuracy 107
deteriorates significantly. -
As illustrated in Fig. 5, the incoming flow velocity 0 20 40 60 80 100 120
at the underbody Bogie cabin 1 of the head car is taken Frequ?g‘):y Hz)
as 1.1U,, corresponding to 122.22 m/s. Calculations
based on the semiempirical formula yield the following 10 Case 0
dominant excitation frequencies for Bogie 1: 10 (first 105 — — Caset
mode), 24 (second mode), 38 (third mode), 51 (fourth o Z:Zi
mode), and 65 Hz (fifth mode). In contrast, the local ~ 1
Mach numbers at the underbody of the middle and tail T e 62-65 Hz
cars remain below 0.3. Consequently, these regions fall §
outside the validity range of the Heller-modified Ros- 10°
siter formula, precluding its application for these down- P A *
stream bogie cabins. Rt ok
To identify the frequency characteristics of the lift - a0 40

fluctuations, fast Fourier transform (FFT) analysis is
performed on the lift coefficients of each car body and
bogie cover. Fig. 8 presents the power spectral density
(PSD) of lift coefficients. The dominant frequencies

Frequency (Hz)
(c)

Fig. 8 PSD of lift coefficients for each car body: (a)
Body 1; (b) Body 2; (¢) Body 3
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for all car bodies fall within the ranges of 7-10 and 62—
67 Hz, with a slight decrease observed from the leading
to the trailing cars. Additionally, the PSD values for
the head car are consistently higher than those for the
tail car. Notably, Cases 2 and 3 show comparable PSD
levels, which are significantly suppressed compared to
Cases 0 and 1. This result confirms that the installation
of covers significantly reduces the fluctuation energy
for the head and tail cars. Conversely, the PSD profiles
of the middle car exhibit minimal variation across the
four cases.

Fig. 9 compares the PSD of lift coefficients for
STCs and FECs. The dominant frequencies for the bogie
covers fall within the ranges of 7-14 and 63—72 Hz.
These frequencies correspond to those of the car bodies,
indicating that both components are subjected to pe-
riodic forcing from the same dominant vortices. Com-
parisons show that the PSD values for FECs are con-
sistently higher than those for STCs, reflecting more
intense lift fluctuations in the FEC configuration.

10°®

—— Cover 1
- — Cover2
- Cover 3

107 F — - - Cover4
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107"
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Fig. 9 PSD of lift coefficients for various covers: (a) STCs;
(b) FECs

Furthermore, in the frequency range up to 30 Hz, the
PSD values for Covers 3 and 4 are consistently higher
than those for Covers 1 and 2. In contrast, for frequen-
cies exceeding 30 Hz, Covers 1 and 2 surpass Covers 3
and 4. This observation suggests that the covers in-
stalled on the head car exhibit a higher dominant fre-
quency range compared to those on the tail car. From
this, it can be deduced that the dominant vortices around
the head car oscillate at higher frequencies than those
at the tail car.

The observed primary and secondary lift frequen-
cies for the head car and its bogie covers align closely
with the first- and fifth-order modes predicted by the
semiempirical formula. This spectral agreement corrob-
orates that cavity flow-induced resonance within the
bogie region is the dominant aerodynamic excitation
mechanism driving the periodic lift fluctuations. In
contrast, for the middle and tail cars, the reduced un-
derbody flow velocity results in a local Mach number
below the validity range of the semiempirical formula,
precluding theoretical prediction. However, as illus-
trated in Figs. 8 and 9, their dominant fluctuation fre-
quencies exhibit slight deviations from those of the head
car. This frequency shift is attributed to the altered un-
derbody flow conditions experienced by the down-
stream cars.

3.2 Analysis of flow field characteristics
3.2.1 Flow field of the underbody of the bogie covers

This section analyzes the unsteady flow field char-
acteristics at the underbody of the bogie cabins for trains
with different bogie covering configurations and es-
tablishes the correlation between the underbody flow
field and the unsteady aerodynamic loads of the train.
To investigate the effect of the covers on airflow ex-
change within the bogie cabin, Fig. 10 compares the
time-averaged z-direction velocity distributions between
Cases 2 and 3. The airflow exchange paths vary sig-
nificantly by configuration. For Cover 1 of STCs, air-
flow enters through the gap at the rear wall and exits
via the front and side gaps. For Covers 2—4 of STCs,
inflow occurs through gaps at both the front and rear
walls, as well as the wheel rim clearances, while out-
flow takes place through the sidewall tail gaps. For the
FECs, Covers 1 and 4 possess small gaps near the cabin
walls, while Covers 2 and 3 are virtually gap-free; thus,
exchange relies primarily on the wheel gaps. Specifi-
cally, for Cover 1, airflow enters through the rear wheel
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Fig. 10 Time-averaged z-direction velocity distributions of different covers: (a) Case 2; (b) Case 3 (u,: flow velocity in

the z-direction)

gaps and exits via the front gaps, whereas for Covers
2—4, the direction is opposite (entering front and exit-
ing rear). Overall, STCs feature more openings, result-
ing in complex flow paths and a higher exchange rate.
Conversely, FECs rely mainly on wheel gaps, provid-
ing better sealing performance and significantly re-
ducing the airflow exchange capacity.

Fig. 11 presents the instantaneous velocity distri-
butions near the lower surfaces of Covers 1 and 3.
Cover 1 has sharp velocity gradients on the lower sur-
face sides, easily inducing small-scale turbulent vor-
tices, intensifying local velocity fluctuations, and caus-
ing strong surface pressure fluctuations. Its large front
separation zone offers an unstable vortex generation
environment; frequent vortex generation and shedding
induce abrupt velocity changes, leading to high pres-
sure fluctuation amplitude and frequency. Cover 1 of

0.75

uu. I

Cover 1 Cover 3

(b)

Fig. 11 Instantaneous velocity distributions near the lower
surfaces of Covers 1 and 3: (a) STCs; (b) FECs

STCs, with side gaps, has sharper velocity gradients and
stronger turbulent fluctuations, but its front, blocked
by the brake disc, has weaker mid-section velocity gra-
dients and turbulent fluctuations than those of Cover 1
of FECs.

Cover 3 has a more uniform flow field, smaller
separation zone, and lower transient vortex genera-
tion frequency. With gentle side velocity gradients, its
large-scale vortices are more stable with limited energy
transfer to smaller scales, and pressure fluctuations are
significantly weaker than Cover 1. Cover 3 of STCs
shows downstream flow deceleration, and its side ve-
locity gradients match those of Cover 3 of FECs; more-
over, its mid-section, blocked by the brake disc, also
presents weaker velocity gradients and turbulent fluc-
tuations than those identified in Cover 3 of FECs.

Fig. 12 presents the velocity distribution character-
istics along the longitudinal centerline of Bogie cabin 1.
When the high-speed incoming flow impinges on the
obstacle catcher at the head of the train, the airflow is
separated; as the airflow bypasses the front end of the
obstacle catcher and continues to flow along its surface,
the velocity gradually increases and reaches a stable
state at the terminal region of the obstacle catcher sur-
face. The high-speed airflow flowing along the obstacle
catcher generates shear layer separation at the leading
edge of Bogie cabin 1. For Cases 0 and 1, since the
bogie cabin is in a fully open state, the instability de-
gree of the separated shear layer is the most intense,
whereas in Cases 2 and 3, the sealing effect of the cover
on the bogie cabin reduces the instability degree of the
separated shear layer while inducing periodic flow pul-
sations in the middle region of the cover.
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From Figs. 12c and 12d, it can be observed that
the spacings between periodic velocity pulsation peaks
in the flow fields on the lower surfaces of the middle
regions of the STC and FEC are 0.006L and 0.0065L,
respectively. The local mainstream velocity is approx-
imated by the line integral average of the streamwise
velocity along the normal path (perpendicular to the
streamwise x-direction) within the vortex region. The
integration range is defined as extending from the
maximum velocity point to the boundary on the lower
surface of the cover where the velocity decays to 0 m/s.
The corresponding integration formula is given as
follows:

_ 1 (¢
ulocalz EJOM(Z)dZ’ (1)

where u,,., denotes the approximated local mainstream
velocity; S represents the actual physical length of the
normal integration path; u(z) denotes the streamwise
velocity distribution along the z-axis. The dominant
flow pulsation frequencies of the middle regions on the
lower surfaces of the STC and FEC are calculated via

Eq. (2):

2

where f denotes the dominant frequency of flow ve-
locity pulsation; U, represents the vortex convection
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velocity, which is approximated in this study by the
local mainstream velocity i,,, in the vortex region on
the lower surface of the cover; A denotes the actual
spatial spacing between adjacent velocity pulsation
peaks. The local mainstream velocities i, in the vor-
tex regions on the lower surfaces of the STC and FEC
are obtained via integration as 59 and 62 m/s, respec-
tively. Using Eq. (2), the approximated dominant flow
pulsation frequencies in the central regions of the lower
surfaces of STC and FEC are calculated to be 121 and
118 Hz, respectively.

Fig. 13 illustrates the instantaneous vorticity dis-
tribution at the longitudinal centerline of Bogie cabin 1
and along the wheel side, as well as the pressure distri-
bution on the lower surface of Cover 1. Due to the fully
open state of the bogie cavity in Cases 0 and 1, a large-
scale separated shear layer forms within the cavity. The
instability of this layer generates large shedding vortices,
which rapidly breakdown into small-scale vortices after
impact, leading to highly disordered turbulence. Con-
versely, in Cases 2 and 3, a relatively stable boundary
layer forms on the central lower surface of the cover.
Instability within this boundary layer induces periodic
fluctuations, giving rise to high-frequency pressure fluc-
tuations underneath the cover.

For the flow field on the wheel side, the incom-
ing boundary layer is disrupted by the blocking effect
of the wheels, forming a local stagnation zone with
positive pressure on the windward side. As the flow
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Fig. 12 Instantaneous velocity field near the underbody of Bogie cabin 1: (a) Case 0; (b) Case 1; (c) Case 2; (d) Case 3



bypasses the wheels, separation occurs due to the cur-
vature of the wheel surfaces, generating separated vor-
tices and a large negative pressure region. Afterward,
the flow impinges on the rear edge of the cover, creat-
ing a local positive pressure zone. From Figs. 13c and
13d, it can be observed that both the area and magni-
tude of positive and negative pressures in the wheel-
side region of the cover surface are significantly larger
than those in the central region. This phenomenon in-
dicates that the vortices on the wheel side play a dom-
inant role in the lift fluctuation of the cover.

-3000  -1500 0 1500 3000
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3.2.2 Pressure distribution characteristics of the bogie
cabins

This section analyzes the pressure fluctuation char-
acteristics inside the bogie cabins of trains with differ-
ent bogie covering configurations. Fig. 14 compares the
RMS values of surface fluctuating pressure coefficients
on the lower surfaces of the covers between Cases 2
and 3. Overall, the pressure fluctuation intensity ex-
hibits a decreasing trend along the longitudinal direc-
tion, consistent with the deceleration of the underbody

Pressure coefficient -

-0.20 -0.10

0.10

Fig. 13 Instantaneous vorticity distribution in the underbody region of Bogie cabin 1 and pressure coefficient distribution
on the lower surface of Cover 1: (a) Case 0; (b) Case 1; (c) Case 2; (d) Case 3

RMS of surface fluctuating pressure coefficient _

Cover 2

Cover 1

(b)

Cover 3 Cover 4

Fig. 14 Distribution of the RMS fluctuating pressure coefficients on the lower surfaces of the covers: (a) Case 2; (b) Case 3
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flow. Most areas on the lower surface of Cover 1 have
RMS values exceeding 0.05, while the corresponding
areas on the other three covers generally range from
0.03 to 0.05. For the STCs, regions with intense pres-
sure fluctuations on the lower surfaces are located near
the opening gaps, with an overall scattered distribution.
These opening gaps serve as the exchange areas for
airflow between the underbody and the interiors of the
bogie cabins. In contrast, for the FECs, regions with
intense pressure fluctuations on the lower surfaces are
concentrated near the leading edges, both sides of the
covers, and the wheel opening gaps, presenting a more
centralized overall distribution.

As illustrated in Fig. 15, pressure measurement
points are deployed at both lateral sides and the cen-
tral region of the lower surface of the bogie cover,
and FFT analysis was subsequently conducted on the
acquired pressure measurement data. Fig. 16 illustrates
the PSD of pressure fluctuations at the relevant mea-
surement points on Cover 1. Surface Points 1 and 3,
adjacent to the wheel gaps, show dominant frequen-
cies in the range of 5—13 Hz, which are consistent with
the dominant frequency of the lift fluctuations. Con-
versely, points away from the wheel gaps on the later-
al side exhibit a dominant frequency of approximately
65 Hz, matching the secondary frequency of the lift
fluctuations. Furthermore, the dominant frequency at
the central measurement point reaches 115 Hz. The ex-
citation source for this frequency stems from periodic
flow field fluctuations induced by boundary layer in-
stability in the central region. Based on this compre-
hensive analysis, it is inferred that the dominant fre-
quency of the lift fluctuations of the bogie cover is
primarily driven by pressure fluctuations in the wheel
gap region. Essentially, these fluctuations are a direct
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Fig. 15 Arrangement of pressure measurement points on
the cover: (a) STCs; (b) FECs
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Fig. 16 PSD of fluctuating pressures on the surface of
Cover 1: (a) STCs; (b) FECs

result of the periodic evolution of separated vortices
at the wheel rim.

To investigate the pressure fluctuation character-
istics within the bogie cabins, pressure measurement
points were arranged along the longitudinal center-
line on the front walls of the cabins, the center of the
bogie’s lower surface, and the rear walls of the cabins,
as illustrated in Fig. 17.

Fig. 17 Arrangement of pressure measurement points within
the bogie cabins



Fig. 18 presents the PSD of pressure fluctuations
at the internal measurement points of Bogie cabin 1.
The internal pressure fluctuations exhibit distinct domi-
nant frequencies corresponding to cavity flow-induced
resonance, namely, the first-order dominant frequency
in the range of 7-10 Hz, the second-order dominant
frequency of 20—23 Hz, the third-order dominant fre-
quency of 38—40 Hz, the fourth-order dominant fre-
quency of 50-53 Hz, and the fifth-order dominant fre-
quency spanning 60—65 Hz. The first-order and fifth-
order dominant frequency characteristics exhibit con-
sistency with the dominant frequencies of the car body
and cover lift fluctuations. The wheel gap opening on
the bogie cover acts as the core channel for airflow ex-
change between the interior and exterior of the bogie
cabin, and the dominant frequency of pressure pulsa-
tions at this opening is highly consistent with the fre-
quency of the cavity flow-induced resonance mode
of the bogie cabin. In summary, the analysis indicates
that cavity flow-induced resonance couples the inter-
nal and external flows via the wheel gaps, thereby
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dominating the lift fluctuations of the covers and car
body.

To systematically evaluate the pressure fluctua-
tion characteristics across the underbody, the PSD dis-
tributions for all six bogie cabins are analyzed. For
brevity, detailed spectral plots and comprehensive anal-
yses are provided in Section S8 and Fig. S3 of the
ESM. The spectral data exhibit dominant frequencies
(specifically at 5-10, 50, and 65 Hz) that strictly cor-
relate with cavity flow-induced resonance modes. Mac-
roscopically, while bogie covers effectively attenuate
pulsation energy in the head and tail cars, they amplify
it in the middle car. Furthermore, the STC configura-
tion, owing to its structural gaps, induces larger air-
flow exchange and higher pulsation energy in the head
and tail cars, whereas the FEC exhibits a stronger flow-
guiding effect that significantly amplifies fluctuations
in the middle car.

To investigate the effect of bogie covers on pres-
sure fluctuations in the underbody region, measure-
ment points are arranged at the geometric center of
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Fig. 18 PSD of pressure fluctuations in Bogie cabin 1: (a) Case 0; (b) Case 1; (c) Case 2; (d) Case 3
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the lower surface of the covers in Cases 2 and 3. The
layout corresponds to Point 6 in Fig. 15. Correspond-
ing measurement points are also installed for Cases 0
and 1. The collected data are analyzed using FFT, and
the obtained PSD plots are presented in Fig. 19. For
the underbody flow field of Bogie cabin 1, the instal-
lation of the bogie cover reduces the oscillation energy
of pressure fluctuations while increasing the dominant
frequency. However, the instability of the boundary
layer on the lower surface of the bogie cover induces
periodic high-frequency flow field pulsations with a
dominant frequency of approximately 115 Hz, which
is in close agreement with the previously estimated dom-
inant frequency. In contrast, for the underbody flow at
the tail car’s bogie cabins, the underbody flow velocity
is relatively low, and the flow field has evolved into
fully developed turbulence, leading to a negligible ef-
fect of the bogie cover installation on the dominant
frequency of the underbody flow field pulsations.

To elucidate the aecrodynamic impact of skirts and
covers on internal fluctuating pressure, Fig. 20 compares
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the RMS values across different cases. The arrange-
ment of the measurement points is illustrated in Fig. 17.
The results indicate that the bogie enclosure signifi-
cantly influences the pressure distribution, with the
rear wall of the bogie cabin typically exhibiting the
most intense fluctuations. For Cases 0 and 1, the un-
derbody airflow directly impacts the rear wall of Bogie
cabin 1, resulting in RMS values exceeding 0.14. The
installation of STCs and FECs significantly suppresses
pressure fluctuations inside the bogie cabins of the head
and tail cars, with the most prominent reduction ob-
served in Bogie cabin 1 of the head car. Compared to
Case 0, both cover configurations achieve a maximum
reduction rate of 98% for the head car cabins and 83%
for the tail car cabins. In contrast, the installation of
covers mitigates the momentum loss of the high-speed
underbody flow reaching the middle car, thereby in-
creasing the fluctuation intensity. This increase is most
prominent at the rear wall of Bogie cabin 3, where the
fluctuation levels for STCs and FECs rise by 43% and
162%, respectively, compared to Case 0.

3.2.3 Analysis of OASPL of the bogie cabins

This section analyzes the overall sound pressure
level (OASPL, L,,) characteristics inside the bogie
cabins of trains with different bogie covering configu-
rations. The OASPL, a core index for evaluating the
aerodynamic noise intensity of HSTs, is derived from
the pressure fluctuations at each measurement point.
The calculation formula is expressed as:

L0A=201g(’;“), 3)

ref

where P_, is the reference pressure, adopted as 2x107° Pa
in air. Fig. 21 illustrates the OASPL at internal mea-
surement points to analyze the effects of bogie covers.
The results show that the installation of covers signif-
icantly reduces the OASPL in the bogie cabins of the
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Fig. 21 Distribution of the OASPL in each bogie cabin

head and tail cars, with a reduction of 10-25 dB. In
contrast, the OASPL for the intermediate car exhibits
an increase, although not exceeding 8 dB. This rise
occurs because the sealing and flow-guiding effects of
the covers result in a higher underbody flow velocity
compared to Cases 0 and 1. The higher-velocity flow
directly impinges on the bogie structures of the middle
car, thereby intensifying the radiated noise. The imple-
mentation of covers effectively blocks the direct im-
pingement of high-speed shear flows, thereby signifi-
cantly attenuating the strength of aerodynamic acous-
tic sources.

Fig. 22 presents the OASPL distribution on the
lower surfaces of the covers. Specifically, Fig. 22a in-
dicates that for the STC, the OASPL of Cover 1 is no-
tably higher than that of the other three covers. The
brake disc opening gap at its rear end, which serves as
the main inlet for high-speed incoming flow into Bogie
cabin 1, exhibits the largest pressure fluctuations and a
maximum OASPL of 156 dB. Covers 2—4 have similar
OASPL distributions, with peak values concentrated at
the front brake disc opening gaps that are the main in-
lets for high-speed incoming flow into the correspond-
ing bogie cabins. Fig. 22b illustrates that for FECs, the
rear wheel opening gap of Cover 1, which acts as the
primary inlet for high-speed incoming flow into Bogie
cabin 1, has a maximum OASPL of 160 dB, while its
front wheel opening gap, the outlet for low-speed in-
ternal cabin airflow, has a minimum OASPL of 143 dB.
Covers 2—4 also show similar OASPL distributions. As
their front and rear wheel opening gaps serve as both
airflow inlets and outlets, OASPL peaks are concen-
trated in these regions, with both front and rear peaks
of Cover 2 exceeding 156 dB. While localized gaps in
the head car cover exhibit relatively high OASPL due to
airflow exchange, these high-acoustic-pressure regions
are spatially confined. They do not induce broad-area,
high-intensity vibration excitations across the entire
cover; thus, their negative impact on the overall exter-
nal noise radiation of the train is highly limited.
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Fig. 22 Distribution of the OASPL on the lower surface of
each bogie cover: (a) STCs; (b) FECs

4 Conclusions

This study used the IDDES method to investi-
gate the aerodynamic characteristics of 1:8 scale HST
models at 400 km/h. The primary objective was to sys-
tematically explore how different bogie covering con-
figurations, including STCs, FECs, and skirts, affect
the aerodynamic performance, lift fluctuations, under-
body flow field, and OASPL of the train. The follow-
ing conclusions are drawn:

(1) All bogie covering structures effectively re-
duce the total aerodynamic drag of the train. FECs
achieve the optimal reduction rate of 19.85%, followed
by STCs (16.22%) and skirts (14.45%). Notably, while
covers reduce drag on the head and tail cars, they
slightly increase the drag of the middle car due to en-
hanced airflow impingement. FECs result in higher
aerodynamic drag on the middle car compared to STCs.

(2) The installation of skirts and covers signifi-
cantly suppresses lift fluctuations on the car bodies,
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with STCs outperforming FECs. STCs reduce the RMS
of lift coefficient fluctuations for the head, middle, and
tail cars by 41%, 30%, and 44%, respectively, whereas
FECs achieve reductions of 31%, 26%, and 37%. In
terms of mean lift, STCs exhibit positive lift with lower
fluctuation intensity, while FECs primarily show neg-
ative lift.

(3) The dominant frequencies of lift fluctuations
for STCs and FECs strictly align with the car body re-
sponses, characterized by a primary band at 7-14 Hz
and a secondary peak at 63—72 Hz. As airflow passes
through the bogie cabins, it triggers a cavity flow-
induced resonance. This resonance couples the inter-
nal and external flows via the wheel gaps, generating
dominant frequencies at approximately 10 (first-order)
and 65 Hz (fifth-order). This confirms that cavity flow-
induced resonance is the core mechanism governing
lift fluctuations.

(4) Bogie covers significantly alter the pressure
distribution and flow exchange within the bogie cab-
ins. For the head and tail cars, the covers mitigate un-
steady loads by blocking direct flow impingement;
specifically, STCs and FECs reduce the pressure fluc-
tuation RMS by up to 98% (head car) and 83% (tail
car) compared to the baseline. Starkly contrasting this
trend, in the middle car, covers exacerbate pressure
fluctuations, with maximum increases reaching 43%
for STCs and 162% for FECs. Regarding spectral char-
acteristics, while covers generally suppress large-scale
vortex shedding, boundary layer instability on the head
bogie cover induces high-frequency flow field fluctua-
tions (115117 Hz). Conversely, the tail cover flow,
characterized by fully developed turbulence, exhibits
a much lower dominant frequency of approximately
10 Hz.

(5) Bogie covers can reduce the OASPL in the
bogie cabins of the head and tail cars by 10-25 dB by
blocking the direct impact of airflow. However, they
cause a slight increase in the OASPL of the middle
car, with a maximum rise of 8 dB. High sound pres-
sure levels on the covers are concentrated near geo-
metric gap regions (e.g., wheel cuts and brake disc
openings), where maximum values reach 160 (FECs)
and 156 dB (STCs). These high-acoustic-pressure re-
gions are spatially localized. They do not induce large-
scale, high-intensity vibrational excitations across the
entire cover; consequently, their adverse impact on the
overall external noise radiation of the train is highly

limited. Consequently, adopting the cover holds great
promise for reducing the overall internal noise levels
of the bogie cabin.

Opverall, this study clarifies the interactions among
bogie covering configurations, unsteady flow fields, and
aerodynamic fluctuations, offering critical theoretical
support for safety-oriented design. To prevent the de-
tachment of bogie covers caused by flow-induced res-
onance, the natural frequencies of the covers and mount-
ings must be strictly decoupled from the identified
aerodynamic excitation bands (7-14, 63-72, and 115-
117 Hz). Although the standard three-car consists pro-
vide a conservative evaluation of underbody aerody-
namics, future research should explore full-length con-
sists (e.g., 8- or 16-car).
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