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Abstract: The unsteady wind conditions encountered by a vehicle whilst
driving on the road are different from those typically experienced in the
steady-flow wind tunnel development environment. This paper presents
an experimental comparison using two large SUV-shaped vehicles to
assess the effect of unsteady wind on modulated noise performance across
different vehicle architectures. Both vehicles were also examined with a
series of non-production geometric modifications to assess their
contribution to modulated noise. The vehicle responses to unsteady wind
conditions were assessed using a dynamic upstream unsteady flow
generated by active side wind generator of the FKFS wind tunnel. The
pressure distribution on the front side glass of both vehicles in the straight-
ahead position was also examined to identify the differences in
aerodynamic interactions with turbulent inflow between the two vehicle
models. The results highlight the geometry-dependent factors that
influence both sound levels and modulation characteristics perceived in
the cabin under unsteady inflow condition. The tested vehicle with a
steeper A-pillar and larger mirror exhibited stronger self-induced
unsteadiness and broadband modulation. Conversely, the tested vehicle
with a shallower A-pillar and smaller mirror, demonstrated greater
sensitivity to upstream turbulence with narrower and low-frequency
modulation.
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1 Introduction

The unsteady wind noise of a large SUV-shaped vehicle and its modulation
characteristics has been examined in previous work by the authors [1]. The present
study extends that investigation by including a second vehicle with a different
geometry. The unsteady wind conditions experienced by a vehicle whilst driving on
the road are different to those typically experienced in the steady-flow wind tunnel
environment, due to turbulence in the natural wind, moving through the unsteady
wakes of other road vehicles and travelling through the stationary wakes generated by
roadside obstacles. Various studies have explored this phenomenon, as summarised
comprehensively by [2].

The unsteadiness of the natural wind can create fluctuations in both speed and flow
direction over the vehicle, which directly affects the separated flow structures around
the side glass region [3]. These structures can generate strong aeroacoustic sources
near the vehicle occupants, particularly in regions with greater flow separation [4].
The interaction of this unsteadiness with the vehicle surfaces results in temporal
variation in the cabin noise, perceived as modulation or ‘bluster’ by the occupants.
Previous studies comparing the impacts of the unsteady on-road environment on wind
noise, using road tests, have been published by [5 - 7].

There has been increased interest in the development of controlled approaches to
generate unsteadiness of the natural wind environment as experienced by a vehicle,
providing improved reproducibility over on-road tests. Active lift-based devices have
been shown to be the most capable of generating the levels of unsteadiness and the
longer length scales observed on-road [8 - 10]. The FKFS Swing system [11] is an
example of a full-scale active lift-based system, which is the basis of the present study.
This has been shown to reproduce the levels of unsteady wind noise as experienced
on-road through dynamic yaw variation up to 10 Hz.

The aeroacoustic response of a vehicle is also strongly influenced by the local
geometry that influence the flow field disturbances around it [12]. The A-pillar flow
separation region is known for producing a persistent and complex flow structure,
generating strong surface pressure fluctuations and broadband noise, particularly
under unsteady conditions [13, 14]. The side mirror, often treated as a bluff body, has
geometry and placement that significantly affects vortex shedding and its interaction
with the A-pillar wake. Modifications, including those such as inner ducts [15], have
been shown to reduce sound pressure levels by stabilising flow and suppressing vortex
formation near the mirror-pillar interface.

This work presents the use of an experimental approach, following the methodology
described in [1], applied to two SUV-shaped vehicles with distinct A-pillar and side
mirror geometries. Both interior sound and exterior surface pressure fluctuations were
measured to examine the geometry-dependent influences at the receiver location and
in the near field, respectively.
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2 Experimental Setup

Two large SUVs were tested using the FKFS full-scale aeroacoustic wind tunnel at
the University of Stuttgart in Germany. The experimental methodology followed [1]
and included a second vehicle with geometric differences, particularly the A-pillar
and side mirror. Interior cabin noise data were recorded using HEAD Acoustics HMS
IV binaural heads, while surface pressure fluctuations were measured using HBK
Type 4949 surface microphones. The surface microphones, mounted on the front-left
side glass of both vehicles, a region where local flow structures are sensitive to flow
direction.

Figure 1 shows the schematic diagram around the front side glass of both tested
vehicles, highlighting key differences in the A-pillar angle and side mirror geometry
as viewed from the side and top planes. SUV, (Figure 1a), previously studied in [1]
has a steeper A-pillar angle than SUV,, (Figure 1b), and features a relatively larger
side mirror design. The positioning of the side mirrors relative to the side glass also
differs between the two vehicles. In SUVy (blue-shaded mirror in Figure 1c), the
mirror forms a nearly parallel flow channel with a uniform throat gap along its length.
In contrast, the mirror curvature of SUV, (grey-shaded mirror in Figure 1c) creates a
converging throat gap that narrows into a shorter parallel channel, guiding the airflow
slightly inboard. In terms of vehicle glazing, SUV, is equipped with toughened side
glass, while SUVy, features acoustically laminated side glass of similar thickness.

(b) 4 A-pillar

Figure 1: Schematic diagram comparing the front side glass region for (a) SUV,, and
(b) SUVy, while (c) compares the side mirrors of both vehicles.
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Non-production geometry modifications were also investigated by adding a small
triangular profile trip along the A-pillar and removing the door mirrors. Tests were
conducted at a flow speed of 140 km/h in both steady and unsteady freestream
environments with the active side wind generator installed at the nozzle [16]. The
unsteady environment is represented by von Karméan 2.5 m (VK) flow conditions,
generated synthetically using the von Karman wind turbulence model [17]. The
turbulence characteristics generated are shown in Table 1.

Flow condition von Kérman 2.5 m (VK)
Turbulence length scale 25m
Turbulence intensity 6.5 %

Table 1: Turbulence properties of the unsteady flow in lateral direction in an empty
test section at 140 km/h.

3 Results and Discussion

3.1 Sound Pressure Level Spectra

This section presents the time-averaged spectral characteristics of both tested vehicles,
measured from the front left outer ear (FLOE) in-cabin microphone and surface-
mounted microphones along the front-left side glass. Figure 2 presents the interior
noise spectra of both vehicles in the fully taped configuration. Results are expressed
as ASPLinfiow, representing the difference in A-weighted sound pressure level (SPL)
between steady (SS) and unsteady (VK) inflow conditions. For both vehicles,
upstream turbulence increases the spectra within the mid-to-high frequency ranges (1
— 10 kHz).

In SUV, (Figure 2a), the largest increase occurs above 3 kHz, while changes between
1 and 3 kHz are minimal, likely reflecting excitation from A-pillar and mirror-wake
interactions that is less affected by upstream turbulence. For SUVy (Figure 2b), SPL
increases across the spectrum under VK inflow, indicating relatively weaker self-
excitation and greater sensitivity to incoming turbulence.
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Figure 2: Comparison of interior sound spectra for fully taped (a) SUV,and (b)

SUVy, shown as the difference in SPL to the steady inflow condition.

To illustrate the flow variation between both vehicles, Figure 3 shows the time-
averaged flow topology from CFD simulation of the fully taped vehicles under steady
inflow. The simulations were conducted using PowerFLOW and set up following the
methodology described in [1, 18]. Results highlight baseline differences in the flow
separation regions of the two vehicles. In SUV, (Figure 3a), the A-pillar vortex
appears longer and more developed than in SUVy. A stronger recirculation is also
evident at the mirror-pillar throat region. In addition, the mirror wake of SUV,is more
intense compared to SUVy, (Figure 3b). These flow features reflect the spectral results
in Figure 2, where SUV, indicates a dominant A-pillar and mirror wake interaction
compared to SUVy,.

(a)

Figure 3: Flow visualisation of (a) SUVa and (b) SUVD in steady inflow conditions.
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Figure 4 compares the third-octave spectra for both vehicles with tripped A-pillars
and removed side mirrors in turn. Results are presented as the difference in A-
weighted SPL between each modified configuration and the fully taped (ASPLconfig),
under both inflows. The A-pillar trip cases are shown in red, while the mirror-removed
cases are shown in blue. Solid lines denote steady inflow, and dotted lines denote

unsteady VK inflow.

In SUV, (Figure 4a), the tripped A-pillar of increases SPL across the spectra, which
has been attributed to trip-induced flow separation that intensifies the A-pillar vortex
[1]. Under VK inflow, SPL further increases, likely due to interactions between
incoming turbulence and the A-pillar vortex structures. Upstream turbulence may re-
energise the separated shear layer or amplify surface pressure fluctuations, increasing
the transmitted noise in cabin.
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Figure 4: Comparison of interior sound spectra for (a) SUV,and (b) SUV, with

geometric modifications, shown as the difference in SPL to the fully taped
configuration.

—_

For SUVy (Figure 4b), the tripped A-pillar also increases SPL, albeit to a lesser extent.
This is likely due to acoustic lamination of the side glass and a shallower A-pillar
angle, which attenuates noise transmission and weakens the separated flow
respectively. A local SPL reduction around 3 kHz is observed, possibly linked to
modified local flow near front door quarter glass, which reduces excitation in that
region.

Contribution: 2025 FKFS Conference on Vehicle Aerodynamics and Thermal Management
15 — 16 October 2025 | Leinfelden-Echterdingen



Removing the side mirrors reduces SPL for both vehicles under all inflow conditions
due to the elimination of mirror vortex shedding [1]. In SUVy (Figure 4b), the mirrors-
removed case shows a more broadband SPL reduction than SUV, (Figure 4a),
particularly within the 1 to 2 kHz range. This likely reflects the influence of its
geometry and glazing specification. Under VK inflow, SUV. shows a further SPL
decrease, possibly due to breakdown of the remaining A-pillar flow structures without
mirrors. In contrast, SUVy shows a slight increase under VK inflow, suggesting that
without mirrors its A-pillar wake is less responsive to upstream turbulence.

Figure 5 presents the surface SPL distribution (ASPLinfiow) on the front-left side glass
of both vehicles for the fully taped, A-pillar tripped, and mirrors removed
configurations. These pressure maps provide spatial insights into the nearfield
pressure environment, capturing both hydrodynamic and acoustic contributions (albeit
dominated by the hydrodynamic fluctuations), and help identify source regions that
influencing the noise perceived in cabin.

Fully taped A-pillar tripped Mirrors removed
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Figure 5: The distribution of surface SPL, expressed in ASPLinflow, on the front left
side glass of SUVa (a) — (c) and SUVD (d) — (f) in different test conditions.

In the fully taped configuration, both vehicles show a slight increase in surface SPL
under VK inflow, but with different distributions. SUV, (Figure 5a) shows a localised
increase downstream of the mirror with little change along the A-pillar, in line with
the limited response to turbulence seen in Figure 2. SUVy, (Figure 5d), on the other
hand, shows a broad surface SPL increase along the A-pillar wake, consistent with the
broadband response seen in the interior sound spectra.
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With the A-pillar tripped, SUV. (Figure 5b) shows a significant increase in surface
SPL, localised near the A-pillar and further downstream along the side glass. This
trend reflects the interior spectra in Figure 4a, with a stronger vortex shedding at the
tripped A-pillar interacting with the upstream turbulence. SUV, (Figure Se) also
shows an increase in surface SPL, but at relatively lower levels, with a localised
reduction near the front quarter glass region, in line with the 3 kHz dip observed in
Figure 4b.

When the side mirrors are removed and under VK inflow, both vehicles show reduced
surface SPL in the mirror wake region near the bottom of the A-pillar, approximately
between 0.5 m <y < 0.15 m. This region represents the area subjected to the wake of
the cowl vortex under upstream turbulence, which may interact and break the
vehicle’s A-pillar vortex structures more effectively without the mirror. For SUV,
(Figure 5c), this surface SPL reduction is localised in the upstream half of the side
glass, up to nearly x = 0.4 m. In contrast, this reduction is broader and spanned across
the entire length of the side glass for SUVy (Figure 5f), which is in-line to the
broadband decrease in the interior spectra seen in Figure 4b.

3.2 Modulation Spectra

This section presents the modulation characteristics of the tested vehicles under the
same test configurations and inflow conditions as previously analysed in Section 3.1.
Modulation analysis was conducted using the Hilbert transform to extract the signal’s
envelope following the method described in [1]. This approach was then extended to
isolate the fundamental modulation, as described in [19], and provides the wind-
induced modulated noise in terms of its carrier frequency (F.), degree of modulation
(m) and frequency of modulation (F},).
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Figure 6: Comparison of wind-induced modulation spectrogram between (a) SUVa
and (b) SUVD under unsteady inflow in the fully taped configuration.

—

w = O O 00D

Fc (kHz)

[3V]

Contribution: 2025 FKFS Conference on Vehicle Aerodynamics and Thermal Management
15 — 16 October 2025 | Leinfelden-Echterdingen



Figure 6 compares the wind-induced modulation spectrograms for both tested vehicles
in fully taped configuration under unsteady VK inflow. Steady inflow cases show
near-zero modulation across all configurations and are not included for brevity. For
SUV., (Figure 6a), a broadband modulation over 5% is observed between 2 to 8 kHz
at fluctuation rates of up to 4 Hz. In contrast, SUV,, (Figure 6b), shows a more band-
limited response, with over 5% around 4 kHz and modulation frequencies limited to
about 2 Hz. These differences are consistent with the geometric differences and flow
characteristics described earlier, where SUV, tends to generate stronger self-induced
separation that interacts with upstream turbulence more than SUVy,.

These characteristics can be further examined from the two-dimensional modulation
spectra in Figure 7, where the wind-induced modulation contributions of partial
octave bands are presented. SUV, (Figure 7a) shows a broader modulation spread,
while SUV,, (Figure 7b) is more band-limited with a distinct peak. In both vehicles,
the dominant modulation occurs at 4 kHz with similar levels of about 7%. At other
octave bands, SUV. is characterised by contributions at higher frequencies
(i.e. 8 kHz), while SUVy, at lower frequencies (i.e. 1 and 2 kHz).

10 . 10
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Figure 7: The wind-induced modulation spectra at varying octave band frequencies
for (a) SUVaand (b) SUVy in the fully taped configuration.

Geometric modifications can further influence the modulation characteristics of both
vehicles. This can be clearly demonstrated in Figure 8, where the wind-induced
modulation spectrogram of both vehicles under VK inflow at varied test
configurations are compared. When the A-pillar is tripped, the airflow is forced to
separate earlier and more consistently, generating a stronger vortex compared to the
weaker baseline structures without it.
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Figure 8: Comparison of wind induced modulation spectrograms for SUV, ((a) and
(c)) and SUVy, ((b) and (d)) for different test configurations.

For SUV, (Figure 8a), the modulation trends are similar to those seen in fully taped,
but at slightly lower levels and band-limited. This can be attributed to its steeper A-
pillar that already experience strong baseline A-pillar vortex, which lowers its
sensitivity to upstream turbulence and the corresponding modulation characteristics.
In contrast, the tripped A-pillar case of SUV, (Figure 8b) shows significantly higher
modulation than untripped, with up to 10% modulation at a rate between 1 to 8 kHz.
This may be due to its shallower A-pillar and weaker baseline vortex that gets stronger
when tripped and becomes more sensitive to upstream turbulence. The modulation
frequency, however, remains limited to about 2 Hz, similar to that observed in fully
taped.

With the mirrors removed, the modulation characteristics of SUV,in Figure 8c remain
comparable to the fully taped results, with a slight reduction at rates between 2 to 4
Hz. This trend is similar to Figure 5c, where localised SPL reductions on the side glass
are observed together with regions that remain highly responsive to upstream
turbulence. For SUV,, (Figure 8d), a broader decrease in modulation is observed,
consistent with the trend in Figure 5f, which shows a wider reduction of surface SPL
along the side glass.
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4 Conclusion

This study compares the aeroacoustic characteristics of two large SUV-shaped
vehicles under unsteady inflow, focusing on how differences in geometry influence
the perceived noise in cabin. SUV,, that has steeper A-pillar, larger mirror and
converging throat gap, generates stronger self-induced flow structure that dominates
the response even under steady-state inflow. In contrast a SUVy, with its shallower A-
pillar, smaller mirror, and laminated side glass, produces quieter baseline noise and
weaker flow separation with greater sensitivity to upstream turbulence. These
characteristics were consistently observed across the interior spectra, surface pressure
distribution and modulation analysis.

The CFD flow topology corroborate this trend with SUV,showing longer and stronger
A-pillar vortices and more intense mirror wakes than SUVy,. Geometric modifications
further emphasise the role of baseline flow behaviour, where tripping the A-pillar had
shown little effect on SUV. with its larger vortex but increased SPL and modulation
in SUVy, while mirror removal reduced the mirror-wake contribution in both vehicles,
more broadly for SUVy.

The modulation results provided insight into how these flow features translate into
perceived sound quality. SUV, was characterised by a broadband modulation spread
at higher carrier frequencies, which may be masked by the higher levels of overall
SPL. SUVy, on the other hand, showed narrower and more peaky modulation,
concentrated at lower octave carrier bands with modulation rates up to 2 Hz, where
human hearing is more sensitive. Overall, these findings highlight the geometry-
dependent factors that influence both sound levels and modulation characteristics
perceived in the cabin.
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