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Abstract:
application of numerical methodologies for aeroacoustic

Nowadays, the implementation and

analysis become increasingly essential for car
manufacturers in order to optimize the effectiveness of the
a hybrid

numerical tool based on the combination of a delayed

vehicle development process. In this paper,

detached eddy simulation and a finite element model was
presented. The finite element model in turn was based on
Lighthill’ s equation and acoustic perturbation equations.
The computational fluid dynamics and the computational
aeroacoustics

were respectively performed by the
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software OpenFOAM and Actran. The aeroacoustic
behavior of the SUV Lamborghini Urus using different roof
spoiler designs was investigated. The numerical
simulations were verified against the experimental
measurements conducted in the aeroacoustics full scale
wind tunnel of the University of Stuttgart operated by
FKFS. Furthermore, the

mechanisms at the spoiler were discussed and the change

main noise generation
of pressure fluctuation level on the car surface with

respect to a geometry variation was investigated.

Key words: vehicle aeroacoustics; computational

aeroacoustics; wind noise; vehicle comfort

Modern vehicles are expected to ensure the
highest degree of safety and comfort. High interior
cabin noise levels are no longer accepted and lead to
annoyance of the passengers. Moreover, they may
decrease the concentration of the driver. Depending
on the tire-road combination, normally for passenger
vehicles and for more or less constant speed above
100~120 km/h, the overall interior noise level is
driven by wind noise phenomena”. Under this
perspective, the computational aeroacoustics (CAA)
i1s nowadays important to face the above-mentioned
criticalities®. It offers the advantage to provide a
comprehensive set of data of the flow field not
achievable by the limited -capabilities of real
experiments in a very early vehicle development
phase. In view of these advantages the CAA, partly
performed in parallel to wind tunnel experiments, has
been proven to be promising with the prospect of cost

reduction and the increase of effectiveness of the
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entire  vehicle development process.  Several

numerical approaches have been developed over the

years

. However, the industrial applications need
to find a trade-off between the accuracy of results and
the required computational costs. Therefore, efficient
numerical tools are needed to be embedded into the
existing development process without compromising
their efficiency. A two steps hybrid approach, relying
on Lighthill's analogy"’, is widely used in industrial
context in order to fulfill these demands. It combines
a transient computational fluid dynamics (CFD)
simulation, assuming incompressible fluid, and a
finite element (FE) model ™™, In the first step, the
velocity field around the car body is extracted. This
velocity field is used by means of Lighthill” s equation
to calculate the aeroacoustic sources generated by
turbulence and to subsequently solve the pressure
fluctuations induced on the vehicle surface as shown
for example in reference [7].

The present paper investigated the reliability,
the accuracy, and the effectiveness of the exterior
wind noise prediction performed by a hybrid approach
newly implemented by FKFS and Automobili
Lamborghini S. p. A. The CFD and the FE analysis
(FEA) were performed by the software OpenF OAM
and Actran, respectively. The SUV Lamborghini
URUS at a speed of 140 km/h was used as the

reference model for the investigations discussed in

this paper. In the following section the numerical
process and the related computational steps will be
presented. Subsequently, the wind noise generation
mechanisms of the roof spoiler will be discussed and
the validation of the acoustic simulation results be
presented. Lastly, an application of the considered
numerical tool in a vehicle development scenario will

be provided.

1 Numerical process

The considered numerical process consists of
three

incompressible CFD simulation was performed in

main  computational ~ steps.  First, an
order to solve and extract the transient velocity field
around the component of the vehicle (e. g., side
mirror, A-pillar,and roof spoiler) which is the subject
of aeroacoustic investigations. Secondly, the velocity
field, extracted by means of Lighthill’s analogy, was
used as the mput for an FEA to compute the
aeroacoustic sources in the same region. Lastly, the
pressure fluctuations induced on the car surface were
determined by using the same FE model to compute
the exterior propagation. An overview of the process
and the related software in use for each step is
displayed in Fig. 1. For better understanding, a
description of each step will be provided in the

following sections.

Discrete fourier

transform
l_ Lighthill's analogy —I | |— Exterior propagation —l
CFD FEA FEA
Velocity field Acoustic sources Pressure fluctuation level
extraction computation sound pressure level
Open\/FOAM® Lo Actran & Actran

Fig.1 Workflow of CAA process

1.1 Velocity field extraction

A delayed detached-eddy simulation (DDES)
with the Spalart-Allmaras turbulence model" is used
in order to solve the transient flow field, assuming
incompressibility of the flow. In Fig. 2 (left) an
example of the extraction volumes involving the side

mirror and the roof spoiler area, respectively, are

provided. The CFD grid refinement is 3 mm, the
time step used is 5107 s, and the solution has been
extracted for the duration of 0. 2 s. On the right-hand
side of Fig. 2, a YZ-section of the velocity magnitude
including the roof spoiler wake is shown as an
example of the velocity field extracted around the roof

spoiler.
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Fig.2 Velocity field extraction volumes for Lamborghini URUS (left) and velocity field behind

the roof spoiler (right)

1.2 Acoustic sources computation

Different acoustic domains have been considered
for the side mirror and the roof spoiler respectively, as
shown in Fig. 3. The FE model of each domain has
been divided in a source region (green) where the
acoustic sources are solved and a buffer region
(yellow) used to ensure the convergence of the
numerical model and to adopt a non-reflecting
boundary condition to the fluid boundary. In this latter
region, no sources are calculated. Additionally, a
reflecting boundary condition is assigned to the car
surface. The acoustic sources are calculated by Actran
performing the FE formulation of Lighthill's analogy.
A comprehensive explanation of the theory and the
basics has been provided in reference[11] whereas the

formulation used by the software Actran can be found

Roof spoiler
acoustic domain

Side mirror
acoustic domain

in reference [12]. Moreover, a weighting function is
applied in proximity to the source region boundary in
order to smoothly attenuate the sources computed in
this area. This spatial filter is used to avoid the
generation of spurious noise sources due to the
truncation effect by which the vortices crossing the
source region border are affected. In Fig. 3 the
acoustic domains used for the side mirror and the roof
spoiler regions (left) and an overview on the FE mesh
created for the roof spoiler (right) are presented.

After the computation of the acoustic sources, a
Discrete Fourier Transform (DFT) is performed in
order to convert the time domain into the frequency
domain. DET windows of 0. 05 s have been used and
the Hanning window function type has been applied

with an overlap of 50% between each window.

Buffer region

Source region

Car surface

Fig.3 Acoustic domains around side mirror and roof spoiler (left) and FE model created for

roof spoiler (right)

1.3 Pressure fluctuation level and sound

pressure level
At this point of the process, the exterior

propagation is performed in order to calculate the

pressure fluctuation level (PFL) in the space and on
The PFL includes both the

hydrodynamic as well as the acoustic contribution. By

the car surface.

means of the acoustic perturbation equation (APE)"',
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which are based on the fact that acoustic fluctuations
are characterized by large length scales and the
hydrodynamic fluctuations by small length scales for

same frequencies'

, 1t 1s possible to separate the
acoustic contribution from the hydrodynamic one.
Hence, the sound pressure level (SPL) can be

calculated by excluding the hydrodynamic part.

2 Discussion of results

The experimental investigations were conducted
in the aeroacoustic full-scale wind tunnel of the
University of Stuttgart, operated by FKFS. A closed
cooling configuration of the car was used and, as
usual for aeroacoustic standard measurements, all the
sealings and gaps were fully taped in order to avoid
unwanted sound sources. Furthermore, also as usual
for aeroacoustic standard measurements the rotation
of the wheels was neglected and no ground simulation
system was used.
the

process, the validation was divided into two steps:

Following structure of the simulation

the validation of the velocity field solved by the CFD,
and the validation of both the PFL and the SPL
induced by the roof spoiler on the rear window and
computed by the FE model. An overview of the main
results is outlined below. In addition, an example of
an application in a vehicle development scenario of the
numerical process, that shows the aeroacoustic
analysis of different spoiler design, is provided.
2.1 CFD validation

The velocity field was measured by using cobra
probes from turbulent flow instrumentation (TFI)
over a grid of 54 points placed on an YZ-plane, in the
roof spoiler wake and perpendicular to the main flow
direction (X) (see Fig. 4). The velocity magnitude,
(U.,.,) measured for each point of the grid, has been
averaged over time and normalized by the free stream
velocity (U,). In this way a direct comparison
between wind tunnel measurements and CFD results
has been carried out. For brevity, only the results
related to the points belonging to the middle line B are
reported in Fig. 4(right).

@ wr

Umag / Uinf

100 o -100 -200 -300 -400 -500 -600 -700
Cobra Y corrdinate / mm

Fig.4 Velocity field measurement points (left) and velocity magnitude comparison between

experiments and simulations for line B (right)

A good between CFD and

experimental results has been found. Averaging over

agreement

the points of each line (A, B and C), the percentage
errors obtained are lower than 6%. However, in the
most turbulent regions some higher deviation between
simulation and measurements is observed. In these
areas many factors must be considered. Both, the
CFD grid size and the turbulence model used can lead
to inaccuracy in predictions. Moreover, due to its

shape the multi-hole probe type used in the

measurements has limited capabilities in measuring
velocity components in turbulent and highly separated
regions with e. g. back-flow. Allin all, the accuracy of
the CFD modelling is considered to be suitable to use
the velocity field as an input for the FE model.
2.2 FEA validation

The exterior noise investigation was carried out
by analysing the SPL. of the aeroacoustic sources
around the roof spoiler region as well as by the analysis

of the PFL induced on the rear window. The former
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was measured by the FKFS microphone array system
" and the latter by a set of surface microphones (B&K
V5" type 4949) installed on the rear window as shown in
Fig. 5.

The measurements highlight that the most critical
acoustic sources are distributed along the leading edge
of the spoiler and that the related SPL reaches its
maximum in this area. The CAA prediction, in good
agreement with the experiments, shows a consistent
SPL distribution on the spoiler and car surface. The

simulation results point out that the main noise

generation mechanisms are mostly located between the
lower part of the leading edge and the car rear window.
Furthermore, it has been observed by steady Reynolds
Averaged Navier Stokes (RANS) simulations that the
top and the bottom part of the leading edge are both
surrounded by flow with high turbulent kinetic energy
(TKE) content. The TKE,

generation mechanisms, seems to be especially related

and thus the noise

to a local separation occurring on the leading edge area
and to the high turbulent wake generated by the

antenna that impinges on the central part of the spoiler.

Fig.5 Microphone array in aeroacoustic wind tunnel (left) and first row of surface microphones on

rear window (right)

The phenomenon discussed above, which is
visible over the whole considered frequency range
(here up to 2.5 kHz) , is presented in Fig. 6 by a top
the SPL level

determined by the microphone array is compared to

view of the roof spoiler. Here,

the related simulation results. As an example, a

third-octave band visualization with a central

L WT: Std. Spoiler ( 3'd Octave Band, 1.6 kHz )j CAA: Std. Spoiler (3™ Octave Band, 1.6 kHz )

1.6 kHz has
Additionally, iso-surfaces of TKE colored by total

frequency  of been selected.

pressure coefficient, calculated by a steady RANS
simulation, are shown. This example shows that
already the relatively low-cost RANS simulations can
possible aeroacoustic

provide explanations  of

phenomena.

A

RANS: Std. Spoiler J
—— ——  leadingedge T i — ]
SPL/dB SPL/dB Cp tot

Fig.6 SPL measured by wind tunnel microphone array (left), SPL distribution around roof spoiler

predicted by CAA (center) and iso-surface of TKE colored by total pressure coefficient

predicted by RANS (right)
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In order to validate the local PFL in the
simulation results on the rear window, the above-
mentioned surface microphones shown in Fig. 5 were
used. The comparison between simulation and
measurement can be seen in Fig. 7. The PFL
predicted by the CAA (red/thick line) is very
consistent to the experiments (black/ thin line) up to
1. 2 kHz for the microphones 1 and 3, and up to 2.5
kHz for microphone 2. However, the experiments
and the simulations are characterized by different
fluctuation amplitudes. This is due to the different
time windows used for the two analyses considered :
20 s for the experiments and a more restricted window

of 0.2 s for the simulations due to the high

computational cost involved. The deviation from the
measurements occurring beyond 1.2 kHz can be
explained by the limitation in turbulence prediction of
the DDES simulation which has been performed here
(to save computational costs at this stage). As
explained in reference [3], according to the applied
grid only part of the turbulence scales is solved,
whereas the remaining part related to the smaller
scales is modelled. Therefore, the flow field solved in
the first part of the process is characterized by a cut-off
frequency determined by the size of the CFD grid
used. For a better understanding, the sensitivity
analysis of the CFD mesh size related to the PFL

prediction will be the subject of further investigations.

| — wr

1 = CAA

15cB

PFL/dB

PFL/dB

Mic.1 |

—wr
— cAA

TsaB

Mic.3

1 5d8

PFL/dB

100 500 1000 1500 2000 2500 100 500 1000
Frequency [ Hz

Frequency / Hz

1500 2 000 2 500 100 500 1000 1500 2 000 2 500
Freguency [ Hz

Fig.7 Pressure fluctuation level on rear window: wind tunnel measurements (WT) versus CAA

2.3 Application in vehicle development

The numerical tool has been used to analyze
the acoustic behavior of two different roof spoiler
designs: standard (illustrated in Fig. 5) and
variant. The predicted PFL distribution on the rear
window has been compared to an interior cabin
noise investigation carried out during the wind
tunnel experiments and road tests. During the wind
SPL

measured by artificial heads located on the rear

tunnel sessions, the interior has been
passenger seats and the related articulation index
has been calculated. Moreover, the articulation
indices for the same spoiler configurations were
calculated during road test by using a microphone
located also on the rear seats of the cabin. In Fig. 8
SPL

experiments and the articulation indices evaluated

the interior measured by wind tunnel
during wind tunnel as well as road tests for both the
standard (dark green) and the variant (black)
spoiler is presented.

The artificial head measurements highlight a

significant decrease of the broadband noise due to the
installation of the standard spoiler. Furthermore, the
mentioned spoiler configuration leads to an increase of
the articulation index of 7% during wind tunnel
sessions and of 5% as reported by road test data.
Both the interior noise experimental analysis show
that the standard spoiler leads to an overall acoustic
The CAA

process, implemented so far for exterior aeroacoustics

improvement compared to its variant.

investigations, has also been found to be consistent
with the interior noise analysis mentioned above. The
contrasting acoustic behavior, caused by the different
spoiler designs installed, is well predicted by the
exterior acoustic analysis performed by the
aeroaocustic simulations. As can be seen in Fig. 9,
the PFL distribution on the rear window induced by
the standard spoiler points out a significant load
decrease compared to its variant consistently to the
interior noise reduction shown by the previous
experimental investigation.

Although the mere exterior investigation does
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Frequency [ Hz

5000

10 000

Wind Tunnel

Road Test

Fig.8 Interior cabin SPL measured by artificial head (left), articulation index reported by wind

tunnel and road test (right) for standard spoiler and variant design

not ensure a correct evaluation of the cabin noise
behavior, the provided example shows that the
numerical process newly implemented provides high

potential with respect to aeroacoustic predictions. It

PFL/dB

o ¥
CAA: Std. Spoiler (1.6 kHz)

also shows in which way it can be embedded as an
additional tool, in parallel with the wind tunnel
experiments and the road tests, in the vehicle

development process.

PFL/dB

. S
CAA: Variant (1.6 kHz)

Fig.9 PFL distribution on rear window predicted by CAA for standard spoiler design (left)

and variant design (right)

Conclusions

The

consisting of the combination of a delayed detached

newly implemented numerical tool,

eddy simulation and a finite element model has shown
The
combined validation of the CFD simulations and the

convincing correlations to the experiments.

FE analysis has proven the robustness of the whole
numerical tool implemented for exterior aeroacoustic
investigations. Furthermore, the computational cost
of the presented hybrid process, not discussed in this
paper, and the accuracy of the predictions with
respect to the exterior, as well as the agreement in
tendencies with the interior noise experiments, have
been found to be suitable for industrial applications.
this

process can be considered being an efficient tool,

Therefore, newly implemented numerical
embeddable in the vehicle development process in
order to optimize its performance in terms of costs

and effectiveness. Further investigations will focus on

the implementation of an additional computational
the

Combining among others the PFL distribution,

step regarding interior noise propagation.

calculated on the windows of the vehicle, and the
eigenmodes of the same windows, it will be possible

to simulate the noise transmission into the cabin and

therefore the SPL at the ears of the passengers.
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