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Introduction

Tire noise has become a highly relevant topic in research
and practice since tire-pavement interactions are main
sound sources in the middle speed range of passenger
cars besides noise emitted by the engine and aerody-
namic sound sources. Tire noise is even more relevant
when thinking of electric vehicles, since there is almost
no engine noise. Common methods for measuring tire
and road noise are mainly based on norms not consider-
ing localization of sound sources due to the tire-pavement
interaction.

With the goal of identifying all relevant sound sources at
a rolling tire using a trailer equipped with multiple micro-
phones, a preliminary study was performed. In this study
a stationary model of a trailer for passenger cars was con-
structed. This stationary trailer is equipped with sound
absorbers and multiple distributed microphones for per-
forming different sound source localization algorithms,
such as beamforming based algorithms and a new method
solving the inverse problem of matching sound pressure
measurements and finite element computations. With
the latter method the boundary conditions of the given
measurement setup can be taken into account. Details
about this inverse scheme and sound source localization
results can be found in [1, 2, 3]. This method requires
characterization of the measurement environment’s ma-
terial parameters. In this contribution the characteriza-
tion process of the stationary trailer and the validation
of the FE model is presented.

Setup

In this section the setup of the preliminary study is pre-
sented. Figure 1 shows the stationary model of a vehicle
trailer of which the boundary conditions shall be deter-
mined. The wooden box measures approximately 2.3 X
2 x 1.5m (L x W x H) and is equipped with acous-
tic absorbers inside, micro perforated plates (MPP) at
the side walls as well as the ceiling and porous absorbers
in the corners. The micro perforated plates are made
of aluminum and have very small slits. In combination
with a backing air volume and a sound hard termina-
tion (wooden wall) these plates can be used as acoustic
absorbers (micro perforated absorbers, MPA). With the
length of the backing volume, the peak frequencies con-
cerning sound absorption can be adjusted. In this setup
two layers of MPPs are used to achieve a more broadband
sound absorption. For this setup the MPPs and back vol-
umes were configured such that high sound absorption is
achieved for approximately 300 Hz < f < 2000Hz. For
further details on micro perforated plates see [4, 5].

Since there is no rolling tire present, a loudspeaker and
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Figure 1: Stationary model of a vehicle trailer with micro
perforated plates and porous absorbers for sound absorption.

electret microphones are used as sound source and for
measuring the acoustic pressure, respectively.

Determining boundary conditions

Common methods for sound localization such as beam-
forming based algorithms or acoustic near-field hologra-
phy usually assume free field radiation. In most cases
these conditions do not fully apply in real world scenarios
as sound is typically partially reflected at walls or scat-
terers. The mentioned inverse method overcomes this
restriction as it is able to take the real measurement en-
vironment into account and e.g. acoustic absorbers can
be modeled in the finite element computation.

We model regions with sound absorption based on Biot’s
theory [6] as an equivalent (complex) fluid. Acoustic ab-
sorbers such as e.g. poroelastic materials consist of a
skeleton and a fluid part. If the skeleton can be modeled
as rigid, waves in the solid part can be neglected and the
material can be modeled as equivalent fluid which is re-
sponsible for dissipation of acoustic energy. This dissipa-
tion can be illustrated when we consider the 1D solution
of the wave equation in frequency domain (Helmholtz
equation)

Vgﬁa(:c,w) + kzﬁa(w,w) =0, (1)

with the complex valued acoustic pressure p, and the
wave number k£ which is defined as

k:i:w\/g. 2)
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In (1) w denotes the angular frequency, ¢ the speed of
sound, ¢ the density and K the bulk modulus. The 1D
solution of (1) for a propagating wave in an arbitrary
direction r is given by

e I, (3)

with the amplitude p of the propagating wave. When
modeling sound absorption, the density and bulk modu-
lus and therefore also the wave number is assumed to be
complex valued

_ 0 .
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and we can see the damping effect in the 1D solution of
the Helmholtz equation

ﬁa:ﬁ
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The complex valued density and bulk modulus can be
gained via the transfer matrix computed with the four
microphone method in an impedance tube, see [7]. As the
MPA needs a sound hard termination, this method can-
not be applied. Therefore, the two-microphone method
was used in order to measure the reflection coefficient
7, which is the ratio between the reflected and incoming
sound pressure when a sound wave impinges on the ab-
sorber. Subsequently, a suitable material model is used
to calculate the complex density ¢ and bulk modulus K.
The material model parameters are fitted such that the
difference between measured 7pcas and calculated reflec-
tion coefficient 7¢a1. (0, K) is minimized. It has to be men-
tioned, that measurements in an impedance tube assume
plane waves. Hence, absorbers can show different absorp-
tion and reflection behavior in an impedance tube than
when applied in a general sound field, e. g. a diffuse field.

Material model

There are various material models for sound absorbing
materials, for example the Delany-Bazely-Miki (DBM)
[8] or Johnson-Champoux-Allard-Lafarge (JCAL) [9]
model. For modeling the MPA the latter model is used,
which is a semi empirical model and uses six model pa-
rameters a;: the air flow resistivity o, porosity ¢, tortu-
osity in the high frequency limit a.o, viscous characteris-
tic length A, thermal characteristic length A’ and static
thermal permeability k(. For detailed explanations and
formulae see [9].

Results for material parameters’ fitting
As previously mentioned, the material model parameters
a; are varied such that the difference between measured
and calculated reflection coefficient 7 is minimized

Htllin H?calc (az) - ?measH . (6)

In (6) 7cale is a function of the surface impedance
Zs(0,K), 0 = o(a;) and K = K(a;) of the considered
absorber

_ Zs—
Tcale = ~7QOCO (7)
Zs + 00Co
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and gp and ¢y are the density and speed of sound for air.

In fig. 2 one can see the measured and calculated reflec-
tion coefficient 7 of a micro perforated absorber (MPA)
with two spaced layers of MPPs. The measurement was
performed in an impedance tube and the JCAL model
was used to describe the acoustic properties of this ab-
sorber. The model parameters were fitted to the mea-
surement for frequencies 300 < f < 700 Hz, marked in
light gray in fig. 2. This frequency band is shifted when
simulating higher frequencies. One can see very good
agreement between the measured and fitted reflection co-
efficient in the marked frequency band. The obtained
values for the complex valued density and bulk modulus
serve as input parameters for the finite element compu-
tation.
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Figure 2: Measured and calculated reflection coefficient of
an MPA with JCAL material model, fitted to measurement
for 300 < f < 700 Hz.

Finite element model

We solve (1) with the finite element method to obtain the
acoustic pressure p, in frequency domain. In doing so, we
first derive the weak formulation of (1) by multiplying it
with an appropriate test function ¢ and integrating over
the whole computational domain and applying Gauss’s
theorem. The weak form reads as

/ (V- Voo — K2Pag) da =
¢ (8)

/chﬁa-nds Vo eV,
o0

with the function space V for the test functions. The nor-
mal derivative of the acoustic pressure in the integrand
on the right hand side of (8) can be expressed with the
linearized conservation of momentum as

vﬁa n = ﬁa,n = _j WP05n7 (9)

with the acoustic normal velocity v,. Since the acoustic
excitation is performed with a loudspeaker, prescribing
Uy, is suitable to model the moving membrane.

In order to find the correct excitation in the simulation,
laser scanning measurements of the loudspeaker mem-
brane were performed. The loudspeaker used, showed a
rigid body motion for frequencies f < 1200 Hz. Thus, the

1353



DAGA 2021 Wien

loudspeaker was modeled as a plate with a single acoustic
normal velocity amplitude and phase. At higher frequen-
cies higher order modes come into effect, therefore results
for f > 1200 should be treated with caution.

Computational mesh

The discretization of the computational domain is shown
in fig. 3, the absorbers are depicted in yellow (porous
absorber) and blue (MPP). The size of the hexagonal
elements of first order is h = 17 mm. Therefore, approx-
imately 20 elements per wavelength at a frequency of
1000 Hz are used.
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Figure 3: Mesh for FE computation.

Results comparison measurement and
simulation

The following results were performed with our in-house,
open source finite element solver openCFS [10]. The

acoustic pressure was measured inside the stationary
trailer with electret microphones at 14 positions (see
fig. 4) and the simulated sound pressure was evaluated
at the same positions. The amplitude and phase of the
membrane’s acoustic normal velocity was recorded and
prescribed in the simulation accordingly in a weak sense,
see (8) and (9).
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Figure 4: Microphone positions.

In the following a comparison between measured and sim-
ulated pressure in amplitude (fig. 5) and phase (fig. 6)
at different frequencies is presented. The acoustic pres-
sures and phases are plotted over the microphone num-
bers (fig. 4). It has to be noted that since we measure the
acoustic particle velocity at the loudspeaker membrane
synchronously with the acoustic pressure, we are able to
simulate the acoustic pressure without any scaling.
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Figure 5: Comparison of the amplitude of measured and
simulated acoustic pressure inside the stationary trailer, plot-
ted over the corresponding microphone number.

This comparison shows good agreement between mea-
surement and simulation in both amplitude and phase,
especially in the lower frequency range. For f = 1600 Hz
the deviation is higher. Again it has to be mentioned
that the material properties were determined with plane
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Figure 6: Comparison of the phase of measured and simu-
lated acoustic pressure inside the stationary trailer, plotted
over the corresponding microphone number.

wave excitation but the real sound field is scattered and
therefore sound waves arrive at arbitrary angles at the
absorbers. The higher deviation at higher frequencies is
on the one hand due to the higher mode motion of the
membrane. On the other hand the wave length decreases
with increasing frequency, which means that length di-
mensions such as microphone positions, dimensions of
the box and MPP positions become more important. In
other words the order of magnitude of possible small er-
rors e.g. in determining the microphone positions be-
come similar to the order of magnitude of the wave length
with increasing frequency.

Further, we just calibrated the electret microphones at
the single frequency of 1kHz. So it is possible that some
microphones show different sensitivities at other frequen-
cies and therefore don’t measure the sound pressure am-
plitude as precise.

Outlook

Since the boundary conditions of the given setup are de-
termined and validated, the next step is to apply the
inverse scheme for sound source identification inside the
stationary trailer and compare it to other sound source
localization methods such as beamforming based algo-
rithms and acoustic near field holography. Further, we
will apply the mentioned methods to a real vehicle trailer
and perform sound localization at the rolling tire.
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