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Boundary conditions in room acoustic simulations can be improved based on measurements and physics
informed models. Typically, only absorption data is known for specific walls or treatments. If the details
of the wall or treatment are known, a physics-based model can be set up to match the absorption data and
simultaneously provide physically sound impedance data. Another example is the use of simulations to
extract frequency and angle dependent scattering data for a diffuser. The results are applicable for both ray
and wave based acoustic simulations. The boundary conditions can also be transformed to be used
efficiently in time domain methods.

1 Introduction

The definition of boundary conditions is an essential step in room acoustic simulations. Accurate boundary conditions
indeed allow to obtain accurate and reliable simulation results. However, manufacturers of sound absorbers are only
required to provide a minimal amount of information on the performance of their products, with the practical sound
absorption coefficient being a rounded value in octave bands and a limited frequency range [1]. As a result, the acoustic
design of spaces is largely subject to educated guesses to best describe the boundaries of a room. To solve this and make
boundary conditions more reliable, the present paper introduces a method to transform the limited data of commercially
available products into a full characterization of the sound absorber at hand. The scope is set to investigate one of the
most common systems encountered, a porous material backed by air.

2 Method

2.1 Simulation model

A 2D finite element model is created with an air domain, a layer of porous material, and an air cavity, as shown in Figure
1. All the domains are set to extend infinitely in the horizontal direction with Floquet periodic conditions. A perfectly
matched layer is added at the top of the air domain to represent the outwards radiation, and the bottom of the air cavity is
terminated with a hard boundary. Plane waves with incidence angle 8 are sent onto the infinite surface of the porous
material. The response of the sound absorber is computed, allowing to calculate the absorption coefficient a(6), the
surface impedance Z,(6), and the surface impedance Y, (6).
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Figure 1: 2D model of a sound absorber

2.2 Generation of input data

Three porous material cases are considered and represented with Miki’s model [2]. They have a thickness of 15 mm and
flow resistivities Ry = (20,70, 150) kPa - s/ m?, and the air cavity has a depth of 200 mm. The frequency- and angle-
dependent absorption coefficient is calculated in 12 frequencies per octave from the 125 Hz band to the 4000 Hz band,
and with a 5° angle resolution from 0° to 85°. The random incidence absorption coefficient in 1/3 octave bands is then
derived with help of the Paris formula to match with ISO 354 [3]. Finally, the practical sound absorption coefficient a,,
is obtained according to ISO 11654 [1]. It is an octave band coefficient with values rounded to the second decimal in
steps of 0,05. The resulting data created for the three cases is shown in Table 1.

Table 1: Practical sound absorption coefficient a,, as a function of flow resistivity.

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
R; = 20 kPa - s/m” 0,25 0,50 0,75 0,60 0,75 0,85
Ry = 70 kPa - s/m? 0,40 0,65 0,85 0,70 0,80 0,90
R; = 150 kPa - s/m” 0,35 0,50 0,65 0,65 0,75 0,85

2.3 Estimation of flow resistivity

Sound absorbers presented according to ISO 11654 include the thickness of the material and the depth of the air cavity if
one is present. Therefore, only the flow resistivity needs to be determined when working with Miki’s model. A parameter
estimation is set up with the objective function based on the 6 octave band values of the practical sound absorption
coefficient. The starting value of the of the flow resistivity is set to 50 kPa - s/m? with a scale of 10 kPa - s/m?, and the
estimation is carried out by Levenberg-Marquardt method. To simplify and accelerate the parameter estimation, only the
center frequencies of the octave bands are simulated and the incidence angle is set to & = 45° as an approximation of
random incidence for materials with extended reaction [4]. The match between the exact and approximate values is plotted
in Figure 2 for Ry = 70 kPa-s/m?. It is seen that random incidence and 45° incidence match rather well at low
frequencies and start diverging once the resonance from the air cavity has a significant influence on the absorption
coefficient.
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Figure 2: Absorption coefficient for Rf = 70 kPa - s/m?. Solid line: random incidence absorption coefficient in octave
bands; asterisk: 45° incidence absorption coefficient at center frequencies.

2.4 Enhancement of boundary conditions

Once the flow resistivity of the porous material has been estimated, the sound absorber can be simulated for any desired
frequency range and frequency resolution. This allows to calculate the sound absorption coefficient and surface
impedance in their angle-dependent versions. The results can be further processed to obtain the normal incidence and
random incidence values of these parameters. This enables room acoustic simulations in the frequency domain with a
more complete description of boundary conditions, whether a geometrical method or a wave-based method is chosen.

Moreover, a partial fraction fit of the surface admittance enables a description of the sound absorber in the time domain.
It uses a modified AAA algorithm [5] to compute a rational approximation of the admittance, making it possible to
compute its inverse Fourier transform analytically. For a given surface admittance Y, (w), with w = 2xf, the rational
approximation is written

N
A
Vo(w) =Yoo+ ) —H— (1)
o —a;

with Y, the asymptotic term, A4, the residues, and a,;, the poles. Each fraction term then corresponds to an exponential
decay in the time domain, as shown by the inverse Laplace transform L™1:

Lt (S f"ak) = Ape%tH(t) )

where H(t) is the Heaviside function. The partial fraction approximation fulfills the physicality requirements of a
boundary condition, i.e. causality, reality, and passivity, when the asymptotic term Y, is real, and when the residues A;
and poles a; are either real or come in complex conjugate pairs.

3 Results

Table 2 shows the flow resistivity estimation of the three porous material cases. It is seen that the error between the
original and the estimated flow resistivities varies a lot between cases, going up to 47 % for R = 70 kPa - s /m?.



Table 2: Flow resistivity estimation.

Original Ry 20 kPa -+ s/m? 70 kPa - s/m? 150 kPa - s/m?
Estimated Ry 16,0 kPa - s/m? 103 kPa - s/m? 164 kPa - s/m?
Relative error 20% 47 % 9,3 %

However, the flow resistivity is the not the parameter that will be used as a boundary condition in a room acoustic
simulation. In geometrical acoustics, the random incidence absorption coefficient would typically be used, and the
comparison between original and estimated flow resistivities can be seen in Figure 3. A much closer match is seen there.
The relative error between the original absorption coefficient and the absorption coefficient calculated from the estimated
flow resistivities indicates the largest error being 15% for Ry = 20 kPa - s/m? at 80 Hz. For this flow resistivity, the
relative error remains below 10% for frequencies above 200 Hz. In the cases of Ry = 70 kPa - s/m* and Ry = 150 kPa -
s/m?, the relative error is below 10% and 4% respectively for the whole frequency range. These are largely acceptable
errors given the approximations taken in the practical sound absorption coefficient used as input.
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Figure 3: Random incidence absorption coefficient. Top left: Ry = 20 kPa - s/ m?; top right: R; =70KkPa-s/ m?;
bottom: Ry = 150 kPa - s/ m?. Solid line: original flow resistivity; dashed line: Estimated flow resistivity.

Besides the absorption coefficient, the surface admittance can also used as boundary condition in wave-based room
acoustic simulations, either directly in the frequency domain or transformed to the time domain with the partial fraction
fit. Figure 4 shows the surface admittance of the three porous material cases calculated from the original and estimated



flow resistivities with an incidence angle of 45°. The highest relative error over the frequency range was found to be
22%, 36%, and 14% for respectively Ry = 20 kPa - s/m?, R, = 70 kPa - s/m?, and Ry = 150 kPa - s/m?. The partial
fraction fit of the surface admittance by definition matches the curves shown in Figure 4, hence its related error is similar.
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Figure 4: 45° incidence surface admittance. Left column: real part; right column: imaginary part. Top: Ry = 20 kPa -
s/m?; middle: R; =70KkPa-s/ m?; bottom: Ry =150 kPa - s/m?. Solid line: original flow resistivity; dashed line:
Estimated flow resistivity.



4  Discussion and conclusion

This paper has demonstrated the potential for enhancing boundary conditions in room acoustics simulations based on
coarse input data, as can be provided from sound absorber manufacturers. This allows not only to extend the frequency
range or increase the frequency resolution of the absorption coefficient, but effectively to derive any parameter containing
the information needed to describe boundary conditions in a given method.

The flow resistivities estimated in this paper showed some inaccuracies due to the approximations made on the incidence
angle and frequency resolution. These inaccuracies were then carried on to the surface admittance, which could lead to
incorrect results when running wave based room acoustics simulations. Nevertheless, it was seen that the absorption
coefficient was more robust to inaccuracies. This method therefore already enables more correct geometrical room
acoustics simulations thanks to more precise boundary conditions. In order to achieve the same feat for wave based
simulations, a straightforward improvement of the proposed method would be to modify the objective function of the
parameter estimation so that the random incidence absorption coefficient with several frequencies per octave band is
directly tested against the input data.

The cases explored in this paper only include a few porous materials, but the method presented could easily be extended
to hard materials and membranes where parameters such as the Young’s modulus are estimated instead of the flow
resistivity. One could also investigate the use of more advanced models for porous materials, for example the Johnson-
Champoux-Allard model. However, it is foreseen that the practical absorption coefficient used as input data lacks
precision and would limit the estimation performance of a finer model.

Lastly, the method presented was tested on numerically generated input data and is yet to be applied on measured data.
Sound absorption coefficients measured in reverberation chambers as per ISO 354 are known to suffer from edge effects,
which results in higher values than what should be and even exceeding 1 at high frequencies. This could potentially pose
a problem when estimating the flow resistivity of a porous material. Some solutions to investigate would be to introduce
a correction factor or to limit the frequency range to lower frequencies where the edge effect might have less influence.

References
[1] ISO 11654:1997, Acoustics — Sound Absorbers for Use in Buildings — Rating of Sound Absorption, International
Organization for Standardization, Geneva, 1997.

[2] Miki Y., Acoustical properties of porous materials - Modifications of Delany-Bazley models, Journal of the
Acoustical Society of Japan, 11(1), 1990, 19-24. https://doi.org/10.1250/ast.11.19

[3] ISO 354:2003, Acoustics — Measurement of Sound Absorption in a Reverberation Room, International
Organization for Standardization, Geneva, 2003.

[4] C.-H.Jeong and J: Brunskog, The equivalent incidence angle for porous absorbers backed by a hard surface,
Journal of the Acoustical Society of America, 134(6), 2013, 4590-4598. https://doi.org/10.1121/1.4824824

[5] Y. Nakatsukasa, O. Séte, L. N. Trefethen, The AAA algorithm for rational approximation, SIAM Journal on
Scientific Computing, 40(3), 2018, A1494-A1522. https://doi.org/10.1137/16M 1106122



https://doi.org/10.1250/ast.11.19
https://doi.org/10.1121/1.4824824
https://doi.org/10.1137/16M1106122

