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A method for estimating the sound absorption coefficient of a material under a synthesized
Diffuse Acoustic Field was recently proposed, as an alternative to classical sound
absorption measurements in reverberant rooms. Using sound field reproduction
approaches and a synthetic array of acoustic monopoles facing the material, estimation of
the sound absorption coefficient under a reproduced Diffuse Acoustic Field but in free-field
conditions was shown to be feasible. The method was successfully tested on two samples of
melamine foam of close thicknesses and areas.

In this paper, the principle of the method will be first recalled. The effect of varying the
reproduction array size on the calculated sound absorption coefficients is then studied. A
comparative measurement between the suggested method and the reverberant room
method on ceiling tiles is finally reported.
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1 INTRODUCTION

The sound absorption coefficient of absorbing materials under a Diffuse Acoustic Field
(DAF) excitation is classically measured using the normalized Reverberant Room method,
described in 1SO 354* and ASTM C423%. Both standards provide several recommendations in
order to increase measurement accuracy, such as verifying that either minimum reverberation
time or sufficient sound field homogeneity are ensured (as examples, a maximum equivalent
absorption area for 1SO354, or a maximum decay rate standard deviation between different
receivers for ASTM C423).

In order to meet the standards specifications (i.e. usually improving room’s diffusivity), various
types of diffusers (hanging, rotating, corner or boundary) are commonly used, but for years their
optimal number or type has been a debated subject®® as well as the indicators used to properly
qualify the sound field diffusivity®’. Size, distribution, position and nature effects of tested
materials are also of great importance on the results obtained®°, with values of absorption
coefficients that can exceed unity (and then rounded to unity or less to perform room acoustic
simulations as an example). As a general consequence and despite the standards requirements, a
poor inter-laboratory reproducibility of measured absorption coefficients under DAF excitation
was reported in several recent'** and former'*** studies, even when testing the same specimen.
The reverberant room is used as a laboratory tool to recreate an experimental excitation as close
as possible to its mathematical model™, but the limitations cited above might then be
encountered.

This paper proposes an alternative approach for the estimation in free-field conditions of the
absorption coefficient of an absorbing material under a synthesized DAF excitation at the
material surface by using a synthetic array of acoustic monopoles facing the material. The
method consists of two steps: (1) a database of measured reflection coefficients at normal and
oblique incidence angles is first generated with the classical two-microphone approach and a
source-image model, using a point source that is moved over a plane parallel to the material
surface, and (2) sound field reproduction approaches are then used to calculate a Cross-Spectral
Density (CSD) matrix of source amplitudes to accurately reproduce the theoretical statistical
properties of a DAF excitation on the material surface using the synthetic array. Coupling this
calculated matrix to the measured reflection coefficients database, allows estimating in a post
processing phase the absorption coefficient under a synthetic DAF.

The method was validated on samples of melamine foam of comparable thicknesses and areas™.
This paper first recalls the principles of the method. Some insights are then provided about the
array size effects using additional post-processing of the database used for the validation cases.
Additional experimental results on tiles are finally provided. Results of numerical simulations
that are currently underway will be shown and discussed during the oral presentation.

2 THEORY

2.1 Sound absorption coefficient under a single point source

Figure 1(a) describes a simple and well-known situation'”. A single point source is positioned at
a given position i at a height z=z; above a layer of porous material. Two microphones denoted
M; and M, are placed above the porous material and centered on its surface at heights z=z; and
z=2,, respectively. Under the assumption of an ideal point source (defined by its volume
acceleration g; (w)), the acoustic field at any of the microphone positions is a superposition of



two spherical acoustic waves, generated by the source g; (o) and the corresponding image source
q'i (w) positioned at a distance r; and a distance »'; from the receiver, respectively. For a small
separation of the two microphones so that the angle 6; is almost identical for both microphones,
the measured acoustic pressure pjj(6;,«) for a given position i of the point source at microphone
M; (j=1,2) can be written"’
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with pg the air mass density, o the angular frequency, ko the acoustic wavenumber (ko=w/Cq) with
Co the speed of sound), rj; the distance between the source at the i-th position and the microphone
M;, i the distance between the image source and the microphone M; and R(6;,) is the reflection
coefficient of the material surface corresponding to the i-th position of the point source. The
measurement of H(6i,w)=pi»(i,®) / pir(di,w) allows for calculating the reflection coefficient at a
given incidence angle using the classical relation®’
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The corresponding absorption coefficient can be deduced using the relation a(6;,0)=1 - |[R(6;,0)*.
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Fig. 1 — (a) Description of the problem and coordinate system for a spherical wave model using
a single point source — (b) Description of the problem using an i-source array, with

uniformly distributed sources positioned with the same source separation As [adapted
from Robin et al.'?].

2.2 Sound reflection coefficient under a synthesized pressure field

Figure 1(b) illustrates the proposed approach. A square sample of porous material of
sidelength L and thickness h is placed on a rigid impervious backing. The two microphones M1
and M2 and the array center point source are centered on the material’s surface. Using the two-
microphones method described in the previous section, the reflection coefficient can be
measured under various incidence angles corresponding to successive source positions i of point
sources, thus creating a virtual array of monopoles in front of the material surface. The Green’s



functions corresponding to the propagation from the real (respectively image) point source to the
microphone Mj will now be denoted g;;(w) = e /%o"ii /r;; (respectively g';(w) = e‘f"or'if/r'ij).

It can be shown (calculation details can be found in Robin'®) that with a database of measured
reflection coefficients R(6;,w) at several i incidence angles and a calculated CSD matrix of
source volume accelerations Sqq (that when applied to all the virtual sources would lead to the
reproduction of a desired pressure field at the material surface), Eq. (3) below provides the
squared reflection coefficient |Rsynm(m)|2 under a synthesized pressure field at a post-processing
phase
2 hlsgoh
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where hy = {- gy(w) 3T, g'1 = { R(6;, w)g'n(w)-~}T and T denotes the non-conjugate
transpose. Note that the two microphones are needed for the calculation of the individual
reflection coefficients R(8;,w) (following the procedure described in previous section), but the
calculation of the squared reflection coefficient under a synthetic pressure field |R3ymh(co)\2 is
finally made for only one microphone position.
The corresponding absorption coefficient can be deduced using the relation asynmn(®) = 1 -
IRsyntn(@)[. Note here that the squared absolute reflection coefficient used for this calculation is
calculated at a specific position on the material surface (contrary to the ‘global’ absorption result
directly obtained with the reverberant room method as an example), and could then be used to
deduce a mean absorption value with measurements made along the material surface, or even
plotting absorption maps. The CSD matrix of source volume acceleration Sqq can be calculated
using either a Wave Field Synthesis (WFS) approach'® or a Planar Nearfield Acoustical
Holography (P-NAH) approach® (in this paper, the latter is always used), with a target pressure
field defined by the CSD of a DAF™.

2.3 Measurement and simulation results

Reverberant room absorption tests of melamine foam of 0.0762 m (3 inches) thickness and 5.94
m? area were made in the National Research Canada (NRC) reverberant room (volume ~ 258 m?®)
following ASTM C423. A sample of the same material of 2.11 m? was tested following the
proposed approach in an anechoic room. The sample was laid on a rigid impervious backing,
made up from a 1/2 inch thick medium density fiberboard panel covered with a 1/32 inch steel
plate. An omnidirectional point source was manually translated using a rigid frame on a mesh of
7 by 7 positions above the material surface at a height z;=0.2 m, with the center source position
corresponding to the normal incidence case (i.e. the two microphones are placed at the vertical of
this source position). The source separation As was set to 0.15 m with a corresponding virtual
array sidelength Larray Of 0.9 m. The maximum incidence angle 6max that can be included in the
database of measured reflection coefficients is defined by the separation zs between the source
and the material surface (the reproduction plane) and the largest source to microphones distance.
In the present case, OmaX:tan'l(Larray/ \/2.25) ~ 72°,

On the other hand, simulations based on the Transfer Matrix Method (TMM)® were performed.
The layer of homogeneous material of infinite extent and backed by a hard wall was modeled
under a limp frame assumption?. The parameters given in table 1 were used in simulations to
compute the characteristic impedance Zq and the wavenumber keq of the equivalent fluid
element via the Johnson-Champoux-Allard model. Since the DAF theoretically reproduced with



the synthetic array implies a maximum incidence angle of 72°, the same maximum incidence
value was used as an upper bound to define the DAF excitation in the numerical simulations.

Table 1 — Measured parameters for the tested melamine foam
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The results obtained are reported in Fig. 2 (for further details or additional results, please refer to
[16]). Above the 500 Hz third octave band, the estimated absorption coefficients using a
synthesized DAF excitation are in good agreement with those obtained by simulations for an
infinite material, with a difference below 0.1. Furthermore, results are within a physical range
(i.e., between 0 and 1), and do not exhibit size effects as seen in reverberant room results even if
smaller samples were used. The differences seen below 500 Hz are mainly thought to be related
to the finite side length of the array, but the finite size of the sample may also explain these low
frequency limitations and discrepancies with TMM results (since this simulation assumes
laterally infinite material). The effect of the finite side length of the array is studied in the next
section.
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Fig. 2 — Measurement and simulation results for a 3-inch thick melamine foam.

3 EFFECT OF ARRAY SIZE ON THE CALCULATED ABSORPTION
COEFFICIENT

In order to better understand the possible array size effects, additional post-processing were
made using two databases obtained on the previously presented melamine foam, and on another
sample of the same material of 2 inches thickness and 1.69 m?area. For both samples, a database
of 49 measured reflection coefficients (corresponding to 7x7 source positions) was previously
built using similar source separation As and source height z.



Using this database, the size of the virtual array is then varied at the post-processing while
keeping the same target pressure to be reproduced (i.e. a theoretical DAF with angles of
incidence up to 90°). Figure 3 illustrates the corresponding geometries.
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Figure 3 — (a) Original measurement mesh (7x7), (b) Reduced measurement mesh (5x5), (c)
Reduced measurement mesh (3x3) — The position of the vertical microphone doublet is
indicated by a red cross.

Sound absorption coefficients under a synthesized DAF are then calculated following the
procedure described in Section 2.2 with arrays of 3x3, 5x5 and 7x7 sources (i.€. Larray=0.3 m, 0.6
m and 0.9 m, respectively, with a fixed size of the material sample). This dimension theoretically
puts a limit to the larger wavelength (or lower frequency) that could be reproduced, which is
simply the wavelength corresponding to Laray. With the speed of sound c, taken equal to 345
m/s, the corresponding lowest frequencies (=Co/Larray) for the 3x3, 5x5 and 7x7 cases are 1150
Hz, 575 Hz and 383 Hz, respectively. By doing this, the side length of the array is reduced, but the
same also applies to the highest incidence angle included in the reflection coefficients database,
the two microphones being located at the vertical of the center source. The maximum incidence
angle Omax is approximately 72° in the case of the 7x7 sources configuration (and 6max~64° for
the 5x5 configuration and 0n.=46° for the 3x3 configuration). The corresponding TMM
simulations were made using the same highest incidence angles.

The results obtained are given in Figures 4(a-f) for thicknesses of 3 inches and 2 inches,
respectively. When the array size is increased, the agreement between the results obtained using
the proposed method and simulations is always very satisfactory above the third octave
frequency band that nearly corresponds to the lowest frequency that could be reproduced (that is
above the 1000 Hz third octave band for the 3x3 sources case, above the 630Hz third octave
band for the 5x5 case and above the 400 Hz third octave band for the 7x7 case). This effect is
especially noticeable in the 2-inch melamine foam case (Figs. 4(d-f)) and was found to be lower
in the case of the highly absorbing 3 inches melamine foam (Fig. 4(a-c)), but this was not
explained. Note that the TMM simulations provide very similar results for the 3 inches thickness,
indicating that the incidence angle effect is theoretically lower when the thickness is increased.
Below the 400 Hz third octave band, the accuracy of the method seems insufficient for both
thicknesses, with absorption coefficients that either decrease quickly to zero and even negative
values for the 3-inch melamine case (Fig. 4(c)) or remain nearly constant for the 2-inch
melamine case (Fig. 4(f)). This is mainly attributed to a finite size effect of the array.



Interestingly, these results suggest that using a database including a given highest incidence
angle, the absorption coefficient under a DAF excitation with other (i.e. equal or lower)
incidence angles could be then computed at the post-processing step (however limited by the low
frequency bound defined by the corresponding size of the array). Also, a larger array size could
give the possibility of measuring the absorption coefficient for incidence angles higher than the
field incidence angle (i.e. 78°) usually considered to perform representative simulations of
measurements made in a reverberant room.
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Figure 4 — 3-inch melamine case: results obtained for (a) a 3x3 array and a simulation
Omax=46°, (b) a 5x5 array and a simulation using Onax=64°, (C) a 7x7 array and a
simulation using Onax=72°-- 2-inch melamine case: results obtained for (d) a 3x3 array
and a simulation using Ona=46°, (e) a 5x5 array and a simulation using 0n=64°, (f) a
X7 array and a simulation using Omax=72°



4 MEASUREMENTS ON CEILING TILES

Finally, to evaluate the possible range of applications for the approach, measurements were
conducted on a typical ceiling tile, using the reverberant room method and the proposed method.
Each tile was 0.5 m by 0.5m, with small bevels on all four edges for mounting and tile-to-tile
assembly (see Figs. 5(a,b)). Their surface was impervious and rigid, and the small back cavity
was filled with a felt pad provided with each tile (see Fig. 5(b)).

(a) (b)

(c)
A

~
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tape edges
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Figure 5 — Sketches of the tiles tested using the reverberant room method and the proposed
approach, not to scale (a) Front view of a single tile — (b) Sideview of a single tile — (c)
Position of the center point source (and fixed microphones) above the four tiles
arrangement tested using the proposed approach — (d) 25 tiles arrangement for the
reverberant room measurement.

Concerning the reverberant room measurement, a set of 25 tiles was laid directly on the room
floor, and the perimeter of the 25 tiles arrangement was sealed using aluminum tape. The
measurement was made following ASTM C423¢ in the Groupe d’Acoustique de 1’Université de
Sherbrooke reverberant room (volume ~ 143m?).

Concerning the proposed method, a set of 4 tiles was implemented with identical conditions than
those described in section 2.3 (i.e. laid on a rigid impervious backing in an anechoic room, and a
7 x 7 sources array with source separation As=0.15 m and source height z;=0.2 m). The two
microphones were positioned slightly offset with respect to the middle of the four tiles
arrangement (see Figure 5(c)), to avoid being placed just above the junction area of the tiles.

Figure 6 reports the obtained results. The measurement results with the reverberant room method
exhibits a peak of absorption at the 500 Hz third octave band, which is attributed to the
mechanical resonance of the tile’s frame (together with the spring constituted by the small air
gap filled by the porous material). Below this peak, the measured absorption quickly decreases to a
value of 0.1 at the 200 Hz third octave banc, while it slowly decreases above this peak to a value
of 0.3 at the 2000 Hz third octave band.
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Figure 6 — Measurement results on tiles.

As for the cases reported in section 3, the measured absorption coefficients with the presented
method quickly decreases to non-physical values below the 400 Hz third octave band. The
absorption peak value is very well captured, with a difference of 0.1 between the two methods.
Above this peak, the measured absorption values with the presented approach are systematically
below those obtained with the reverberant room method (but interestingly, the method seems
able to estimate small absorption values in this frequency range). This difference of absorption
values above the peak is mainly attributed to two facts:

(1) the absorption coefficient is locally estimated for the proposed approach (and close to a
junction point),

(2) the larger tile arrangement in the reverberant room corresponds to a higher equivalent
sound absorption area, and above all, the fact that only the perimeter was sealed also
allows higher acoustic leaks around the numerous unsealed edges (see Fig.5(d)) and
higher absorbing effect of the felt layers.

Note finally that the global trend obtained with the proposed method is comparable to the one
obtained with the reverberant room, with a sample surface reduced by a 6.25 factor.

6 CONCLUSIONS

A method for the estimation in free-field conditions of the absorption coefficient of an absorbing
material under a synthesized DAF excitation was presented. The theory concerning the
estimation of absorption coefficient under synthesized pressure fields was briefly described. A
typical experimental result previously obtained was given, that showed that the estimated
absorption coefficients using a synthesized DAF excitation were in good agreement with those
obtained from the TMM for homogeneous materials above the 400 Hz third octave band, within
a physical range and did not exhibit size effects as seen in reverberant room results.

The effect of varying the source array size on the calculated absorption coefficients was then
illustrated on two melamine foam samples of comparable thickness and area. The method was



finally applied to tiles, and the results obtained with the standard reverberant room and the
presented method compare reasonably well, even if the sample area was greatly reduced.

Further work is needed to fully understand the strengths and limitations of the method, especially
in the low-frequency domain, and this is currently underway using numerical simulations of the

method.
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