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Former studies have shown that the Local Plane Wave (LPW) method can be used to measure the
(effective) in-situ sound absorption coefficient of any surface. The LPW-method is based on a
local plane wave assumption, in which the normal component of the sound field in each spatial
coordinate is approximated by an incident and a reflected plane wave. This is contrary to conven-
tional methods that rely on a known global sound field, like the impedance tube (plane wave) and
reverberation room (diffuse field) methods. The LPW-method can therefore be applied in sound
fields for which a model is not available. This has been numerically and experimentally validated
using a probe consisting of 8§ MEMS-microphones in an open cubical structure.

In this paper, the LPW-method will be applied to a rigid spherical microphone array. The well-
known plane wave expansion in spherical harmonics will be used to formulate a local model of the
sound field in the presence of a rigid sphere. The resulting model will be used to infer the sound
field for the case the rigid sphere would not be present. The (effective) in-situ sound absorption
coefficient is then computed from the parameters of this inferred sound field. Using numerical and
experimental results, the validity and usefulness of the LPW-method to measure sound absorption
using a spherical microphone array will then be shown.
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1. Introduction

Former studies have shown that the Local Plane Wave (LPW) method can be used to measure
the (effective) in-situ sound absorption coefficient of a material/surface in an a-priori unknown sound
field [} 2 13, 4]. The LPW-method is based on a local plane wave assumption, in which the normal
component of the sound field in each spatial coordinate is approximated by an incident and a reflected
plane wave. This allows acousticians to estimate the incident sound intensity in unknown sound fields
such that they can assess the efficiency of absorption material in its application. This is contrary to
conventional laboratory methods that rely on a known global sound field, like the impedance tube
(plane wave) [5, 6] and reverberation room (diffuse field) [7] methods.

The theory and applicability of the LPW-method has been widely investigated for pu- and pp-
probes. It has also been numerically and experimentally validated using a probe consisting of 8
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MEMS-microphones in an open cubical structure. This paper aims to apply the LPW-method to a
rigid spherical microphone array as these type of microphone arrays have been introduced in the
acoustic industry over the past few years. The theory of the LPW-method applied to spherical mi-
crophone arrays is presented in Section|2| This will be validated both numerically and experimentally
in Section [3| Finally, conclusions will be drawn in Section

2. Theory

2.1 Sound absorption coefficient
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(a) Real sound field. (b) Approximated sound field using LPW-method.

Figure 1: Sound field in front of a material surface S. Taken from [8]].

The sound absorption coefficient of a surface is defined as the ratio of the active (net) sound power

and the incident sound power:
Wac

1
W ey
with W,. and W, the active and incident sound power respectively. Both powers can be calculated
by integrating their associated intensities over the surface:

o =

Wac - / Iac : IldS, (2)
Sp

Wi — / I, - nds, 3)
Sp

where I, = 1R(PU) is the active (net) sound intensity vector with P the complex sound pressure
and U the conjugate of the complex particle velocity vector, and n is the vector pointing normal into
the surface S, as shown in Fig. I, is the incident sound intensity vector, being equal to the active
sound intensity vector for a fully absorbing surface. The active sound intensity vector in the direction
normal to the surface can easily be measured with any pu- or pp-probe. However, determination of
the incident sound intensity vector in an unknown sound field is not possible. A way of estimating the
normal component of the incident sound intensity vector is by using the so-called local plane wave
(LPW) method, which will be explained in next subsection.

2.2 Theory of the LPW-method

The LPW-method is based on a local plane wave assumption, in which the normal component of
the sound field in each spatial coordinate is approximated by an incident and a reflected plane wave
as shown in Fig. Using the e™'-convention, i.e. p(r,t) = R{P (r,w) ™'}, the complex sound
pressure P and complex particle velocity in normal direction U,, = U - n can be written as [8]]:

P(r.k)=A(r k) + B(rk), )
U, (k) = A(r, k)  B(rk) )
PoCo PoCo
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where r is the position vector, k = w/cy is the wave number, A and B are the complex amplitudes of
the incident and reflected waves respectively and pycy is the characteristic impedance. Note that we
have omitted the e~**- and e***-exponentials by choosing z = 0 where z is a local coordinate axis
aligned with the normal vector n (r). From this assumption it follows that the normal incident and
reflected intensity are:

A(r, k)|?
L,(r,k) n(r L§W|—’ ©
( ) ( ) 2p0Co
Lew | B (r, k)[?
Ire r; k -nir = — 7 7 (7)
ﬂ( ) ( ) 2p0Co
Furthermore, the active intensity in normal direction can also be written in terms of A and B:
A(r. k)2 |B(r.k)|?
L (r, k) -n(r) 2 [A(r,K)]”  |B(r, k)] N

2poCo 2poco

such that the active intensity in normal direction is equal to the incident intensity in normal direction
minus the reflected intensity in normal direction. Hence, if one can determine A and B, one can find
the incident and active intensities by evaluating Eqs. (6)) and (8)), and calculate the sound absorption
coefficient according to Egs. (I)), (2) and (3). Using a pu-probe, one can solve Eqgs. (@) and (5] for A
and B easily. Determination of A and B using a 1D and 3D pp-probe is elaborated in next subsection.

2.3 Formulation for a 1D and 3D pp-probe
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Figure 2: Different pp-probes. Taken and modified from [8].

1D and 3D pp-probes (see Fig. [2) are generally used to determine the (normal component of) the
active sound intensity vector using the well-known finite difference method. The estimated sound
pressure and particle velocity at the middle point of the probe can be used to apply the LPW-method
as explained in Section However, a different (more intuitive) formulation can also be derived.
For a 1D pp-probe with two microphones a distance s apart (see Fig. [2a), the LPW-method can be
written as [8]]:

P (r,k)
Py (r, k)

A(r, k) e ™2 4 B (r, k)2, 9)
A(r, k) e®*/? £ B (r, k) e /2 (10)

where P, and P, are the measured microphone pressures. Solving above equations for A and B
enables determination of the sound absorption coefficient according to the procedure prescribed at
the end of Section For a 3D pp-probe (see for example Fig. the following set of linear
equations should be solved:

p(r,k)=H-a(r,k) (11)
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with . '
Pl (I‘, k) e—zkz1 ezkzl A L
pei = oE=| o famn={300) a2

PM (I.7 k.) e—ik’zlu eikZ]y[

where P ... Py, are the measured microphone pressures at positions z = zy...zy and M > 4 is
the number of microphones. Recall that z is the local coordinate axis aligned with the normal vector
n (r) with z = 0 at r. Solving the linear set of equation for a in a least-squares sense yields:

ajg (I‘,k) =H" 'p(I', k)v (13)

with
H' = (H'H) 'H", (14)

where ! denotes the conjugate transpose (or Hermitian conjugate). A least squares solution minimizes
the sum of the squared residuals of the microphone signals. These residuals can be measurement
noise, which encourages the use of multiple microphones. Solving Eq. (13) for A and B enables
determination of the sound absorption coefficient according to the procedure prescribed at the end of
Section 2.2

2.4 Including scattering of a rigid sphere probe

The well-known plane wave expansion in spherical harmonics will be used to formulate a local
model of the sound field in the presence of a rigid sphere. A plane wave in spherical waves is defined
as [9]]:

P (r,k) = A (k) e*" = A(k) S i" (20 + 1) ju (kr) Py (%) , (15)

where r is the position vector of length r, k is the wave vector of length £, A'is the complex amplitude
of the plane wave, j, is the spherical Bessel function of order n and P, is the Legendre polynomial of
degree n. The scattered field around a rigid sphere can be represented by spherical waves emanating
from the surface of the sphere and is therefore described as:

P (1, k) = ZC k) h?) (kr) P, (%) (16)

where C,, is a constant determined by the impinging sound waves and h'? is the Hankel function of
the second kind of order n. Considering a rigid sphere with radius a and center at r = 0, the radial
component of the particle velocity at » = a should be zero. Determination of constant C,, is hence
obtained after employment of the following boundary condition:

5 (P (r,k) + P (r,k)) =0. (17)
Substitution of Egs. and (16) into Eq. yields that
Ty Ju (ka)
C, (k) = —A (k) i" (2n + 1) 22U (18)
)= ~A 097 (n+1)

where the apostrophes denote the derivatives of the spherical Bessel and Hankel functions. Hence the
total sound field P,,; = P, + P, becomes:

A iker - N ]7/1 (ka) k-r
Ptot (I', k) =A (k) (6 ker _ ;%Z (QTL + 1) Mhnz) (kr) Pn <?>) . (19)
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If we now consider two plane waves with wave vectors k4 = [0,0, —k] and kg = [0, 0, k] (which is
in accordance with the LPW-method) and evaluate them at the m’th microphone position r,, on the
sphere with radius a, then the transfer matrix in Section [2.3|becomes:

Hiyn Hip
H= : N (20)
Hya Hyp
where
K A - ] (ka) 2 ka1,
H,,y = ekarm — on + 1) 22 Y 1@ (1a) P, : (21)
A nzo ( ) hg) (ka) ( ) kja
g (ka) kg 1,
H,,p = ¢kBtm (2n b2 (ka) P, . 22
mB = € ZZ + (2)/ (k ) ( a) ( ka ( )

Solving Eq. for A and B with H as in Eq. enables determination of the sound absorption
coefficient according to the procedure prescribed at the end of Section [2.2] By inferring the sound
field for the case the rigid sphere would not be present, the LPW-method can thus be applied to
measure sound absorption using a spherical microphone array.

3. Validation

The validity and usefulness of this measurement procedure for sound absorption is shown in this
section. For that purpose, use is made of SonoCat, a rigid spherical microphone array consisting
of 8 digital MEMS-microphones, see Fig. [Sbl The spherical coordinates of the microphones, as
shown in Table |1} are (semi-)equidistantly distributed and the § = 180° direction is aligned with the
normal surface vector. Both numerical simulations and experimental measurements are performed
for a normal incident plane wave and the results will be presented in next subsections.

Table 1: Microphone positions at the rigid sphere with the sphere center at r = 0

Mic | Radial distance r [mm] | Polar angle 6 [°] | Azimuthal angle ¢ [°]

1 15 22.3 180.0
2 15 50.8 0.0

3 15 85.0 12.4
4 15 85.0 -12.4
5 15 95.0 56.3
6 15 12.9 180.0
7 15 95.0 -56.3
8 15 15.8 0.0

3.1 Numerical simulations

The response of a rigid sphere with a radius of 15mm in front of an impedance surface is simulated
in a finite element analysis, see Fig. A background pressure field consisting of a plane wave
travelling in the n-direction and an opposite travelling plane wave (with a reflection coefficient in
accordance with the impedance boundary conditions) is set. A Sommerfeld radiation condition is
applied at the domain boundary and the mesh size is chosen sufficiently small. The scattering problem
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Sommerfeld condition

Symmetry conditition
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Figure 3: Symmetric simulation model

is solved and the total pressure field is evaluated at the same positions as SonoCat’s microphone
positions. Note that for normal incidence sound waves there is no azimuthal angle dependency, such
that an axisymmetric model could have been used. The sound absorption coefficient is then calculated
according to the procedure in Sections [2.3]and 2.4]

Three different normal impedance surfaces are considered, i.e. Z, = poco, Z, = (1 + 2i) poco
and Z, = oo, such that an absorption coefficient of « = 1, a = 0.5 and a = 0 is to be expected,
respectively. The distance of the sphere center to the surface is also investigated for d = 3.0 cm,
d = 4.5 cm and d = 6.0 cm. The results of these simulations are presented in Fig. for several 1/3’th
octave band frequencies.

Up to 1kHz the sound absorption curves follow the expected values very well for all impedance
surfaces and sphere-surface distances. At frequencies above 1kHz this is also true for an impedance
surface Z,, = poco (expectation: o« = 1). For the other impedance surfaces, deviations from the
expected values start to occur for increasing frequencies. These deviations are less for impedance
surface Z,, = (1 + 2i) poco (starting from 2kHz, expectation: o = 0.5) compared to Z,, = oo (starting
from 1kHz, expectation: o = 0).

For a certain surface impedance Z,, (except for Z,, = pycy), the sphere-surface distance influences
the deviations. In general, the smaller the sphere-surface distance, the more deviations in the sound
absorption values for increasing frequencies.

These (small) deviations can be explained by the fact that the applied model does not account for
the surface reflection of the scattered waves from the sphere. For higher frequencies, more scattering
of the sphere occurs which will reflect on the impedance surface if the absorption is low. These
scattering reflections decrease over the distance, such that a larger sphere-surface distance is preferred
in this situation.

Hence, for very well absorbing surfaces, the LPW-method performs very well for normal incident
plane waves independent on the sphere-surface distance. For less absorbing surfaces, the performance
is also fine but the deviations depend on the frequency and the sphere-surface distance. In general, the
more reflective the surface and the smaller the sphere-surface distance, the more deviations are seen in
the sound absorption coefficient for increasing frequencies. However, most absorbers comprise good
absorptive properties at high frequencies and less at lower frequencies, such that the LPW-method
can be applied in many applications using a spherical microphone array.

3.2 Experimental results

The normal incident sound absorption coefficients of two melamine resin foam samples with
a different thickness (5 and 10 cm) is measured with both SonoCat and an impedance tube at the
University of Twente. The impedance tube measurements were performed according to ISO 10534-
2:2008 [6]. The SonoCat measurements were performed in a room with anechoic properties above
300 Hz to avoid unwanted reflections, see Fig.[5| A plywood plate with a thickness of approximately
1.5 cm is used as the backing material and the sphere-surface distance d is approximately 3 cm. A
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Figure 4: Sound absorption for normal incidence
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Figure 5: SonoCat measurement

single cone speaker is positioned at a height of approximately 1.5 m above the SonoCat emitting a
broadband white-noise sound. It is assumed that the speaker is sufficiently far away from the surface
such that the emitted sound waves have become plane waves above 300 Hz.

The results of the measurements are shown in Fig. [6] together with the material specifications as
provided by the manufacturer. In overall, a good match is achieved between all absorption curves for
each material thickness. Differences occur between all curves, even for the impedance tube measu-
rements, but they are small. The general trends are in comparison for each curve. For example, the
"dip” around 3 kHz in Fig. [6a] appears in all three curves. This shows that the LPW-method can be
used to measure sound absorption of a surface with a rigid spherical microphone array.

4. Conclusion

The LPW-method to measure the (effective) in-situ sound absorption coefficient using a spherical
microphone array has been presented in this paper. The model for spherical microphone arrays infers
the sound field for the case the rigid sphere would not be present by adding the scattering of a plane
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Figure 6: Sound absorption of a melamine foam for normal incidence: Impedance tube vs SonoCat

wave around a rigid sphere to the model. The validity and usefulness of the model has been proven
numerically and experimentally for a normal incident plane wave. Considering previous studies on the
LPW-method, it is to be expected that the LPW-method applied to a spherical microphone array will
also be useful in other sound fields. It can therefore be concluded that a rigid spherical microphone
array can be used to measure the (effective) in-situ sound absorption coefficient of a surface/material.
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