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Summary
In this paper a method for the measurement of the oblique incidence sound absorption coeﬃcient is presented.
It is based on a local ﬁeld assumption, in which the acoustic ﬁeld is locally approximated by one incident and
one specularly reﬂected plane wave. The amplitudes of these waves can be determined with an unidirectional
sound intensity probe. The local active and incident acoustic intensity are straightforwardly obtained. The areaaveraged sound absorption coeﬃcient is calculated after spatial integration of these quantities over the surface
area of interest. Alternatively, one may use a three-dimensional intensity probe. In that case, the determination
of the amplitudes of the plane waves can be formulated as a least-squares problem. Measurements performed
for a sound absorbing foam demonstrate that accurate results can be obtained, even under non-ideal acoustic
conditions. Measurements carried out for a periodic absorber show that the method is accurate below the cut-on
frequency of scattering as long as the amplitude of the evanescent surface waves is signiﬁcantly smaller than that
of the specularly reﬂected wave.
PACS no. 43.20.El, 43.55.Ev, 43.55.Dt

1. Introduction
Multiple methods [1, 2, 3, 4, 5, 6, 7, 8] can be applied to
determine the oblique incidence sound absorption coeﬃcient. These methods mostly determine the speciﬁc acoustic surface impedance or the complex sound pressure reﬂection coeﬃcient, using a model that typically describes
the overall, idealized acoustic ﬁeld in front of a planar
surface of inﬁnite extent in a semi-free ﬁeld. In addition,
plane or spherical wave incidence, and a local or extended
reaction surface is assumed. For overviews of acoustic
ﬁeld models the reader is referred to two recent works, by
Liu and Li [9] and Li and Liu [10].
As a result of using an overall model of an idealized
acoustic ﬁeld, one theoretically needs to know the directivity characteristics of the source, use large sample sizes,
and ensure that room reﬂections are absent. Whereas the
requirement for absence of room reﬂections can be reasonably fulﬁlled by measuring in a semi-anechoic room or
by employing a time-windowing technique, it is diﬃcult
to obtain pure plane or spherical wave incidence. Furthermore, the ﬁnite dimensions of the sample put a limit on
the lowest frequency at which results can be obtained, and
the sample’s edges give rise to the presence of diﬀracted
waves. Finally, a used local or extended reaction assumption may not be valid. Therefore, a high chance exists that
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the actual acoustic ﬁeld deviates from the ideal ﬁeld represented by the model, and the obtained acoustic surface
impedance or sound absorption coeﬃcient may be inaccurate to a greater or lesser extent. Nevertheless, Hirosawa
et al. [11], as well as Brandão et al. [12], showed that
these requirements are less stringent in practice. Following their analyses, clear guidelines for performing accurate
measurements can be derived.
A possible strategy to reduce the susceptibility of a measurement method to the aforementioned aspects, is to apply area-averaging. In an earlier paper [13], we numerically showed that this approach is eﬀective in reducing
the inﬂuence of room reﬂections. It is in contrast to currently available methods which rely on measurements using a spatially ﬁxed set-up, being more susceptible to local deviations in the acoustic ﬁeld that may be caused by
edge-diﬀracted waves or room reﬂections. Practical use
of area-averaging for measurements in a non-ideal acoustic ﬁeld has ﬁrstly been reported by the authors [14]. In
that paper, the LPW-method (Local Plane Wave method)
[15, 16, 17, 13] was used. This method is suitable for normal and near-normal incidence.
To also be able to perform area-averaged oblique incidence measurements in non-ideal acoustic ﬁelds, we have
developed a novel method. This method is the substance
of this paper. It is based on a local ﬁeld assumption, and
is referred to as the LSPW (Local Specular Plane Wave)
assumption. Accordingly, the novel method is called the
LSPW-method. The use of the LSPW assumption allows
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to determine the oblique incidence sound absorption coefﬁcient without using an overall ﬁeld model.
This paper is structured as follows: First, the theory will
be presented in section 2. Details about the speciﬁc implementation for a three-dimensional sound intensity probe,
as used by the authors, are given in section 3. In section 4,
measurement results for an extended reaction sound absorbing foam and a periodic absorber will be presented. Finally, conclusions and recommendations for further work
are given in section 5.
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2. Theory of the LSPW-method
In the following, we assume that the acoustic ﬁeld satisﬁes
the Helmholtz equation. The e iωt -convention is used, i.e.
p(t) = Re[P (ω)e iωt ], vector quantities are bold-faced, and
the explicit dependence of ω is omitted for quantities in
the frequency domain.
The theory is presented based on the conﬁguration
shown in Figure 1. We want to obtain an accurate estimate
for the oblique incident sound absorption coeﬃcient of the
material surface S. To this purpose, we deﬁne a measurement surface Sp , parallel to S and at a small distance d
from the material surface S. Accordingly, Sp has the same
dimensions as S.
To determine the oblique incidence sound absorption
coeﬃcient of the surface Sp , one ﬁrst needs to determine
the active (absorbed) acoustic power Wac , representing the
net acoustic power that passes through the surface Sp . Secondly one needs to know acoustic power Win that is incident upon the surface Sp . Then, the oblique incidence
sound absorption coeﬃcient α for the surface Sp can be
calculated by taking the ratio of both powers,
α=

Wac
.
Win

(1)

Instead, one can also perform a point measurement. Then,
the acoustic powers in the expression above need to be replaced by acoustic intensities. For surfaces with spatially
varying properties however, a point measurement only a
yields a limited representation. To not need to conﬁne ourselves just to homogeneous surfaces, we propose measurement of the area-averaged oblique sound absorption coefﬁcient. The size of the area of interest depends on the surface structure or inhomogeneity of the surface. The size
of the whole sample, of which a part is analyzed, at least
needs to have a size in the order of the wavelength.
Only if one succeeds in obtaining pure plane wave incidence over the surface of interest, one obtains the oblique
incidence sound absorption coeﬃcient. However, if one
has a spatially ﬁxed source, the angle of incidence will
vary over the surface. This does not need to be problematic, as it is practical to perform the measurement in steps
of 5o or 10o incidence. Therefore, it makes sense to allow for small variations of the angle of incidence over
the surface, given a certain mean angle of incidence. It is
pointed out that in the latter case, one obtains an eﬀective
sound absorption coeﬃcient. Furthermore, it is important
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Figure 1. A square, planar material surface S (dark gray), with
the measurement surface Sp (light gray) at a distance d. the y direction points normally into the material surface.

to recognize that repeating a measurement in steps of 5o or
10o might not be suﬃciently detailed for surfaces that have
a very distinct absorption peaks at a certain angle of incidence.
In the following, it is assumed that the sound source is
spatially ﬁxed, and that the source distance and the dimensions of Sp are chosen such that the angle of incidence ψ
only varies within a small range, for instance ± 5o , over
the surface Sp of interest, and we deﬁne ψ̃ to be the spatially averaged angle of incidence. Then, the active and
incident acoustic power for angle of incidence ψ are obtained by spatial integration of the corresponding intensities over surface Sp ,
Wac (ψ̃) =
Win (ψ̃) =

Sp

Sp

Iac (ψ) dS,

(2)

Iin (ψ) dS,

(3)

where Iac (ψ̃) and Iin (ψ̃) are the active and incident acoustic intensity in direction n. The local angle of incidence
ψ is a function of the spatial position, deﬁned by a spatial vector r in an overall coordinate system, of the measurement point: ψ = ψ (r). The measurement of the active acoustic intensity can be performed using an unidirectional sound intensity probe, typically being either a puprobe [18], or a pp-probe [19].
To determine the incident acoustic intensity, one could
perform a prior, separate, measurement in a free ﬁeld.
However, such an approach demands for a stable power
output of the source, and requires that this measurement
is performed at the same position relative to the sound
source. To avoid this additional eﬀort, one must determine
the active- and incident acoustic intensity from a single
measurement. Whereas the measurement methods referred
to in the introductory section of this paper employ an overall ﬁeld model, we propose to use a local ﬁeld assumption.
This assumption is illustrated in Figure 2. In each point
upon Sp , the acoustic ﬁeld is locally approximated by an
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Figure 2. A planar material surface S, with the measurement surface Sp at a distance d. nS is the surface normal of S, and n is
the surface normal vector of Sp (directed towards S). In each
point upon Sp , the acoustic ﬁeld is locally approximated with
two waves with complex amplitudes A and B, where ψ is equal
to the local angle of incidence.

S

For three dimensions, the direction convention is shown
in Figure 3. It follows that the angle of incidence of the
incident wave propagating in direction nA with respect to
the outward surface normal nS (See Figure 4) equals
ψ = arccos sin φ cos θ ,
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Figure 3. Convention of the propagation direction vectors of A
and B.
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A(r)
B(r)

=

P (r)
,
Un (r)

(5)

where Z0 = ρ0 c0 is the speciﬁc characteristic acoustic impedance of air. The term ‘speciﬁc’ is used consequently in
this paper to stress that Z = pu and not Z = Qp , where Q is
the volume ﬂow through the surface under consideration.
A(r) and B(r) become
A(r) =

Un (r)
1
P (r) +
,
2
cos ψ (r)

(6)

B(r) =

Un (r)
1
P (r) −
.
2
cos ψ (r)

(7)

For a pp-probe with microphones M1 and M2 , spaced a
distance s apart, see Figure 4, we equate the acoustic pressures of the approximated and the actual ﬁeld, and obtain
e ik(s/2) cos(ψ) e−ik(s/2) cos(ψ)
e−ik(s/2) cos(ψ) e ik(s/2) cos(ψ)

S

(4)

so that the propagation directions nA and nB are separated
by an angle 2ψ, see Figure 4. If, at the measurement point
deﬁned by a spatial vector r, the angle of incidence ψ (r)
is known, one can determine A and B by using a unidirectional pu- or pp-probe. Whereas the spatial vector r is
directly pointed towards the pu-sensor of the probe in case
of a pu-probe, it points towards the midpoint between the
two microphone of a pp-probe.
For a pu-probe, we demand that, in every spatial point
upon Sp , the approximated ﬁeld, represented by A(r) and
B(r), yields the same acoustic pressure and particle velocity as in the actual ﬁeld. Hence, we obtain
1
1
cos(ψ)/Z0 − cos(ψ)/Z0

z

Sp
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A(r)
B(r)

=

P1 (r)
, (8)
P2 (r)

where k is the wavenumber, and P1 (r) = P (r − (s/2)n)
and P2 = P (r + (s/2)n) are the complex acoustic pressures measured by microphones M1 and M2 , respectively.
It follows that
i
P2 exp − ik(s/2) cos ψ
D
− P1 exp ik(s/2) cos ψ) ,
i
B =
P1 exp − ik(s/2) cos ψ
D
− P2 exp ik(s/2) cos ψ) ,
A =

nB

n
Figure 4. Orientation of the propagation directions of wave A
and wave B with respect to the surface normal of surface Sp .
The positions of the microphones M1 and M2 are depicted by the
circular markers.

incident plane wave with complex amplitude A, and a specularly reﬂected plane wave with complex amplitude B,
as shown in Figure 2. Variations of the angle of incidence,
and of the complex amplitudes with space are explicitly
allowed.

(9)

(10)

where D = 2 sin(ks cos ψ). The solutions for A(r) and
B(r) become singular for frequencies
q c0
,
fq =
(11)
2s cos ψ
where q = 1, 2, 3, . . .. For a microphone spacing s = 20
mm, the lowest frequency f1 at which the singularity occurs equals ca. 8600 Hz for normal incidence. If one desires to increase this frequency, one might decrease the
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microphone spacing s. However, the sensitivity to phase
mismatch error at low frequencies will increase by doing
so. Therefore, in practice it is useful to use a probe having
a spacing so that accurate results can be obtained in the
frequency range of interest. f1 increases with increasing
angle of incidence. Having determined the complex amplitudes A(r) and B(r) either with a pu- or a pp-probe, the
incident acoustic intensity in the direction n (towards the
material surface S) and the reﬂected acoustic intensity in
the opposite direction, can be calculated according to
|A(r)|2
cos ψ,
2ρ0 c0
|B(r)|2
cos ψ.
Ireﬂ (r) =
2ρ0 c0

(12)

Iin (r) =

(13)

The active acoustic intensity in direction n can be calculated with the well-known formula by Fahy [19],
Iac (r) =

1
Re P (r)Un (r) .
2

(14)

Whereas application of this equation is straightforward for
a pu-probe, for a pp-probe it is less obvious. If we would
use the ﬁnite diﬀerence (FD) approximation to determine
the particle velocity for use in equation (14), see [19],
Un (r) ≈

i
P2 (r) − P1 (r) ,
Z0 ks

(15)

our formulation would become inconsistent. One can use
the FD-approximation in equation (15) and then use equation (14) to determine the active acoustic intensity, but
then one should have used equation (6) to determine A(r)
using the formulation for a pu-probe to calculate the incident acoustic intensity. However, in that case, both the
active and the incident acoustic intensity will suﬀer from
the ﬁnite diﬀerence error, known for pp-probes [19].
Instead, we determine the particle velocity at the geometric center of the pp-probe in direction n using the
complex wave amplitudes A(r) and B(r) according to the
LSPW assumption,
Un (r) =

cos(ψ)
A(r) − B(r) ,
Z0

(16)

so that, with equation (14), it follows that the active acoustic intensity equals the diﬀerence between the incident and
reﬂected acoustic intensity,
Iac (r) =

A(r)

2

− B(r)

2Z0

2

cos(ψ).

(17)

Having estimated the active and incident acoustic intensity
by the above procedure, the area-averaged oblique sound
absorption coeﬃcient can straightforwardly be calculated
with equation (1) after spatial integration of both intensities according to equations (2) and (2), respectively. It is
pointed out that the estimated intensities will be exact if
the actual acoustic ﬁeld matches with the ﬁeld described
by the local specular plane wave assumption. In that case,
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Figure 5. 3D sound intensity probe in front of a plate. The ydirection points normally into this plate.

the local specular wave assumption matches the overall
acoustic ﬁeld.
However, in general this is not the case, and the set of
waves A(r) and B(r) that are derived with the set of equations in equation (8), is an approximation of the ﬁeld. In
general, the acoustic ﬁeld does not consist of plane waves.
It is expected that the less plane the waves are, the worse
the approximation will be. For spherical waves, one can
take the requirement kr
1 as a guideline, where k is the
wavenumber and r the distance from the point source to
the measurement point.

3. Implementation
The measurements presented in this paper were performed
using a newly developed 3D pp-sound intensity probe, see
Figure 5. The 8 microphones used in this probe are digital,
omnidirectional, MEMS-microphones (ADMP441, Analog Devices, 4.7x3.8x1.0 mm). They have a signal-tonoise ratio of 61 dB(A) and a dynamic range of 87 dB.
The microphones are spaced 20.0 mm in the x- and ydirection, and 23.1 mm in the z-direction. As reported in
an earlier paper [14], some diﬀraction eﬀects between 4
and 6 kHz were observed during a series of calibration
measurements. The resulting phase and amplitude errors
at these frequencies can, particularly for poorly absorbing
samples, result in noticeable inaccuracies in the sound absorption curve, as observed in the same paper. However,
the samples described in section 4 are good sound absorbers, and the obtained absorption curves do not seem
to be inﬂuenced by phase and amplitude errors.
Due to the particular design of the probe, we have chosen an implementation of the LSPW-method that is somewhat diﬀerent from the theory in the preceding section.
The ﬁrst aspect of this implementation is the application of
a least-squares method to obtain the complex amplitudes
A and B.
We have chosen to solve A and B from the following set
of equations instead,
Mv = P

(18)
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in which




M11 M12

..  , v =
M =  ...
. 
MN1 MN2
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P1
A


, P =  ...  ,
B
PN

where N is the number of microphones. The elements of
the ﬁrst and second column of the matrix M are given by
Mj1 = e−ik[xj sin φ sin θ+yj sin φ cos θ+zj cos φ] ,
Mj2 = e−ik[xj sin φ sin θ−yj sin φ cos θ+zj cos φ] ,

(19)
(20)

where xj , yj , and zj are the spatial coordinates of microphone j relative to the geometric center of probe according
to Figure 5. One can solve the overdetermined system of
equations in equation (18) for the complex amplitudes in
v in a least-squares sense [20] by pre-multiplication of the
left- and right-hand side with the Hermitian transpose MH ,
and then solving for v, according to
v = MH M

−1

MH P.

(21)

By doing so, the real-valued, semi-positive deﬁnite functional
F = Mv − P

H

Mv − P ,

(22)

being the sum of all squared errors, is minimized. I.e. the
above procedure tries to determine A and B, such that a
least-squares ﬁt to the measured acoustic pressures is obtained. The above solving procedure has to be repeated for
every discrete frequency in the complex spectrum P that
falls within the frequency range of interest.
The second aspect of our implementation is an adaption of the system of equations (18). The measurement of
the acoustic pressures in section 4 is performed without a
reference signal. Therefore, spectral averaging of the complex spectrum of each of the acoustic pressures P1 . . . PN
is useless. In such cases, one deﬁnes one of the data channels to be the reference signal and calculates the transfer
functions or cross-power spectra, which are suitable for
spectral averaging. Without loss of generalization, we have
deﬁned channel 1 as the reference signal. If cross-power
spectra are used, the system of equations (18) can be formulated as




M11 M12
P1 P 1
 ..
..  A =  ..  ,
(23)
 . 
 .
.  B
MN1 MN2
P1 PN
where A = P1 A and B = P1 B, the overbar denotes complex conjugation, and the explicit dependence on r has
been omitted. As the solving procedure now yields A and
B instead of A and B, one has to divide the right-hand
side of equations (12), (13) and (17) by the auto-power
spectrum of the reference channel |P1 |2 to obtain the correct incident, reﬂected, and active intensity, respectively.
Once the active and incident intensity are known, one can
proceed to calculate the area-averaged sound absorption
coeﬃcient, as outlined in section 1.

Figure 6. Probe in front of foam sample backed by a thick plate.
The scanning area is indicated in white.

4. Measurements
4.1. Sample 1: sound absorbing foam
The measurements described in this section were performed for a 50 mm thick sheet of melamine resin foam,
Basotect G, backed by a 10 mm thick aluminum plate,
see Figure 6. The dimensions of the foam sheet are
1250x625 mm, whereas the dimensions of the aluminum
plate are slightly larger. The foam was attached to the plate
using double-sided adhesive tape.
The sample was positioned vertically in a well-absorbing, but not anechoic, room with approximate dimensions 6x6x5 m. The measurement was performed using the
3D sound intensity probe shown in Figure 5. The probe
was moved along the surface of the sample by means of
a PC-controlled scanning system, maintaining a distance
d = 20 mm of the geometric center of the probe to the
surface of the sample. The positioning accuracy of the
scanning system is less than 1 mm. A square, equidistant
grid of 21x21 points spaced at 12.8 mm was deﬁned upon
the foam surface, resulting in a measurement surface of
256x256 mm2 . At each point, the acoustic pressures were
recorded during 10 s. After each moving step of the scanning system, suﬃcient time was allowed for residual vibration to dampen out before the start of a new recording.
A small loudspeaker, with a membrane diameter of
23 mm and a circular housing having a diameter of 80 mm,
served as a sound source. It was positioned at 1 m from
the plate such that the desired angle of incidence occurs at the geometric center of the measurement region.
Temperature, ambient pressure and relative humidity were
recorded at the start of the scanning session. Data acquisition is performed using a 40-channel digital front-end
and a PC. The signals were processed in data blocks of
4096 points, with 80% overlap. The frequency resolution
Δf of all results shown hereafter, equals 11.7 Hz. The
lower frequency limit of the results is set to 1300 Hz as
the small speaker did not radiate suﬃcient acoustic power
to maintain a coherence between the microphone signals
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above 0.9. We chose this small loudspeaker to be able
to accurately determine the variation of the angle of incidence over the measurement surface. Such considerations are much more diﬃcult, if not impossible, for a large
speaker.
Two measurements were carried out: a normal incidence
and a 45o incidence measurement. To verify the results, the
Delany-Bazley model [21] is used. First, the model is ﬁtted to normal incidence sound absorption curve by varying
the ﬂow resistivity. Then, the normal speciﬁc acoustic surface impedance of the rigidly backed foam layer is calculated with the model. Having obtained this impedance, we
calculated two predictions of the sound absorption curve
for the second measurement, i.e. for 45o incidence. One
prediction assumes local reaction, and the second prediction assumes extended reaction. Both predicted curves are
compared with the curve for 45o incidence obtained with
the LSPW-method.
In the ﬁrst, normal incidence measurement, the eﬀective area-averaged sound absorption coeﬃcient was determined with the LSPW-method while accounting for the
variation of the angle of incidence with position. The maximum angle of incidence equals 10o , occurring at the corners of the square measurement grid. A separate analysis
for subsets of points having the same angle of incidence,
showed that the variation of the area-averaged sound absorption coeﬃcient with incidence angle was not noticeable, as expected. Therefore, the eﬀective area-averaged
sound absorption coeﬃcient can be interpreted as the result of a purely normal incidence measurement.
Figure 7 shows the sound absorption curve obtained
with the LSPW-method, a theoretical curve based on the
model by Delany and Bazley [21], and impedance tubebased data from the manufacturer of the foam. The theoretical curve was determined by ﬁtting the Delany-Bazley
model to the measurement results by varying the ﬂow resistivity, being the case for a ﬂow resistivity σ of 8000
Ns/m4 . This value is realistic as Garai and Pompoli [22]
reported an average of ca. σ = 10000 Ns/m4 from an
inter-laboratory test (round-robin) for a Basotect foam
with a mass density of 10 ±1.5 kg/m3 , whereas the Basotect G foam in our measurements is speciﬁed to have a
mass density of 9 +2/-1 kg/m3 . Furthermore Kino et al.
[23] reported σ = 6197 Ns/m4 for Basotect TG with a
mass density of 8.77 kg/m3 . Please note that we have extrapolated the theoretical curve obtained with the DelanyBazley model up to 12 kHz, whereas Delany and Bazley
indicated validity of their model up to f /σ = 1, being
8 kHz in our case.
The black solid curve in Figure 7 is obtained with the
LSPW-method. The distinct dips in this curve at 2273 and
6080 Hz are related to a variation of the local sound absorption coeﬃcient within a part of the area of the measurement surface. This variation is caused by local detachment of the foam from the adhesive tape, and was analyzed
more in detail by the authors in [14].
The Delany-Bazley model predicts the measured curve
very well, and agreement with the impedance tube results
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Figure 7. Normal incidence sound absorption coeﬃcient vs. frequency, measured with the LSPW-method, calculated with the
model of Delany and Bazley (DB-model), and measured with an
impedance tube acc. ISO 10534-2 [24] for a layer thickness of
51 mm (manufacturer data, 1/3-octave values).

is quite good. The strong dip at 8625 Hz in the measured
curve is caused by the singularity of A and B in Eqs. (9)
and (10). At this frequency, one-half wavelength equals
the microphone spacing in the surface normal direction,
i.e. the y-direction in Figure 5.
The Delany-Bazley model will now be used to predict
the sound absorption curve for the second measurement
having 45o incidence. To this purpose, the speciﬁc normal
acoustic surface impedance for the rigidly-backed foam
layer is calculated ﬁrst, using
ZS = −iZc cot(kc t),

(24)

where t is the thickness of the layer of foam. Zc and kc are
the characteristic speciﬁc acoustic impedance and complex wavenumber of the foam obtained from the DelanyBazley model, respectively. We will now use the calculated speciﬁc normal acoustic surface impedance obtained
with equation (24) to predict the sound absorption coeﬃcient for 45o incidence. This prediction allows us to
verify the sound absorption coeﬃcient measured with the
LSPW-method for that angle in the second measurement.
Two predictions, αLR and αER , are calculated, where the
subscripts indicate locally or extended reaction. The ﬁrst
prediction assumes a locally reacting surface, so that the
following equation can be used to calculate the sound absorption coeﬃcient,
αLR (ψ) =

4 Re(ZS ) cos ψ
1 + Re(ZS ) cos ψ

2

+ Im(ZS ) cos ψ

2

, (25)

where ZS = ZS /Z0 . The second prediction is performed
for an extended reaction surface and hence, we ﬁrst have to
calculate the normal speciﬁc acoustic surface impedance
for oblique incidence. To this purpose we use equation
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(8) in Davies and Mulholland [1] for an isotropic rigidlybacked absorbing layer, originating from Brekshovskikh
[25],
Zc
Z0 1 −

1.05

i
k
kc

sin ψ

· cot kc t 1 −

1

2

k
sin ψ
kc

0.95

1/2

.

(26)

 [-]

ZS (ψ) =

1.1

0.9
0.85

The second prediction, αER (ψ), is then calculated by substituting ZS (ψ) obtained with equation (26) in equation
(25)
Both predictions, and the curve for 45o incidence determined with the LSPW-method are shown in Figure 8.
It is pointed out for completeness that the minimum and
maximum angle of incidence upon the measurement surface equaled 40.8 and 50.9o , respectively. The measurement result indicates that the melamine resin foam is rather
of the extended reaction type than of the locally reacting
type, which is plausible as its ﬂow resistivity is low. The
measured curve agrees quite well with the extended reaction prediction. Although the qualitative course of the predicted and measured curve match very well, the frequencies at which maximum absorption occurs, do not coincide. This could indicate that the angle of refraction inside
the material is smaller in reality than predicted by the extended reaction model. The reason for this deviation may
lie in the use of the rather simple model of Delany and
Bazley instead of more advanced models that take more
material parameters into account, see for instance [26].
The measured (black) curve rapidly already starts to deviate from its expected course above 8 kHz. However the
singularity in the complex amplitudes A and B occurs only
at 12.2 kHz. The cause of the deviation lies in the presence
of phase errors of the probe. The sensitivity to such errors
increases with an increasing angle of incidence. To obtain
accurate results at large angles of incidence, a microphone
spacing larger than 20 mm is necessary given the phase
errors of the probe. However, a larger spacing causes the
frequency at which singularity occurs to decrease, so that
accurate measurements that involve combinations of large
angles of incidence and high frequencies are diﬃcult to
realize.
Besides the purpose of the prediction of the sound absorption curve for the second measurement, we can also
use the calculated speciﬁc normal acoustic surface impedance according equation (24) to demonstrate that areaaveraging is also useful when measuring the speciﬁc normal acoustic surface impedances in non-ideal ﬁelds. To
this purpose, the complex wave amplitudes A and B, obtained with the LSPW-method, are used to determine the
speciﬁc normal acoustic surface impedance of the rigidlybacked layer of foam.
First, the local normal speciﬁc acoustic surface impedance at the geometric center of the probe is determined.
Using the LSPW assumption, this impedance can be ex-
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Figure 8. Oblique incidence sound absorption coeﬃcient for
45o incidence vs. frequency, measured with the LSPW-method,
predicted for a locally-reacting surface αLR , and predicted for an
extended reaction surface αER .

pressed in terms of A and B , as obtained by solving the
system of equations in equation (23):
ZM =

Z0 A + B
.
cos(ψ) A − B

(27)

Assuming plane wave propagation between the measurement surface and the material surface, the speciﬁc normal
acoustic surface impedance can be calculated from ZM ,
using equation (4) in [2] by Allard et al.:
ZS (ψ) =

Z0
cos ψ

ZM cos ψ − iZ0 tan(kd cos ψ)
.
Z0 − iZM cos ψ tan(kd cos ψ)

(28)

Figure 7 shows the speciﬁc normal acoustic surface impedance as calculated with the Delany-Bazley model, using equation (24), and as determined from the measurements using equation (28). The gray bands indicate the
envelope that contains the curves for all 441 measurement
points. The mean values of these sets of curves (indicated
by the solid black line) correspond with the area-averaged
impedances as all points were measured identically. The
agreement of the mean value of these sets of curves (solid
black line) with the calculated curve (dashed line) is very
good, for both the real and imaginary part. Hence, we conclude that area-averaging is also eﬀective in measuring the
normal acoustic surface impedance in non-ideal ﬁelds.
4.2. Sample 2: Periodic absorber
The second sample is a periodic absorber, see Figure 10.
This type of absorber was chosen to investigate how the
LSPW-method deals with acoustic ﬁelds that locally diﬀer
strongly from the ﬁeld assumed by the LSPW assumption.
This is the case for the periodic absorber investigated here.
Periodic absorbers are characterized by discrete frequencies at which scattering of so-called radiating harmonics
at non-specular angles is cut-on. At and beyond the ﬁrst
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Figure 10. Probe in front of periodic absorber.

Figure 9. Normal speciﬁc acoustic surface impedance, measured
with the LSPW-method and calculated with the model of Delany
and Bazley. Upper graph: real part. Lower graph: imaginary part.
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cut-on frequency, the acoustic ﬁeld consists of an incident wave, a specularly reﬂected wave, and one or multiple
scattered waves. In addition, evanescent surface waves are
present in the near-ﬁeld.
The dimensions of the sample are 120x120 cm. The
wooden ribs are 50 mm wide and are spaced 50 mm apart.
The thickness of the wooden ribs varies between 46.5 and
48.5 mm. The melamine resin foam that has been analyzed
in the preceding section, is used to ﬁll the slots between
the ribs, where a thickness of 47.5 mm was chosen. The
backing of the whole plate can be considered to be rigid. It
consists of 2 layers of a 12 mm thick MDF-board (medium
density ﬁber board).
Two measurements were performed: a normal incidence
and a 30o incidence measurement. A square scanning
area, centered on the sample’s surface, with a width of
0.2 m (2 spatial periods) was deﬁned. All other parameters of the setup are identical to the setup described in section 4.1. In this section, results are presented up to 7000 Hz
as there is no point in extending this frequency for the phenomena that we are discussing in this section. The predictions are based again on the model by Delany and Bazley
[21] where σ = 8000 Ns/m4 .
Figure 11 shows the area-averaged normal and incidence sound absorption coeﬃcient along with two theoretical predictions. Both predictions were calculated using
the approach by Mechel [27] for a semi-free ﬁeld bounded
by a periodic absorber that is subjected to plane wave incidence. The ﬁrst prediction, indicated by the dashed gray
curve, accounts for scattered waves and includes radiating harmonics up to 4th order. The second prediction only
includes the ﬁrst order radiating harmonic and thus only
accounts for specular reﬂection. It is represented by the
solid, light gray curve.
Up to 2 kHz is the agreement is very good. Beyond this
frequency, the measured curve deviates from the predicted
curves. This deviation is almost certainly caused by the
presence of evanescent surface waves that exist for every
order of the radiating harmonics below their cut-on fre-
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Figure 11. Normal incidence sound absorption coeﬃcient vs. frequency, measured with the LSPW-method, predicted using a full
model including scattering, and predicted using a model that only
includes the specularly reﬂected wave.

quency. Consequently, the estimates for both the active and
incident acoustic intensity will be more or less inaccurate
as the probe is located in the near-ﬁeld. This ﬁeld is very
diﬀerent from the set of two waves assumed by the local
specular plane wave assumption.
At 3450 Hz, oblique scattering into the far-ﬁeld occurs.
Except for some mismatch in the frequency, the sound
absorption coeﬃcient obtained with the LSPW-method at
this frequency deviates signiﬁcantly from both predicted
curves. The presence of two scattered waves in the acoustic ﬁeld seems to pose a diﬃculty for the LSPW-method.
Above the cut-on frequency of the ﬁrst scattering waves
the curve obtained with LSPW-method deviates signiﬁcantly from the full model curve, but is in quite good
agreement with the curve that represents the prediction
that only accounts for specular reﬂection up to 3900 Hz.
This could be an indication that the LSPW-method resolves the specular reﬂection well, but has diﬃculty with
the presence of scattered waves and evanescent waves in
the near ﬁeld.
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Figure 12. Sound absorption coeﬃcient vs. frequency for 30o incidence, measured with the LSPW-method, predicted using a full
model including scattering, and predicted using a model that only
includes the specularly reﬂected wave.

Figure 12 shows the same curves for 30o incidence. The
observations stated for normal incidence up to the cuton frequency, 2300 Hz, of the ﬁrst scattered wave also
seem to be valid here. Above this frequency, the LSPWcurve qualitatively follows both predicted curves, at least
up to 4000 Hz. Similar to the normal incidence case, disagreement of the LSPW-curve with the curve of the full
model occurs already at frequencies below the ﬁrst scattering frequency (2300 Hz). We conclude that this deviation is caused by the presence of evanescent waves in the
near-ﬁeld of the periodic absorber. To obtain an accurate
estimate for the sound absorption coeﬃcient, the complex
wave amplitudes A and B must be determined in the farﬁeld.
From the results, we conclude that the LSPW-method
works well as long as scattering does not occur and as
long as the measurement is not inﬂuenced by evanescent
surface waves. To be able to measure the sound absorption coeﬃcient of the periodic absorber up the ﬁrst cuton frequency, the measurement has to be performed at a
greater distance d from the sample’s surface. Furthermore,
the results seem to indicate that the LSPW-method is also
capable of determining the amplitude of the specularly reﬂected wave above the ﬁrst cut-on frequency, provided that
the measurement is not inﬂuenced by evanescent surface
waves.

5. Conclusions
In this paper the LSPW-method for the measurement of
the area-averaged oblique incidence sound absorption coeﬃcient is presented. Its underlying assumption assumes
that, locally, the acoustic ﬁeld can be approximated by a
set of two plane waves that represent local specular reﬂection. There is no need for an overall model of the acoustic
ﬁeld in which one has to account for the physical behavior
of the sample and/or for the directivity characteristics of
the source.

Vol. 100 (2014)

To ensure that the angle of incidence is about constant
over the measurement surface, the dimensions of the measurement surface must be signiﬁcantly smaller than the
source distance. If this is not the case, one obtains an effective sound absorption coeﬃcient. The LSPW-method
does not account for geometrical spreading of the waves
between the measurement surface and the surface of the
sample, i.e. the reduction of the amplitude of the waves
when they propagate in a diverging way. Therefore, a large
source distance is helpful in reducing errors that may be
caused by neglecting geometrical spreading.
Measurements performed for a foam sample subjected
to normal and 45o incidence, show that the LSPW-method
yields accurate results, although these measurements were
performed in a non-ideal acoustic ﬁeld. Eﬀects that typically negatively inﬂuence the results of single point-based
measurements, such as the presence of room reﬂections,
are eﬀectively reduced by employing area-averaging. It is
also shown that the LSPW-method can be used to determine the speciﬁc normal acoustic surface impedance, and
that area-averaging is also useful for this purpose. Measurements for a periodic absorber indicate that the LSPWmethod can be used up to the cut-on frequency of scattering, provided that the measurement is not performed in the
near-ﬁeld of the absorber due to the presence of evanescent
surface waves.
We conclude that the LSPW-method is a useful alternative for measuring the oblique incidence sound absorption
coeﬃcient while avoiding the eﬀort of generating an overall model of the acoustic ﬁeld. The involved mathematics
are more simple compared to methods that employ an iterative scheme, such as those by Hirosawa et al. [11] and
Brandão et al. [28]. Nevertheless, we would like to point
out that these iterative methods have already shown to be
able to yield accurate results at lower frequencies than investigated in this paper. From this observation it follows
that future work shall include investigations at low frequencies. Furthermore, investigations for large angles of
incidence, investigations of the eﬀects of phase and amplitude errors of the probe, and investigations towards application in more reverberant environments are considered.
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