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In this paper we address a series of so-called local plane westhods (LPW) to measure
acoustic absorption. As opposed to other methods, thedenseto not rely on assumptions
of the global sound field, like e.g. a plane wave or diffuselfibut are based on a local plane
wave assumption. Therefore, the LPW methods can be usedyayizen surface/absorbing
material and any arbitrary sound field. The absorption caefit can be calculated based on
a measurement of the acoustic pressure in a number of poithis vicinity of the absorbing
surface. The local plane wave methods are illustrated byesamerical and experimental
examples.

1. Introduction

In recent years, the University of Twente has developed &oaddb, in-situ, measure the acous-
tic absorption coefficient of a material/surface in an aprinknown sound field [1, 3, 4, 5]. This
allows the acoustician to assess whether the acousticialasaused efficiently in the application at
hand. For instance, car manufacturers can now assess lisbegxion material used inside a car, also
efficiently absorbs the actual sound field in the car, e.ghagér is driving. This a-priori unknown
sound field is obviously not diffuse, nor does it consist affmal incident, plane or spherical waves.
Its spectrum could be very specific (changing from point tmp@nd will most probably vary from
car to car. Hence, a normal incident absorption coefficier@noabsorption coefficient for a diffuse
field, although it very well quantifies the absorption chéedstics of the material, will not tell us
how much of the in situ acoustic energy is actually being diEdand hence if the material is used as
efficiently as possible. As the newly developed method does@ed any prior information about the
sound field near the absorbing surface (it just measure# ijphovides the needed information about
the actual efficiency of the material to absorb the soundadtghrticular position.

In this paper, we will give a short introduction to the metlaod try to explain its benefits and
pitfalls. As the method does not make any assumptions abewwdund field, it is inherently different
from other in situ methods, which do assume and hence retiigneresence of a certain given sound
field. Therefore, we can only make a comparison with theserattethods if the sound field is the
actual sound field prescribed by that other method. Such ga&oson is given elsewhere, see [3].
In this paper, we will illustrate the method (numerically) & Louvre door example, an impedance
surface and shortly address a study how the method is uspér{erentally) to measure car seats and
noise barriers.
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2. Theory

The absorption coefficient is defined as the fraction of tlemming sound energy being ab-
sorbed by the surface. Altough, from a energy point of viegoirsistent, the absorption coefficient

is defined as: W
e (1)

whereW,. = [ I, - ndl is the active (net) acoustic powdr{ = 1%{PU - n} denotes the active
intensity vector,P the complex acoustic pressulé,the complex conjugate of the complex particle
velocity vector anch a normal vector pointing into the surface) flowing througludace andV;,, =

| I;,dl is the power flowing through that same surface, if there wasefiection. This is illustrated
in figure 1.

o =

I ‘.
el &7 surface

Figure 1. The incident and reflected intensity, shown as vectors) @eftl an illustration of the LPW (left),
LSPW (middle) and LAPW method (right).

The active intensity, given in equation 1, can easily be meswith an intensity probe for any
in situ sound field. Spatial integration (or time integratassuming a constant scanning speed) of the
active intensity then results in the active powy., see [7].

The incident intensity, however, can not be measured djrastthe total sound field is com-
prised of both the incident as well as the reflected pressakesv To derive the incident intensity
from a measurement of the total sound field, all existing im@shrely on assumed, a priori, knowl-
edge of the global incident and reflected sound fields. Ife@ntj one knows that the incident- and
reflected sound field consist of plane waves only (as in an diapee tube), one can derive expres-
sions for the absorption coefficient based microphone f8griatained at different positions within
the field. If this knowledge is however not available or we tanknow the absorption coefficient
for the in situ sound field, we can still approximate the iecitlintensity, as we propose, assuming
that the pressure measured at a specific point near the afggetsface (so locally!) is the result of 2
plane waves; one plane wave of a (to be determined) amp]itomgbénging on the absorbing surface
at a (to be determined) angle of incidence (polar and aziatuémd one plane wave of a (to be de-
termined) amplitude, reflecting from the absorbing surfaice (to be determined) angle of reflection
(polar and azimuthal). Note that all these unknowns may waily location and thus do not require
a known global sound field. By means of a measurement of a nuofipeessures near the reflecting
surface, it is thus possible to determine the incident ardé¢fiected field from measurement of the
total sound field. As we will explain, an entire series of noeth can be derived from this local plane
wave assumption by making additional assumptions.

Starting with the most simple version, but also the mostaneate version, (as this was the first
method we derived, we refer to it as the local plane wave nie(bBW)) we assume that the angle
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of incidence and reflection is zero, see figure 1. The totah@dield at a certain location in front of
the absorber is thus described by a normal plane wave imq@rmi the surface and a normal plane
wave emitting from the surface. Note that this does not intipit the waves need to imping normal
to the surface, it only means that we describe it using ordgeltwo waves. Then, only two unknown
(complex) amplitudes (amplitudé for the incidence wave and amplitudefor the reflected wave)
need to be determined. This only requires the measuremeénpiassures at two different locations
(the distance from the measurement surface need to beetliffjear a pressure and a particle velocity
close to the absorbing surface. The amplitudes are thuslatdd similarly as in the 2-pressure
method in a regular impedance tube.

A second method, called the local specular plane wave métgi\V), is also shown in figure
1. Here we assume that the incident wave is specularly reflece. the angle of reflection equals the
angle of incidence. Then, the unknowns to be solved are thplex amplitudes of the incident and
reflected waveA andB), the polar angleq, the angle of incidence) and the azimuthal angl&@hese
2 additional angles require the measurement of at leastifi@ul complex pressure, thus requiring
3 pressure probes close to the absorbing surface. For mastialssound fields this method is
sufficiently accurate.

The most general method is the local arbitrary plane wavbodetLAPW), see figure 1. Here
the polar and azimuthal angle of the incident plane wave @aditberent from the angles of the
reflected wave and at least 4 complex pressures need to benaeas set up a system of equations
to solve all unknowns; a method which is needed for non-lgecahcting materials.

Additional accuracy may be obtained if more measuremertigg@re used. The various un-
knowns in the LPW, LSPW and LAPW can then be calculated uslegst squares approach. We use
8 MEMS microphones in a cubic configuration to achieve thé laigcuracy and robustness.

21 LPW

To illustrate the concept, we will start with the explanatiof the LPW-method. Restricting
ourselves to the frequency domain, the assumption of a faak wave indicates that the complex
pressure amplitude, in the vicinity of the absorbing siwefaan be described by:

P = Ae™™™ 4 Be'™, (2)

where A is the complex amplitude of the incident wave,the complex amplitude of the reflected
wave,k denotes the wavenumber andk a local spatial coordinate, aligned with the normal dicet
of the surface, pointing into the absorbing surface. Sgttite originz = 0 at the position of a
first measuring microphone, the position of the second mloooe atr = s, the pressure at both
microphone positions is thus:

Py = Ae 4 Bt (4)

whereP,, denotes the pressure at microphemeThis results in:

Pleiks _ P2
A = —/—— 5
2sinh(iks) ®)
—P1€_iks + P2
B = 6
2sinh(iks) ©

The intensity (into the absorbing surface) associated thighincident wave is thefy,, = AA/(2pc),
wherep is the density and the speed of sound. Integrating the incident intensity dvemeasured
surface then yields the incident power and the absorptiefficeent follows from equation 1.
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2.2 LSPW

In the LSPW method we assume that the angle of reflection ethmbngle of incidence. From
a larger than strictly necessary number of microphones,ameobtain the amplitudes of the incident
and reflected wave and the angle of incidence (polar and &zaf)ly solving a least squares problem
(solving the so-called normal equations). Assuming theplane to be parallel to the absorbing
surface and the coordinate to be aligned with the outward normal of the atisgrsurface, the
pressure at a microphome with location(z,,, ¥, zm) is described by:

Py, = Ae™"*sim 4 Be~ksrm, 7

where
Sin (0,0) = —ik(zpcos(P)sin(0) + ymsin(¢)sin(d) — z,cos(d)) and (8)
Sp(0,0) = —ik(xpcos(p)sin(f) + ymsin(p)sin(f) + z,cos(d)). 9)

The following non-linear set of equations should thus beesbin a least squares sense:

e_iksil (¢,0) e_iksTl (¢,0) Pl
—iks;., (¢,0) —ikSro (6,0) P
e 2 e 2
| | {A}: Y (10)
: : B :
e_iks’iM (¢76) 6_7;]‘337‘1u (d),@) P]\/]

if M pressure signals are available. The system is non-linearandf but can quite easily be
numerically solved, using the normal equations by solvirand B for a number of desired values of
¢ andf and taking the solution with the lowest residual norm.

For the measurement of the active intensity and additiori@aiiation of the method (given the
method in terms of auto and cross spectra, etc), the readsfered to [3, 4, 5].

3. Examples
3.1 Numerical example: Louvre door

X = 0.45 (evaluation line)

1 & —»{ freq(6)=3000 Surface: Sound pressure level (dB) freq(6)=3000  Surface: Sound pressure level (dB)
y=1%9) . -
) )
B 180

/ ?& reflective
absorbing . A/ segments

segments\\\//

L

Figure 2. The Louvre door (left) and pressure field at 3000 Hz, due tauacsoin A (middle) and B (right)

The next example, a Louvre door, is based on the geometryes i [2]. The definition of the
absorption coefficient was however different in that pudtien. We adopt the same geometry here,
as it is very illustrative to show the dependency of the dctoand field (the position of the sound
source) on the absorption coefficient. The geometry is giaefiigure 2. The geometry contains
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reflective surfaces and absorbing surfaces which mimic ple@iongs in the Louvre door. At the latter
surfaces, for convenience, the impedance is assumed tbtegyalane wave impedange but any
other value could have been used. We simulate the soundugidj finite elements (a Comsol model
was used), for 2 positions of a point source. In one calaniative position the source in A, (the left
bottom corner of figure 2). In the other calculation, we assansource in position B.

It can be seen from figure 2 that reflection is induced by thect¥le segments only if the
source is in B. In that case, one can observe nodes and agsiniodicating the interference of the
incident and reflected wave. Indeed, one may expect refteifttbe normal vector of that reflective
surface points in the direction of the source. If the sousde iA, as shown in the middle figure, the
acoustic wave mainly 'sees’ the absorbing segments anddkie is largely absorbed.

COMSOL 4.3.2.164 COMSOL 4.3.2.164

g '[lvu-‘uwuluuillwmuwuwu“
e /
e

F

T T

Figure 3. The incident (blue) and reflected intensity (red) at 3000dd® to a source in A (left) and B (right)

This behaviour also follows from the calculated incidert eeflected intensityl(.;; = BB/(2pc)),
as well as the absorption coefficient obtained using the LPdhod. Both intensities, evaluated for
the lines atr = 0.3 andx = 0.45, are shown in figure 3 as vectors for a 3000 Hz sound. (Thengrali
of both intensities is not exactly the same. The relativeedéhce in magnitude between the incident
intensity (shown in blue) and reflected intensity (shownad)ris thus not exact.) One can however
clearly see that if the source is positioned in A, the inctdetensity is a smooth function. The re-
flected intensity is small and only near= 0.05, one can see some reflected intensity, induced by the
reflective segment near = 0.55 andy = 0.05. If the source is in B, one can see various positions
where the reflected intensity is large. Also the incidergmsity is clearly seen to vary along the co-
ordinate. This is also what one would expect; there are varapenings through which the incident
intensity flows.

—_—

source at point A
°
B
source at point B

—— W_ac/W_in ' — W_ac/W._in
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Figure 4. The absorption coefficient due to a source in A (left) and 8h)i

The calculated absorption coefficient, as a function ofdeegy, is shown in figure 4. The
absorption coefficient has been evaluated for the line-at0.45 (just in front of the sample). Indeed,
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the absorption coefficient of the Louvre door when the soigae B, is substantially less than if the
source is in A; the absorption coefficient being close toyunithe latter case. This example illustrates
the fact that the absorption coefficient is not a propertylbsfoabing material/surfaces alone; it also
depends on the actual sound field. For this specific exant@e,duvre door is a good absorber if the
sound source is in A. It absorbs less sound if the source is in B

3.2 Numerical example: impedance boundary

Applying the LPW methods for less absorbing materials mayrerously result in higher ab-
sorption values than expected, if the scanning area is rge Enough or if the distance between the
absorbing surface and the scanning area is too large. Thaused by the energy flow parallel to
the non-absorbing surface. If this energy flow is not meakutes not accounted for and higher
absorption values are predicted.

This is illustrated by the numerical example shown in figurélBe figure shows the acoustic
pressure and calculated active intensity vectors due taasaon front of a less absorbing surface.
If one thus only scans an area which is parallel to the absgriurface and a couple of centimeters
in front of it, the active power in the gap between the scagrarea and the absorbing surface is
not measured. This error can be circumvented by scanninglatsnarrow circumferential gap and
applying the method proposed also for this area.

COMSOL 4.3.2.189

Figure 5. Leaking of energy parallel to the surface of less absorbimtases

3.3 Engineering example: car seat

As we only make use of a local plane wave assumption, the LP\tode also allows us to
measure a local absorption coefficient, i.e. the ratio @risttiesl,. - n/7;,,. An example of such a
measurement is shown in figure 6.

Figure 6. Application of the LPW method; the in situ measurement ofltital absorption coefficient
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The area of the car seat within the blue line (shown in thegietiure), was scanned using an
intensity probe. The sound source was a loudspeaker, gositiabove the car seat. The position
was tracked using a tracking system. Hence, at each timanicet the position of the intensity probe
and associated active intensity was known. Based on the LBWad also the incident intensity was
derived and the local absorption coefficient, shown in figuom the right, could thus be calculated.
Note that the values shown are the overall absorption vdaresequencies between 100 and 4000
Hz. From the results, it is clear that the stitching of theseat, significantly reduces the absorption
coefficient.

3.4 Engineering example: Noise barriers

The LPW method was succesfully used in a recent study by SBlzeps, Mechatronik, Ex-
perimentelle Dynamik und Akustik, Wintherthur, Switzerth see [6]. Sulzer was able to measure
the absorption coefficient of noise barriers, consistinaage stones framed by steel wires, see fig-
ure 7. As an illustration, the figure also shows the measubedration coefficient. In this study, a
loudspeaker was used, but, as the method does not rely oauhd source, also the noise of the cars
driving by could have been used as sound source.

File-Nr: 08/ ohne Aufwertung (100%): DLu 3dB (3.4dB) => SA-Kat. A1/ mit Auwertung (120%): DLa: 5dB (4.50B) => SA-Kat. A2
T3 R H T T 1 T H

Schallabsorptionsgrad alpha []

Froquonz [Hz]

. Abbildung 21 Beispiel fiir Schall i ig und in Terzen)

Figure 7. Application of the LPW method; one can easily measure thergltisn coefficient of noise barriers
by simple scanning the surface. Taken from [6]

4. Conclusion

In this paper, we discuss the so-called local plane wave adstfLPW, LSPW and LAPW).
These methods allow one to measure the absorption coeffwiensurface for any sound field im-
pinging on that surface. The method, as opposed to otheraaigtidoes not rely on, depend upon
or require any prior knowledge of the global sound field. Hertenakes it very suitable for in situ
applications. In its most general and accurate form, at kasicrophones are required to measure
acoustic pressures close to the absorbing surface. Bagbesmpressures, the unknown amplitudes
of the incident and reflected wave, the a-priori unknown pated azimuthal angle of the incident
wave and the unknown polar and azimuthal angle of the reflestare can be determined. Addi-
tional assumptions may aleviate the requirement to use rbptiones. In its simplest form only two
microphones are needed and hence an intensity probe suficeshe other hand, using more mi-
crophones and solving a least squares problem, the measniresturacy can be increased and the
expense of additional postprocessing.
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