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From a profiled diffuser to an optimized absorber

T. Wu, T. J. Cox, and Y. W. Lam
School of Acoustics and Electronic Engineering, University of Salford, Salford M5 4WT, United Kingdom

(Received 28 October 1999; revised 24 March 2000; accepted 23 Apri) 2000

The quadratic residue diffuser was originally designed for enhanced scattering. Subsequently,
however, it has been found that these diffusers can also be designed to produce exceptional
absorption. This paper looks into the absorption mechanism of the one-dimensional quadratic
residue diffuser. A theory for enhanced absorption is presented. Corresponding experiments have
also been done to verify the theory. The usefulness of a resistive layer at the well openings has been
verified. A numerical optimization was performed to obtain a better depth sequence. The results
clearly show that by arranging the depths of the wells properly in one period, the absorption is
considerably better than that of a quadratic residue diffuser.20800 Acoustical Society of
America.[S0001-496600)01308-4

PACS numbers: 43.55.Ev, 43.55.[3DQ]

INTRODUCTION is not explicitly included in the average admittance model.
He could only find agreement with Fujiwara’s data when he
Profiled diffusers were invented by Schroeder the  reduced the width of the wells to an unrealistic one-tenth of
1970s. An example of the one-dimensional Schroeder diffusthe width in the real diffuser. Mechel thoroughly investigated
ers is shown in Fig. 1. They are periodic surface structureshe Schroeder diffuser in his paper in Acusficand in
with rigid construction; the elements of the structure aregreater detail in his bookHe described the absorption effect
wells of the same width separated by thin fins. Within onefor the near field as well as the directivity for the far field
period, the depths of the elements vary according to @nalysis, with and without viscous and thermal losses in and
pseudo-stochastic sequence. in front of the wells using a Fourier wave decomposition
The basis behind the Schroeder diffuser is as followsmodel. Mechel demonstrated that resistive layers at the well
When the sound is incident on the surface of the structuregntrances turn these diffuser structures into potentially useful
plane waves travel down and up each wells. The returningind practical absorbers. Furthermore, he discussed how us-
waves at the entrances of the wells no longer have the samgg a primitive root sequence to determine the well depths of
phases because of the different depths they have traveled.tHe structure could result in a better absorber than the more
the phase differences are appropriate, the diffuser will discommon quadratic residue sequence. Unfortunately, there
perse the sound rather than specularly reflect it, and thugere no corresponding experimental results to verify the
generate diffusion in the far field. For this purpose,findings, something which is added later in this paper.
Schroeder exploited the Fourier transform of the surface re- |n this paper, the sound absorption by the one-
flection factors to choose the depth sequence in one periodimensional Schroeder diffuser is studied both theoretically
as it approximately gives the far field diffracted pressure disand experimentally. The Schroeder structure can be used to
tribution. The most popular Schroeder diffuser is the quamake an effective absorber or a low loss diffuser depending
dratic residue diffuse(QRD), which employs the quadratic on the geometry and construction of the device. Since ab-
residue sequence to determine the well depth. The Fouri€forption is more of a concern here than diffusion, the width
transform of the QRD surface reflection factors gives a conof the wells has been reduced for this study compared to
stant power spectrum leading to even energy diffractiorQrRDs designed for diffusive purposes. The losses in the
lobes. The QRD has been widely used in concert halls, theyells caused by the viscous and thermal conduction have
atres, and studio monitor roorfis. been considered. To predict the surface sound absorption, the
The QRD was designed to diffuse rather than absorfimethod used by Mechel is used. The use of a resistive layer
sound, although for some time there was anecdotal evidengsh the surface to improve the absorption of the structure is
of absorption. Dramatic levels of absorption from Schroedejnvestigated in some detail.
diffusers were measured by Fujiwara and Miyajfrira1992. As shall be shown later, a optimum diffuser does not
They reported the unexpectedly high measured absorption gfecessary produce the best absorption. It is possible to pro-
a poorly constructed QRD at low frequency, which theyduce a configuration that is a better absorber than those
could not explain. It was later fouRdhat the quality of pased on the quadratic residue sequence. This is done by
construction was to blame for some of the excess absorptiofproducing many well-tuned and well-distributed resonance
Kuttruff6 tried to explain the absorption by assuming that thefrequencies by Choosing the depth sequence in one period
total sound pressure on the diffuser plane was constant. Thigsing an optimization approach.
led to an absorption based on the same average surface ad-
mittance, which generated additional possible air flow bel!- PREDICTION METHOD
tween adjacent wells. This additional air flow was associated Two methods have been used to predict the absorption
with the excess absorption of the diffusers, but this air flowon the surface of profiled diffusers; one uses the average
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FIG. 1. One-dimensional quadratic residue diffuser fo=7, 2 periods P ay b
shown. 2
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surface admittance, another uses Fourier analysis. The jop b b
former was introduced by Kuttruff by assuming uniform K mqx
pressure on the entrance of the structure. In many cases, y zz—tkCOS( T) ~ikzglot
pC

however, as he indicated, it is only an approximate method,
as it does not properly model the mutual interference bewherekt2=k2—(7rq/b)2, k=w/c is the wave numberp is
tween the differently tuned wells caused by different depthshe air density, and/=(Cp/Cy) is the ratio of the specific

in one period. The later method, i.e., Fourier analysis, moréeat,~7/5 for air. The constar can be adjusted to fit the
correctly considers the coupling between the wells, and thugoundary conditions by incorporating the thermal wave and
is more rigorous. In this paper only Fourier analysis methodshear wave in the boundary layers. Following the method
will be discussed and used in the predictions. Figure 1 showgsed by the Morse and Ingatdor width b>d, ,d;,, where

a sketch of a one-dimensional QRD structure, together witly ,d,, are the thickness of the viscous and thermal boundary
the coordinate system. The expression of the depth sequenggyers,q can be defined for a narrow slit:

l,, in one period of a one-dimensional QRD is well kndwn

as (mq)?=—(1—])k?b[d,+ (y—1)dy]. ()
¢ mod n?,N) This gives the propagation number as
l;=—————, n=01,.N—1. (1)
N(2f,) , [ma k i
: . : : k= \/ K= | | =k+5-(1=))[d,+(y=1)dn] (4
wheref, is the design frequencW is the prime number, and b 2b

is periodic with N wells in one period. The period i$  c3n pe determinéf as

=N*L wide with the grid length of one wellL=b+w,
whereb is the well width andw is the wall thickness be- B 2,u~ 1 B 2K _ 1
tween the wells. ="\ p_w~0'21W’ dh="\ pw—CpNO'ZSW (cm), (5)

wheref is sound frequency, and, K, andC, are the prop-

erties of gasu is the coefficient of viscosityK is the ther-
Normally the well width of the QRD is quite large to mal conductivity, ancC,, is the heat capacity per unit mass at

minimize absorption. However, in this study, the width of constant pressure.

the wells needs to be reduced to get higher absorption. In this  Once the sound propagation in the slit is known, the

case, the losses caused by the viscous and thermal condugward impedance on the surface of well with lengthcan

tion in the narrow wells cannot be neglected. In general, irbe easily derived as

the middle frequency range of interest, the width of the wells

A. Energy losses in the wells

b is usually quite narrow compared with the incident wave- 7| y— —jpeCECOt(kﬂn), (6)
length, i.e.,b<\/2, so that there is only fundamental mode k¢
propagating in each well. o wherep, is the effective density of air in the sfit:
When describing the sound propagation in a narrow slit, .
three waves will be of concern: propagating wave, thermal ~ Pe=p[1+(1—])d,/b] (7)

wave, and shear wave. In many cases of practical interes{q that the inward normalized specific impedance of the well
the attenuation caused by the thermal wave and viscous waygih |engthl, is then

only occurs in the boundary layers, which are of a fraction of

a millimeter thick. Usually their effects can be incorporated f0,)= Z(ln)

into the bound?%rjy conditions on the propagating wave. 4 pcC

Morse and Ingardderived the complex wave number in a . .

cylindrical tube. The method can also be used for a narrow =—j{1+(1-j)[d,—(y—1)dp]/2b}cot(k ).

slit. (8
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B. Prediction of absorption by QRD TABLE I. Depth sequences of different structui@s cm).

The analysis below closely follows the method used by Optimization
Mechel” The sound field in front of the diffuser, shown in Without With
Fig. 1, is decomposed into the incident plane wayéx,z) Random mirror-image mirror-imagé
and scattered fieldg(x,z), which is made up of propagating QRD sequence 1 2 1 2
and nonpropagating evanescent waves: 00 00 26 - 100 18
X,zZ)= X,z2)+ X,Z), 9 2.5 1.0 10.0 10.0 9.2 3.4
P(X.2)=Pe(X.2)+ps(x.2) © 10.0 3.0 5.6 38 85 37
Pe(X,Z2) = Pg- el Xkt 2l 5.0 5.0 9.1 9.4 7.2 8.6
5.0 7.0 6.7 5.9 5.8 5.7
where ky=ksinf,, k,=kcoséb,, (10 10.0 9.0 8.2 7.3 39 8.3
25 10.0 45 4.8 4.3 10.0
+
P(X,2)= 2, A,el(T*BnZm), (11)  °See Sec.lIB.
n=-—x

Since the QRD is periodic, the scattered field is also periodi@nd the infinite large system of equations will be terminated
in x. Therefore the wave numbers in tk@andz directions of ~ at the index limitsn,m= +2*N, whereN is the number of
the spatial harmonics aihe first from the periodicity, the Wwells in one period. By solving the above equations, the

latter from the wave equation coefficientsA, can be obtained.
The absorption coefficient of diffuser is then
Bn: kx+ n—-,; A 2
T a(0)=1- |5
> (12 Pe
7§:k2—ﬂﬁ=>yn=—jk\/ sinde+n=| —1, 1 2
T — % V1= (sinf.+nN/T)?%;
COSHg nezo | Pe e s '

where\=2m/k is the wavelength. The corresponding radi-
ating harmonics indicerg, which can propagate to the far a7

field, are determined from the summation runs over radiating spatial harmonics only.

. 2 Evidently the second term is the specular reflection, and the
(sm et nST) <Ll (13 third term is due to scattering.
If a resistive layer is applied on the surface of structure
Considering the outward particle velocity along the posi-ig enhance the absorption, the only replacement made in the
tive z direction, the relation of pressure and particle velocityzpove method i5(X)— 1/(R+ {ye1), WhereR is the nor-

on the surface ipcv,(x,0)=—G(x)p(x,0). This gives malized effective impedance of the resistive layer, &pg)
+oo " _ is the input normalized impedance of a well.
COSOPe— D —CA,e ixn2m/T
n=-—ow

II. EXPERIMENTAL AND THEORETICAL RESULTS

=G(x) (14) A. Methods of measurement

o)
Pe+ 2 Ane—jxr‘IZﬂ'lT
n=—wx

Two types of samples, one with constant length slits and
SinceG(x) is periodic with a periodl, we apply a Fourier the other a one-dimensional QRD, were built from a square

analysis: tube that had a cross-section size 54 b4 mm. Because
too of tube’s size, the QRD are limited to: prime number 7,
G(x)= 2 g,e - in@mmx design frequencyr =980 Hz, the maximum length of wells
n=—c 10 cm, well widthb=6 mm, and separation wall thickness
1 (T (15  w=1mm. The length sequence has been listed in Table I, as
gn:_J G(x)etin@mMxgy. “QRD.” The wells were terminated by MDEMedium Den-
TJo sity Fiberboard which has been varnished three times. The

wells are separated by aluminum sheets. In order to compare
fairly, the corresponding constant length structure is com-
posed of seven slits with the same width as the QRD and
E A Y| _ with all the wells having a length of 10 cm. The whole
24 Aol Gm-nt Smn| 1| | = Pe(dmoCOSOe—gm); sample is sealed with petroleum jelly as good as possible.
A method similar to the standard two microphone
m=-—co,..... +oo, (16) method? is used to measure the surface impedance of the
sample in the impedance tube. Consequently, the results pre-
sented here are restricted to normal incidence. Furthermore,
_]1, m=n the normal incidence absorption coefficient is computed for
Omn= 0, m#n’ the impedance from the well-known formuta:

Equation (15 inserted into the boundary condition gives,
after multiplication byel™?™ X and integration oveT:

+ o

where
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FIG. 2. Absorption coefficient of constant length slit sample.
FIG. 3. Comparison between the prediction and experiment for the QRD.

4R
a= i+ Re(g)]flem(mz, (18  wire mesh. Without wire mesh, the absorptions are small and

very difficult to measure, especially for the constant slits in

where Ref) and Im() are the real part and imaginary part of Fig. 2. Figure 3 contains two important features. First,
the normalized impedance, respectively. around the second peak, the absorptions are higher than pre-

The effect of the resistive layers is also tested. A thindiction, it may due to both the gaps in the QRD structure and

wire mesh with resistance 550 rafyKS), whose normal- the resonant vibration of the aluminum sheet, which sepa-
ized specific acoustic impedance is 1.325, is applied in frontated the wells; Second, there is a very sharp absorption peak

of the sample. around 2330 Hz. This only appears in the prediction if the
mirror imaging of the rigid walls is modeled. It would not
B. Theoretical prediction appear for a straight periodic QRD. Comparing Figs. 2 and 3,

it is clear that the absorption of the QRD is much higher than
~ To predict the experimental results, there are a fewhe corresponding constant slits. In Figs. 4 and 5, it can be
things that should be noted: seen that the resonant frequencies are slightly shifted down
First, because the sample is set up in the impedance tukgnen the wire mesh is added. This is due to the mass effect
with rigid walls, the prediction in Sec. 1B cannot be usedintroduced by the thin flexible wire mesh. Comparing the
directly. The period must be doubled to take into account th%bsorption in Figs. 4 and 5, higher and more uniform absorp-

mirror imaging effect of the side walls. For example, consid-tjon js found for the QRD compared with the constant slit
ering the tested QRD withl=7, the depth sequence in one gface.

period is0142241. Anmage sequencké4 2241 Owill be
created by the rigid_ walls. So, in fact, this system has 14, ABSORPTION MECHANISM DISCUSSION
elements in one period.

Second, when predicting the absorption coefficient of ~ Comparing the absorption of the constant length struc-
the sample with wire mesh, the mass effect of the wire meskure in Fig. 2 and the absorption of the QRD in Fig. 3, al-
has to be considered. In most cases, wire mesh can be treaté®ugh less cells of the QRD are resonating at a particular
as rigid. But a thin wire mesh is flexible, and there will be anfrequency, it generates higher absorption than the constant
inertial mass contribution resulting from the induced motionslits, even at the resonance frequencies of constant slits,
of the Shee{_4 So thenormalized effective impedan@the where all slits contribute. This is because the variable depths
wire mesh is of the wells create a nonuniform surface impedance that scat-
ters the incident sound. The scattering enhances the propa-

/ pcC, (19 ) v

[ Ru(wm)? N R2 (wm)
IR+ (om)? " RZ(wm)?

/ T
i ; 1 ~ T
H N Yy /( —?
] N / W\
i
f
'
§
,

| [/ v
\\ / \\\
For conciseness, the following abbreviations in the nor- 5 / \ / | Prediction
malized impedance graphs will be adopted throughout this 0z LI N\
paper. The real part of normalized impedance willRyend i’
the imaginary part . o W 1 4 1 ; ‘
Figures 2 and 3 show the predicted and measured soun: o 500 1000 1500 2000 2500 3000
absorption coefficient for the constant slits and QRD without Frequency, Hz
wire mesh, and Figs. 4 and 5 show the results with Wirerig, 4. absorption coefficient from constant slit sample with 550 Rayls
mesh. The agreement is good, especially for the results witlvire mesh on the entrance of the slit.

whereR,, and m are, respectively, the resistance and mass
per unit area of wire mesh.

o
o

C. Results and discussions Measurement

orption Coefficient
o o
» [+]
S
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FIG. 5. Comparison between predicted and measured absorption for the Frequency, Hz

QRD with facing wire mesh 550 Rayls.

FIG. 7. Normalized specific impedance corresponding to Fig. 5.

gation of the sound wave between wells and hence increas@g opTIMIZATION

the sound absorption. The impedance graphs of them are

typical for pipe systems, except that the QRD has nonuni- As mentioned before, the depth sequence of a Schroeder
form resonant frequencies caused by depth variety anliffuser is very important to the absorption of whole struc-
slightly higher resistance than constant slits because of thiére. In this section, a numerical optimization mettidd,
coupling of wells. Applying facing wire-mesh can improve downhill simplex method, is used to tune this sequence. By
the absorption coefficient significantly across the whole fre0ptimizing the sequence, many well-tuned and well-
quency range. Figure 6 shows the normalized specific acouélistributed resonance frequencies can be generated, and
tic impedance corresponding to the constant slits tested iRigher absorption can be achieved.

Fig. 4, with a wire mesh glued on the opening of slits, anda_ Optimization process and “absorption parameter”

Fig. 7 shows that corresponding to the QRD tested in Fig. Bliscussion

with glued facing wire mesh. For constant length slits, ap- . , .
plying wire mesh shifts down the resonance frequengtes The process tc_) produce an optimum profiled absorber is
fundamental and first harmonibecause of the mass effect. based on an |terat|y € process: L

The real part remains close to the resistance of the wire mes(ﬂ') An absorber withN wells in one period is constructed

. . with a randomly determined depth sequence.
at 1.325. There is no coupling between the wells that ma_)%/z) Absorption coefficients of the absorber is calculated by

effect the impedance of whole structure. The absorption i ) :
) . . he Fourier analysis method across the frequency range of
high at the resonance frequencies, but elsewhere is poor. For.

the QRD, Fig. 7 shows that applying the wire mesh not onIymtereSt'

shifts down the resonance frequencies, it also smooths th@) A single figure cost function is calculated which can mea-

imaginary part and real part of impedance. The imaginarySure the degree of broadband absorption.

part stays close to zero. This is the reason why high absor {4) The well depths are altered according to the Downhil

tion is achieved across the whole frequency range. Howev{?mplex method.

e . ) ) 5) Steps(2)—(4) are repeated until a minimum in the cost
the resistive part is also substantially increased away fro Linction is found indicating an optimum absorber
unity, leading tq a.shghtly smaller absorpnon cogfﬁment at.There are two cost functions which have been used in the
resonances. This indicates that the choice of wire mesh 'Sptimization' one is— 3", /N, where a; is absorption
. . .. . . i=1%i ’ i
important in optimizing the absorption. coefficient,N is the number of frequencies chosen in the
frequency range interested, and the othe{/(§i“: lX?)/ N,
where X; is the imaginary part of specific acoustic imped-

o e V\\_\ ance. The first parameter measures the negative of the mean
| 7Z — absorption, hence the minimum value gives the highest av-
1 # Measurement:R erage absorption. The second one is used because absorption
8 [ /;/ // - is strongly related to the impedance on the surface of the
8, / / ! structure. When the imaginary part of the impedance stays
E‘ | / / 'P'r;dmmR close to zero, high absorption is usually obtained. But one
/ / o thing that should be noticed here is that the coupling between
BN / i the wells may cause real part of the impedance to increase
| }/ and result in less absorption. It is necessary to run the opti-
2 mization process many times with different starting condi-

0 500 1000 1500 2000 2500 3000 tions. The reason for this is that the minimization is being
Frequency, Hz . .
carried out within bounded space. The space hold many local
FIG. 6. Normalized specific impedance corresponding to Fig. 4. minima within which the minimization routines could be-
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come trapped, particularly at the edges. The results showr 8 T N4 "4
below are the best results from many attempts of the iteration g

process. This does not exclude the possibility that from some § ’ /

particular starting point yet untried there might have a better £ o an
minimum available. NI DN R

- ®

B. Optimization examples: Theoretical results ) 4 ‘ ’ . ‘
As an example, the QRD with the same parameters as, , 500 1000 1500 2000 2500 3000
that tested in Fig. 3 has been optimized for normal planeb) Frequency
wave incidence. In order to compare the results fairly, theyg g Optimized structure with facing wire-mesh flow resistance 55 Rayls.
maximum lengths of the wells are restricted to 10 cm in thea) absorption coefficienttb) normalized specific impedance.
optimization program. The first “absorption parameter” cost
function, based on the mean absorption coefficient, is used.
The frequency range for the optimization is 700 Hz—3000obvious a good absorber, with a mean absorption coefficient
Hz. The obtained depth sequence of optimized surface struof 0.96. And Fig. 9b) shows that, not only does the imagi-
tures without and with wire mesh have been listed in Table hary part stay close to zero, but the real part of the specific
as “Optimization-Without mirror-image” 1 and 2, respec- impedance had been raised close to unity. This is more than
tively. the flow resistance of the wire mesh can achieve alone. This
The results of the comparison with optimized structure,example demonstrates that optimized the depth sequence can
QRD and structure employing random depth sequence, withmprove the absorption of structure significantly, and down-
out facing wire mesh on the structure, is illustrated in Fig. 8.hill simplex method is fast and efficient for this purpose.
The random depth sequence is listed in Table | under “ran-  As mentioned before, there are two cost functions that
dom sequence.” It clearly shows that the optimized structureean be used to measure the absorption, the following discus-
improves the absorption coefficient significantly comparedsion is about the difference in results obtained by using them
with other two. Its mean absorption coefficient is increasedseparately. The base structure is the same as above, but the
from 0.16 to 0.35 compared with the QRD. In the QRD, thefacing flow resistance is now at 550 raiMKS), which is ten
zero depth well does not contribute directly to the absorptioriimes as used before. The results are shown in Fig. 10.
as there are no viscous losses due to progragation in this Regarding Fig. 1@, it is hard to say which cost func-
well, so its removal is useful. As there were more nonuni-tion is better. The first cost function parameter, average ab-
form depths in one period of the optimized structure than thesorption, generated a high absorption across the frequency
original QRD, more resonance frequencies are generataénge; but the second cost function parameter, minimum
within the whole frequency range, and the real part of theémaginary Z, produces higher absorption at low frequency.
optimized surface impedance is also improved because of tHeigure 1@b) also shows other important points. The second,
better coupling of wells when compared to the QRD andimpedance based “cost function,” which is intended to pro-
random depth sequence. But as shown in Fig. 8, the absorguce the imaginary part close to zero, does work. But it also
tion coefficient is not smooth with many peaks and troughgushes the real part higher at some frequencies at the same
according to the resonance and anti-resonance frequencidgsne, this induces less absorption at these frequencies; The
which is inevitable because of the small resistive part. first, absorption based “cost function,” seems to optimize
The result of the optimization with a facing wire mesh is the real part and keep it close to 1, and therefore achieving
shown in Fig. 9. This wire mesh has a small flow resistancehe higher absorption. Although the imaginary part of imped-
55 rayls(MKS), which is a normalized specific impedance of ance is not as close to zero as in the other case, there is no
0.1325. Figure @) shows that the optimized structure is doubt it is optimized as well. Therefore, for the facing sheet
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FIG. 10. Comparison of the results using different “absorption cost func-

tions.” (a) absorption coefficient(b) normalized specific impedance.

that has higher resistance, it is better to use the imagin
part cost function in the optimization process, where the re
part cannot be reduced. On the other hand, the first cost

function is better, for the lower facing resistance.

C. Experimental verification

Again the tests carried out in the impedance tube, an
the optimizations had to be repeated with and without wir
mesh to take into account of the mirror imaging effect of the
impedance tube samples. The resistance of the wire mesh
Rayls (MKS), which is a normalized specific impedance of
0.434. The optimized structures used in the experiments have
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FIG. 12. Comparison between absorption coefficients for predicted and
measured optimized surface with wire mesh and predicted the QRD and
random sequence structure with wire mesh.

depth sequences shown in Table I, labeled as “Optimization-
with mirror-image” 1 and 2, where “1” represents a depth
sequence without wire mesh and “2” with wire mesh. The
structures are built according to the above depth sequence,
and other parameters are the same as tested before: seven
wells, b=6 mm, w=1 mm.

Figure 11 is the comparison between the prediction and
experiment absorption data without wire mesh, it shows that
in generally they match each other. But there are two peaks
which are not expected. It is suggested that they may be
caused by the resonant vibration of the aluminum sheets, or
higher modes generated in the wéfisFigure 12 shows the
tested result of the optimized structure with wire mesh; the
very good agreement can be clearly seen. The improvement

ar?ompared with the QRD and random depth sequence struc-

ure is also illustrated.

V. CONCLUSIONS

The above study has shown that the variable depth se-
Juence concept can be used to significantly improve the ab-
sSorption and impedance characteristics of conventional con-
stant depth design. A theory for the prediction of the
(Ieghanced absorption was presented and verified by normal
incidence measurements on a variety of samples, with and
without facing wire meshes. The prediction generally agrees
well with experiments and the accuracy is particularly good
in cases where a wire mesh is present. An optimization al-
gorithm has been implemented. It was used to demonstrate
the improvements in normal incidence absorption perfor-
mance that can be achieved by optimizing the depth se-
quence. The optimized structure was tested in impedance
tube measurements. The data generally agree with the pre-
dicted performance. Further work will be needed to extend
the investigation to 2D and to test the optimised samples for
the oblique incident sound.
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