Perforated Panel Absorbers
with ViscousEnergy Dissipation
Enhancedby Orifice Design

Rolf Tore Randebelg

DOCTORAL THESIS

submittedto the Departmenbf Telecommunications,
NorwegianUniversity of ScienceandTechnology
in partialfulfilment of therequirementsor the degreeof doktoringenigr

Trondheim ,June2000






Abstract

Currently thereis a greatinterestin panelabsorberesignwhere porouscomponentsare
excludeddueto ervironmentalndcleaningconsiderationsk-or suchabsorberghechallenge
is to increasehe natural,viscouslossego attainan acceptabla@absorptiorbandwidth. This
dissertatiompresentdwo new perforatedpanelabsorberconceptswherethe viscousenegy
dissipatiorhasbeenenhancedy the useof non-traditionaldesignof the perforations.

Thefirst conceptis a perforatedpanelwherethe perforationshasbeenshapedassmall
horns. The inner part of the hornshave dimensionscomparabldo microperforatecanels.
The purposeof the designis to increasethe surfaceareaof the opening,increasethe flow
velocity in the inner part of the horn, and offer a betterimpedancematchto the incoming
wave. Theconcephasbeeninvestigategrimarily by calculationsusingtheFinite Difference
Method. Theresultsindicatethata relatively large absorptiorbandwidthcanbe obtainedor
ahornwith wide outerradiusandsmallinnerradius.

The secondconceptis a doubleperforatedpanel,consistingof two parallel, perforated
platesseparatedy a smalldistancetypically 0.1—-0.3mm. The mainpartof theenepgy dis-
sipationtakesplacein the smallgapbetweerthe plates.Both perforatedandslitted variants
have beeninvestigatedy simulationsandexperiments For theslitted panelcase absorption
bandwidthsequivalentto microperforateganelshasbeenobsened. The slitted variantcan
alsobe designedo be adjustableallowing the lateraldistancebetweerthe slits in the two
platesto be varied. This offers two specialfeatures: The maximumabsorptioncoeficient
canbe adjustedfrom unity to almostzero, andthe resonancdrequeng canbe shifted. A
frequeng shift of oneoctave at normalsoundincidencehasbeenobtained.
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Chapter 1

Intr oduction

TheHelmholtzresonatoprincipleis anold andvery simpleconcept.Basically it consistof
anair-filled cavity with arelatively smallopening.lt hasbeeninvestigatedor over100years,
mostnotablyby von Helmholtz,Lord Rayleighandingard [1953]. Helmholtzresonatorare
in commonusein soundabsorbersvhereabsorptioratlow frequenciess requiredSeee. g.
Leeand Swenson1992]. The mostcommonimplementationsare as perforatedpanelab-
sorbersplaceda distancefrom a backwall, andassilencersin ducts. The requiredvolume
of suchdistributedHelmholtzresonatorss significantlysmallerthanfor absorbersf porous
materials.Sucha constructiorcanhave alarge soundabsorptiorcoeficientattheresonance
frequeng. However, theabsorptiorbandwidthasusuallyverylimited, dueto thesmallinher
entenegy dissipation.To compensatéor this, the cavity behindthe panelhastraditionally
beenpartly or completelyfilled with porousmaterial,or a resistve layer hasbeenput near
theresonatoopeninggIngard andLyon 1953;Ingard, 1954;Kristiansenand Vigran, 1994;
Medhel, 1994b]. For suchconfigurationsthe main functionsof the perforatedpanelareto
addamassreactanceo theimpedancendto protectthe porousmaterial.

Today thereis atrendtowardapanelabsorbeandsilencerdesignwhereporousmaterials
areexcluded. This is primarily dueto the ervironmentaldisadantage®f porousmaterials.
Porousmaterialsof thefibroustype mayreleasdibersinto theair, andarenoteasilycleaned.
Additionally, porousmaterialsmay not be robustenoughin physicallyor chemicallyrough
ervironmentg Adkermannetal., 1988]. Consequentlyseveralauthorshave investigatedew
panelabsorbergoncepts By clever designof the panels the inherentviscousenegy dissi-
pationat the surfacesmaybeincreasedomparedo thetraditionalperforatecbanels.

The simplestof thesedesignsare microperforatecoanels(MPP), which are perforated
panelwith sub-millimeterperforations.The small perforationsncreaseshe viscousenegy
dissipationandhencethe absorptiorbandwidth significantlycomparedo traditionalperfo-
ratedpaneldMaa, 1987,1998;Fuchsetal., 1999]. Theabsorptiorbandwidthmaybefurther
extendedby combiningseveralMPPsseparatety adistanceasdescribedy Zhangand Gu
[1998]; Kang et al. [1998]. The MPP conceptis also the basisfor commercialproducts
like MICROSORBERR), wherethe “panels” arethin, perforatedfoils [Fuchsetal., 1999].
Anotherpanelabsorbeiconceptwithout addedporousmaterialsis discussedy Frommhold
etal. [1994] andby Medchel [19944]. It is a grid of Helmholtzresonator&overedby athin



Intr oduction

plate or a foil. The foil is separatedrom the resonatordy a small air gap. The purpose
of thesekind of absorberss to increasethe numberof possibleresonancesn additionto
the HelmholtzresonanceBy optimal design,the flow in the thin gapmay causesignificant
enegy dissipation.Mechelhasalsopresentedinotherconceptwherethe panelis laterally
dividedin two. The small separatiorbetweenthe two partsintroducesadditionalpossible
resonancesA foil mayalsobe put betweerthe two partsof the panelto increaseheflow in
thesmallgapbetweernthetwo parts,andhenceincreaseaheenepgy dissipation.

As a continuationof the trend describedabove, this thesispresentany work on two
differentperforatedpanelabsorbersvherethe viscousenepgy dissipatiorhasbeenenhanced
by theuseof non-traditionadesignf the panelopenings.

Chapter2 containsanintroductoryoverview of thetheoryof HelmholtzresonatorsThis
includestheory for the calculationof resonancdrequengy and enegy dissipationof res-
onators,aswell astheimpedanceof resonatoiopenings. The chapteralsoincludesa short
review of relevantprior work on non-fibrousabsorbers.

Chapter3 presentshework with the microhornconcept.Thisis a microperforateganel
wheretheorificesarehorn-shapedThechaptepresentshreedifferentmodels.Oneof these,
theFinite DifferenceMethod,hasbeenusedto simulateseveralmicrohornggeometriesvhere
the hornwidth, lengthandshapehasbeenvaried. The resultsof thesesimulations,andone
experimenton a microhornpanelsample arepresented.

Chapterd presentshe work on the doublepanelconcept.The chaptethasfour sections,
correspondingo thefour differentdoublepanelconceptshathasbeentestedexperimentally
Two differentmodelsarepresentedpnefor doublepanelswith circularperforationsandthe
otherfor doublepanelswith slit-shapedpenings.



Chapter 2

Helmholtz resonators

TheHelmholtzresonatois anancientandvery simpleconcept.Yet, it hasbeenthesubjectof
investigationgor over 100years perhapsnostnotablyby vonHelmholtz,Lord Rayleighand
Ingard [1953]. Thoseinvestigatorsontributedfundamentaknowledgeaboutthe Helmholtz
resonatoprinciple,someof which is recapitulatedn whatfollows.

Helmholtz resonatorsare in commonusein applicationssuchas acousticelementsn
roomsandin duct silencers. They cantake two principal forms: singleresonatorr dis-
tributedresonatorsThe perforatedpanelsoften usedin roomsis an exampleof distributed
HelmholtzresonatorsThe geometrieof Helmholtzresonatorarevery diverse but they all
have two characteristideaturesn common:A cavityandarelatively smallopeningthrough
which the soundenegy entersthe cavity. In the caseof thedistributedHelmholtzresonatar
thecavity is sharedy theresonatoopenings For sufficiently large panelsgachopeningcan
beassociateavith a cavity volumedeterminedy theseparatioetweertheperforationsin
its variousforms, the Helmholtzresonatohasboth advantagesanddisadwantagecompared
to the commonlyusedporousor fibrousabsorbersBy varying the volume of the cavity or
the size of the opening,the resonatorcan be tunedto absorbsoundat a given frequeng.
Thus,absorptionn thelow frequeng rangecanbe achiezedwithoutincreasinghe depthof
the absorberconstructionaswould be requiredfor any porousabsorbentOneobviousdis-
adwantageof the Helmholtzresonatarcomparedo porousabsorbersis thatthe absorption
bandwidthis usuallyrelatively small. This is becauséhe resonatosystemin itself haslow
enepy dissipation.The low bandwidthhastraditionally beencompensatetbr by partly or
completelyfilling the cavity with porousmaterial,or by covering the inner aperturedy a
thin, resistive layer The effect of this hasbeendiscussedo someextentin theliterature[see
e.g. Ingard andLyon, 1953;Ingard, 1954;Brouard etal., 1993;Medel, 1994b;Kristiansen
andVigran, 1994]. Thiswill notbediscussedurtherhere.

For alimited frequeny range a Helmholtzresonators analogougo asimplemechanical
dampedesonatosystem.Theresilienceof theair in the cavity makesit similarto a spring.
The massof the air in andaroundthe orifice is equivalentto a mechanicamass.The value
of the “spring constant”and the massis what mainly determineghe resonancdrequeng,
asshawn in the next section. The analogousnechanicatesistancef the systemis mainly
determinedy viscousenegy dissipationatthe surfacesof theresonatofseeSec.2.2).



Helmholtz resonators

Figure 2.1: A Helmholtzresonator The openingof the resonatoris often referred to as
the neck The cavity volumeV, the ned lengthl and the cross-sectiorarea S of the ned
determingheresonancérequencyof theresonatorby Eq. (2.11).

2.1 Resonancdrequency

Due to the inherentsmall bandwidthof Helmholtz resonatorsa small shift in resonance
frequeng canresultin asignificantdecreasén absorptiorcoeficientatthetametfrequeng.
The calculationof absorptiorfrequeng shouldthereforebe asaccurateaspossible.Several
authorshaveinvestigatedhefrequeny dependengof thegeometryof Helmholtzresonators,
and have found that the geometryhasa significantinfluence. For low valuesof the system
resistanceits effectontheresonancérequeng canbeignored,asis donebelow.

2.1.1 SingleHelmholtz resonator

The original resonatoistudiedby von Helmholtzwasa very simple one; A rigid cavity of
volumeV, with small dimensionscomparedo the wavelengthof the incidentsound. The
cavity had a small circular orifice of radiusr. When small dimensionsare assumedthe
comple problemof how waves propagaten the cavity canbeignored. The resonatoican
then be modeledas a mass-spring-resistangeoblemas describedabose. An alternatve
is to modelthe resonatoby a “lumped-circuit” electricalmodel, where soundpressures
analogoudo voltageandvolumeflow rateis analogoudo current.Eitherway theresonance
frequeng of von Helmholtz' resonatois foundto be [MorseandIngard, 1968,Eq.9.1.30]

_% [Zr_G [4S
fo=27\VV = 21V VD’ (2.1)

wherec, is the velocity of soundin air, Sis the cross-sectiomreaof the orifice andD is the
orifice perimeter This equationcanalsobe usedfor non-circularorifices of regular shape,
i. e notverywide or long.

Equation(2.1) doesnotcontainany referenceo thelengthof thecavity opening.Theres-
onancerequeng of a cavity with anopeningof lengthl, asshavn in Fig. 2.1, canbe devel-
opedusingthe mechanicamass-springinalogymentionedabove. The mechanicaktiffness
of the air in the cavity, ky,, canbe derived from the adiabatic perfectgasequationapplied
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onacylindrical volumeV, whichis compressednamountAV = SAx by soundpressuré\P
appliedto theresonatoopening.lt is assumedhatthe cavity walls arerigid.

PVY = constant (2.2)
gives,by derivation,
APVY = —yPVY~1AV, (2.3)

whereP = P, is the ambientpressureandy = 1.4 is theratio of specificheatsof air. Since
AP = AF /S, we have

AF SAX
B @4
Therefore,

OF YRS _ PGS

AX \% v "’ (2:5)

whereyP, = pocg, andp, is thedensityof air. This derivationassumesoundpressuresmall
comparedo theambientpressureAP < R, andadiabaticcompressiomf theair [Morseand
Ingard, 1968,Ch. 6.1]. Themechanicaassof theair in theopeningis equivalentto thatof
atubeof cross-sectiomreaSandlengthl, andis givenby

Mm = PS (2.6)

The mechanicalktiffnessand massof the resonatoris relatedto acousticcapacitanceand
inductancerespectiely, by afactorS?. Thus,the capacitance

_V . (2.7)
PoC5
andtheinductance
Pyl
L = Fo 2.
o (28)
Theresonatosystemis thereforeequivalentlydescribedy a mechanicalmpedance
)
Zm—J‘*’”\n‘Fj—w—FRm, (2.9)
or by anacoustidmpedance,
. 1
Z=jwL+—+R 2.10
job+ e+ R (2.10)

wherew = 2mtf. The calculationof the systemresistanceR = Ry, /S? may involve several
enepy dissipatiormechanismsndis describedurtherin Sec.2.2. Theresonancé&equeny
of thesystemis givenby

w 1 [km 1 1 ¢ /S
fo="=—,/—=—_-_ = 9,/ = 2.11
07 o 2n\V my, ~ 2n/IC 2mV VI (211)
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Thisequationis acoarseapproximationput canbe usedwith reasonablaccurag onvarious
geometrieaslong asthe dimensionsaresmallcomparedo thewavelength.
Thenecklengthl in Eq.(2.11)mustin mostcasedecorrectedvith anaddedength. This
is because¢heflow of air throughtheneckaffectstheair closeto theinnerandouterapertures.
This nearbyair will take partin theflow andthuscontributeto thetotal resonatomass.For
holeswith circular cross-sectionRayleigh proposedan end correctiond, that should be
addedwo | in Eq.(2.11)[Ingard, 1953;Chanaud 1994]. The proposedndcorrection,

8r 8 /S
07 3n 3m\ (2.12)
corresponddo the inductive part of the radiationimpedanceof a circular, plane piston of
radiusr in aninfinite wall. Thelatterexpressiorfor §, canbe usedasan approximatiorfor
othershape®f theresonatoopening.Sincethis endcorrectioncorrespondso asinglepiston
flangedin aninfinite wall, caremustbetakenif it is usedfor theinner aperture For thesame
reasonEq.(2.12)mayalsobeinvalid for theouteraperturef thereareotheropeningsearby
In lack of a betteralternatve, RayleighusedEq. (2.12)for theinnerandouteraperturesThe
total endcorrection,

16r
Ot = 20y = 3 (2.13)

isthenaddedo | in Eq.(2.11). Thus

_% /S _% [ S
fO_zn V(I+3e 2m\/V(1+26) (2.14)

Ingard [1953] did an extensie surwey on the topic of resonatorsandpresentedxpres-
sionsfor the innerendcorrectionfor somesimplecircularandrectangulageometries As-
sumingflat velocity profile in the resonatomeck, he found expressiondor the inner end
correction,shavn in Fig. 2.2. For openingsrelative small comparedo the resonatorcavity
cross-sectiortheinnerendcorrectioncanbe approximatedy

5 =05,(1—1.25y), (2.15)

wherey is theratio of thedimension®of theopeningandthe cavity, andmustbelessthan0.4
for the approximationto be valid. Accordingto Ingard,Eq. (2.15)is valid for threediffer-
entgeometries:circular opening/caity, squareopening/caity, andcircular opening/square
cavity. Allard [1993,Eq. 10.18]gave anotherapproximatiorfor the lattergeometry:

5 =& (1—1.14y), (2.16)

Notethatin his book, Allard gave the correctionasfunction of € = |/S/A, whereA is the
cavity cross-sectiomrea.This is probablyan error, neglectingthe factor/m/2 relatinge to
y for this geometry The agreementvith curve 2 in Fig. 2.2is very goodfor Eq. (2.16)asit
is written here. ThedifferencebetweerEqgs.(2.15)and(2.16)is probablynegligible in most
cases.For smallopenings & approaches),, andin this casethe latter canbe usedfor the
innerapertureendcorrectionfor all thegeometries.
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Figure2.2: Ingard’scalculatednnermassendcorrectiond, of variousgeometriessfunction
of openingto cavity dimensiorratio y. 1, Circular openingand cavity; 2, circular opening
andsquae cavity; 3, squae openingandcavity Figure adaptedrom[Ingard 1953,Fig. 3].

Pantonand Miller [1975] shoved thatwhenthe assumptiorof long wavelengthscom-
paredto theresonatotengthwasdismissedtheresonancérequeng for a cylindrical Helm-
holtz resonatocouldbe foundby solvingthetranscendentadquation

1A
BS
whereB is the lengthof the cavity, andk = 2r/A is the wavenumber A is assumedton-

stantthroughthe cavity length. They shavedthatby usingthe two first termsin the series
expansionof cot(kB), theresonancérequeny wasapproximatelygivenby

C S
T Ry S R (2.18)
O 2\ V(14 g+ BS

whereV = AB, and §,,; hasbeenaddedto the necklength. The classicexpressionfor the
resonancérequeng, Eq. (2.14),is similarly found by usingonly thefirst termin the series
expansionof the cotangentThe classicexpressiorwasshown to be accurateonly for cavity
lengthsB < 1A /16. PantonandMiller alsonotedthatEq. (2.14)conformslesswith exper
imentaldatawhenIngard's endcorrectionfor the inner apertureis used,i. e. &y, = 8, + &,
thanif the classicalendcorrectionis used,d,; = 28,. Onthe otherhand,Ingard's endcor
rectiongivesthe bestcorrespondenceith measurementwhenusedwith Eq. (2.18). They
explainedthis by the factthatthe correctiontermsin Egs.(2.15)and(2.18)arein opposite
directions.

Chanaud[1994, 1997] investigatedhe effect of extremesin cavity geometry(deepor
shallow), andof the shapedimensionandplacemenbf the opening.A transcendentaqua-
tion for the resonancdrequeng, and expressiondor the inner end corrections,were also

kB = cot(kB), (2.17)
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Figure 2.3: Calculatedresonancdrequencyas a function of cavity depth,for a Helmholtz
resonatorwith a squae-facedcavity of constantvolume1000cn? and a circular opening
of radius2cm andlength0.5cm. ---, RayleighequationEqg. (2.14); - - -, transcendental
equationkq. (2.17)with| — | +29,; —, Chanaudsanalysis.Notethatin thefigure, d is the

cavitylengthB, anda is the cavitywidth. Figure from[ Chanaud1994,Fig. 5].

presentedor parallelepipediand cylindrical cavities. Chanaudassumedo internalresis-
tancein the cavity, a flat velocity profile in the resonatoropening,and long wavelengths
relative to the dimensionof the opening Themainresultswere:

— Theresonancdrequeng calculatedfrom the Rayleighequation,Eq. (2.14), deviates
significantlyfrom theonepredictedby Chanaudxceptfor cubiccavities, asillustrated
in Fig. 2.3.

— Pantonand Miller’s transcendentaEq. (2.17), with | substitutedoy | + 29, corre-
spondswith Chanauds equationdor deepcavities, but not for wide cavities. Thisis
alsoshown in Fig. 2.3.

— Variationin the openingpositiongivesthe greatestieviation of the Rayleighequation
relativeto Chanauds equations.

— Variationof the openingshapegivesno significantdeviation betweerthe equations.

Chanaud[1997] alsonotedthat Ingard'sinnerendcorrection,Eq. (2.15),deviatedfrom the
end correctionfound by Chanaudor y outsidethe interval 0.22—0.52. It is not stated but
seemsclearthat constantcavity volume hasbeenassumedor this comparison. For wide
openings)ngardlet y = 0.4 bethe upperlimit of validity, but indicatedno lower limit ony
for wide andshallav cavities. Otherstudieshave analyticallyandnumericallyconfirmedthe
significanceof the shapg(i. e. lengthto width ratio) of the resonatowvolumein determining
theresonatofrequengy [seee. g. Selamettal., 1995,1997;Dickey and Selamet1996].



2.1Resonancdr equency

Figure2.4: A perforatedpanel. Thisis an exampleof distributedHelmholtzresonatos. Each
panelopeningwith cross-sectiorarea S hasan associatedtavity volumeAd. Theresonator
ned lengthl equalsthethicknessof the panel.

2.1.2 Distrib uted Helmholtz resonators

Theresonancdrequeng of distributed resonatorsasshavn in Fig. 2.4, canbe calculated
by Eqg. (2.14)if the panelopeningscanbe consideredndependent.This is the casewhen
the openingcross-sectiorareaS is considerablysmallerthanthe cavity cross-sectiorarea
A associatedvith eachopening[Morseand Ingard, 1968,Ch. 9.1]. Whenthis is the case,
Eq.(2.14)canberewrittenas

C O]
fo==0, [ —— 2.19
07 2rm\/ d(1+ &)’ (2.19)
where® = S/A is the panelperforation. The panelis assumedo be placeda distanced in
front of arigid wall.
Equation(2.19)canalsobe usedfor slitted panels.Assumingunit lengthslits, Egs.(2.7)
and(2.8)arewrittenas

bd
C=— 2.20
PoC3 (2:20)
and
|
L= pWO’ (2.21)

wherew is the width of the slits andb is the centercenterdistancebetweenthe slits. The
perforationin Eq. (2.19)is then®s = w/b. Of coursetheendcorrectionin Eq.(2.13)cannot
be usedin this case.Smithsand Kosten[1951] have studiedpanelabsorbersvith infinitely
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long slits. Basedon two differentvelocity profiles(constantvelocityandconstantpressue)
which representshe upperandlower limits on the end correction,they have developedthe
formula

8o = —Z—I‘fm [sin(z—"‘t')")] (2.22)

for the total inductive endcorrectionin the constanipressurease.For small valuesof b/d,
theendcorrectionin the constant/elocity casediffersinsignificantlyfrom the valueof J
above. Equation(2.22)wasdevelopedassumingy < A /2 and2rd/b > 2. For f = 500Hz,
theserequirementgqualsh < 34cmandd > 10cm, which areusuallynot hardto satisfy

2.2 Energy dissipation

The Helmholtzresonatoiis both anabsorbeanda scatterer For distributedHelmholtzres-
onators,the absorptioncross-sectiorat resonancés determinecby the ratio of the system
resistanced, to the outerapertureradiationresistancé;, andis givenby [Ingard, 1953]

_A_48/6

— 2.23
21 (1+.6/6)° 223

where), is the resonancevavelength. The absorptioncross-sectiomasa maximum =2

when 6 = 6;. The correspondingabsorptionbandwidthis usuallyvery small. If 6 is in-
creasedyy the addition of someporousmaterialor by specialdesignof the opening,then
the absorptionbandwidthincreasest the costof a decreasén the absorptioncross-section
arealseee.g. Cremerand Muller, 1978a,pp. 195-197]. For mostgeometriesg; is usually
negligible comparedo the 6, [Ingard andIsing, 1967;Melling, 1973].

Thus,for case®f practicalinterestthebandwidthis determinedy thesystenresistance,
andit is therefordmportantto predictthiswith reasonablaccurag. Thesystenresistancés
determinedy consideringhe enegy dissipationin theresonatosystem.The exactmecha-
nismsinvolvedin theenegy dissipationin fluids arequitecomplex [MorseandIngard, 1968,
Ch.6.4], andinclude:

— Fluid internalenegy dissipationby

e thermalconductvity
o fluid viscosity
e molecularenegy equipartition

— Surfaceenegy dissipationby

e thermalconductvity
e viscosity

For the casediscussedn this work, enegy dissipationin relatively small enclosuresthe
fluid internalenegy lossis negligible comparedo enegy lossat surfaces.
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(o Surface

Figure2.5: Thermalandviscousboundarylayer thicknesses, andd, at a surface Thermal
and viscousenegy dissipationat a surfaceoccur mainly insidetheselayers. Thethermal
enegy loss,Eq. (2.26),dependn the pressue p; at the surface Theviscousenegy loss,
Eq. (2.27),is dependenbn the tangential particle velocity u at the outsideof the viscous
boundarylayer. Theparticle velocityu is zeo at the surface

2.2.1 Thermal and viscousresistanceat a surface

The surfaceenepy dissipationdake placein (usuallythin) layerscloseto the surfaces.The
widths of theselayers,asgivenby MorseandIngard [1968,Ch. 6.4] are

2K N 2.4mm

d, = = , (2.24)
"\ powC T \/THZ

for thermallossesand
o = [ K 220 (2.25)

Pow  \/T[HZ’

for viscouslosses.Here i is the coeficient of viscosityof air, k is the thermalconducti-
ity of air, andG; is the heatcapacityof air at constantpressure.At 100Hz, d,, andd, are
approximately0.24and0.22mm, respectiely. The valuesof d, andd, representhe mini-
mumdistancerom a surfacewherethermalandviscousmodescanbe consideredegligible
comparedo the propagationaimode.

The thermalenengy dissipationper unit surfaceareais proportionalto the squaredpres-
sureatthesurface:

y—1 2
P~ 2003 wd, [P, (2.26)
where p is the soundpressureat the surface. SeeFig. 2.5. The surfaceis assumedo have
high thermalconductvity comparedo thatof air, sothe compressibilityis isothermalat the
surface. Theviscousenegy dissipationperunit surfaceareais proportionatlto the squareof
u, thevelocity componentangentiako the surfacejust outsidethe viscoushoundarylayer:

1
Ry~ 5 powdy |uf? (2.27)

It is assumedhatthe wavelengthA is muchgreaterthand, andd,, andthatthe surfaceis
infinite andplane.Theenepy lossat a surfacecanalsobe expresse@sacoustiaesistances.
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By theelectricalanalogythethermalresistancef a surfaceAS, overwhichthe pressurep is
assumedonstantjs

y—1 -

00
andtheviscousresistanc®f asurfaceASis

1 1
R, = mpowd\,|u|2AS: m,fzup_om lu]2As, (2.29)

whereU is thevolumeflow rateby the surface.For mostapplicationsthermalenegy lossis
negligible comparedo viscousloss[Ingard, 1953;Stinsonand Shaw 1985]. The equivalent
electricalcircuit hasa large thermalresistancen parallelwith a smallerviscousresistance.
Thetotal resistancés mainly determinedy thelatter.

2.2.2 Viscousresistancdan resonatorneck

In Helmholtzresonatorsthe main partof the enegy dissipationtakesplacenearandinside
the necks,wherethe velocity is highest. The amountof enegy dissipationdependsn the
velocity profilein andaroundtheresonatoneck.Becauséhisvelocity profile canbedifficult
or impossibleto calculateanalyticallyevenfor quite “normal” geometriesthe predictionof
dissipationis nottrivial. Underthe assumptiorof large radiusof curvaturecomparedo the
viscousboundarylayerthicknesgi. e. no sharpedges)ynduniform flow in the neck,Ingard
[1953] found analyticallythatthe combinedacousticresistancef a circular hole of radiusr
andthe panelsurfaceswasgivenby

1 1
R= m,/ZupoouF(I +r) (2.30)

Thelatterr in theparentheseepresentthe enegy dissipationatthe panelsurfacesandcan
beconsideredo bethetotal resistve endcorrectionto thenecklengthl. Ingard'sexperimen-
tal resultsindicatedthatthe endcorrectionshouldratherbe 2r insteadof r, thus

1 1
R= m,/ZupoouF(I +2r) (2.31)
This was of coursedueto the fact that the velocity flow is not uniform, and sharpedges
exist. Thereforehigh viscousenegy dissipationtakes placenearthe sharpedges. Ingard
confirmedthe validity of Eq. (2.31)for a numberof sampleswith openingdarge compared
to theboundarylayer Fromthe above equationtheresistve endcorrectionis

2 2
Rend= m\/Zupowz mpowdv (232)

An expressiorfor theslittedpanelcasemayalsobeobtained KristiansenandVigran, 1994].
Written as acousticresistanceand assumingunit length slits of width w, it is completely
analogoudo Eq. (2.31):

1 1
Rs= V—v~/2upowv—v(l +2w) (2.33)
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2.3 Impedanceof cylindrical and slit-shapedopenings

2.3.1 Linear domain, independentperforations

Ingard's expressiondor R arebasedn theresistancef flow over aninfinite, planesurface,
Eqg. (2.29). It assumeshatthe tangentialvelocity u is calculatedfrom the wave equation,
neglectingthe effect of viscosity Whenthe dimensionof the openingis comparabldo the
thicknessof the boundarylayers,the precedingequationsareno longervalid. Viscous(and
sometimeghermal)effectsmustthenbeincorporatednto the equationof motion.

Assumingthatthe gasis incompressiblé] - u = 0), thelinearizedNavier-Stokescanbe
written as

~Op=jwpeu— u?u (2.34)

For simple geometrieghis equationcanbe usedto find an effective, complex density p 4.

The imaginarypart of this densityis relatedto the viscousenegy loss. A summaryof the
derivation, for the two geometriesircularcylindrical tube andinfinite slit, is presentedy

Allard [1993,Ch. 4]. The procedurds basedon original work by Kirchoff andlater simpli-

ficationsby Zwikker and Kosten[1949, Ch. 2]. Stinson[1991] validatedthe simplifications
for openingradii r in theverywiderangel0—>m < r < f=%2.10*ms=%/2, For axial flow in

z-directionin acircular, cylindrical tube,Newton'’s equationcanbewritten as

a . _
— a—g = WPV, (2.35)

wherev is the averagevelocity over thetubecross-sectionThenthe specificimpedancef a
circulartubecanbeapproximatedy [seee. g. Maa, 1987;Allard, 1993]

A 2 3 (x\/—_j)]_1

v

©

IR

- xV=1 3 (/) (239

HereAp is the pressuredrop acrossthe tubeof lengthl, J, is Bessels function of first kind
andith order, and

= jwpegl = jowpyl [1

WP, r
I & (2.37)

The parametex is proportionalto theratio of tuberadiusandviscousboundarylayerthick-
ness. This very importantparametehasin the literaturebeentermedshearwavenumber
acousticReynolds’ numberandperforate constanf Zwikker and Kosten 1949; Maa, 1998].
Justlike the Reynolds’ number x indicatestheimportanceof inertiaforcescomparedo vis-
cousforces.With the effective densityof a slit-shapedpening[Allard, 1993,Eq.4.23], the
equialentof Eq. (2.36)for slitsis

tanh(xsv/j) ] -
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Herethe parameteks is givenby

_ W /9P
=51, (2.39)

It shouldbe notedthatEqs.(2.36)and(2.38) arethe impedancef the tubeor slit only, and
doesnotincludeinductive or resistve endcorrections.

CraggsandHildebrandt[1984] usedthe Finite ElementMethod (FEM) to solve Navier-
Stokesequation Eq. (2.34)for one-directionakoundpropagatiorin tubesof variousshapes.
In this caseonly the axial velocity componenheeddo beconsidered:

op . 0°v 0%
_d_Fz) =jwpyv— U (W-’_d_yz) (2.40)
The pressuravasassumedo be a functionof z only, while thevelocity v wasassumedo be
independendf z. Equation(2.40)wassolvedfor somesimplecross-sectioshapese. g. slit,
rectanglecircle andtriangle. The authorsstatedthat the value of the perforationconstant
X, EQ. (2.37),determinehow waves propagaten the tube. For low valuesof x, i. e. X < 2,
the flow is dominatedby viscouseffects, this is termedPoiseuille flow. For high x ~ 10
and above, inertia forcesdominate. This is termedHelmholtzconditions The numerical
resultsconfirmsthis separationinto differentflow regimes. Poiseuilleflow hasa parabolic
velocity profile. For high x, the velocity profile hasa low, flat partat the centerof the tube,
andhigh peaksnearthe edge. This appliesto circularaswell asrectangulamandtriangular
cross-sectiorshapes.With the velocity v averagedover the tube cross-sectionCraggsand
Hildebrandtwrote Newton’s equationin theform

—% = jWPeV+ OV (2.41)
Note that the effective density p. andthe effective flow resistvity g arereal quantities,as
opposedo the complex p¢ in Eq. (2.35) above. CraggsandHildebrandtpresentedalcu-
lations of the dimensionleswariablespe/p, and 0er?/ 1 asfunctionsof x. The hydraulic
radiusr, definedastwice the cross-sectiomreadivided by the perimeteris usedin the defi-
nition of x. The densityratio wasshawn to decreasevith increasingx, from valuesl.2 (slit),
1.33(circle) and1.44(triangle)atx = 0, to acommonvalue1.15for all cross-sectioshapes
whenx > 10. Theresistvity ratio wasfoundto be constanfor smallx, with extremevalues
6.5 (triangle)and 12 (slit). For largex, the resistvity ratio is proportionalto x [Craggsand
Hildebrandt, 1986].

2.3.2 Effect of nonlinearity at high soundpressue levels

Thegeometriego be presentedn Chs.3 and4 arerelatively complex, andnonlineareffects
have notbeenincludedin themodelsdescribedn thesechaptersHowever, it shouldbenoted
how nonlinearityaffectstheimpedanceof a perforatecbanelabsorberThe nonlinearterms,
which have beendiscardedn thebasicequationsabove, becomesignificantwhenthedriving
soundpressureeaches certainvalue. The exactvalueis dependenbn the geometry For
atypical microperforateganels,nonlinearitybecomesignificantfor soundpressurdevels
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above 120dB, correspondingdo a particlevelocity 2.5m/s in the perforationdMaa, 1987].
Ingard [1953] and Ingard and Ising [1967] reportedmeasurementsn nonlinearresistance
andreactancef circularopenings.Theresultsof thelatterauthorsndicatethatthenonlinear
effectsbecomesignificantfor particlevelocitiesaroundsm/s. Theseandmary otherresults
andtheorieswerereviewedby Melling [1973]. Someof theresultsarepresentedhere.

The most importantobsenation is that, for particle velocity v above somethreshold
level, the soundpressurdn the openingis proportionalto the squaredvelocity, p O pov2
(Bernoulli'sequation).Theopeningresistanceat high soundpressurdevel is then,according
to Ingard andIsing [1967],

Ry~ PV (2.42)

andis independenbf frequeny for frequenciesvherethe absolutevalue of the reactance
is lessthanR,. For high soundpressurdevels, the nonlinearresistancegiven above is the
dominatingpartof the systemresistanceandthe viscouslossesn andnearthe openingcan
be neglected.The experimentsof Ingard [1953] indicateda dependeng of v/ insteadof v,
while Melling [1973] from ananalyticalapproachderivedthe nonlinearresistance

4p,
Ry~ ﬁ\é (2.43)

i. e. with a coeficientroughlyhalf of the oneusedin Eq. (2.42).

The nonlinearreactancef the openingseemso be difficult to determine. It hasbeen
foundto decreasevhenthe soundpressurdevel increases.Ingard [1953] andIngard and
Ising [1967] reportedthe decreaséo be’5/8 and1/2 of thelinearvalue, pyw (I 4 &), With
Jt givenby Eq. (2.13). The decreasés causeddy the formationof turbulenceat the “out-
flow” apertureof the opening. The kinetic enegy in the turbulentflow doesnot contribute
to thereactanceandis dissipated.Accordingto Ingard [1953], the decreasén reactances
relatedto theincreasen resistancesdescribedbove.

2.3.3 Effect of interaction betweenperforations

The modelspresentedn the precedingsections,with two exceptions(the end corrections
in Eq. (2.15)andEqg. (2.22)),assumeshat thereis only one Helmholtz resonatoropening,
or, equivalently, that the areaS of the openingsof a perforatedpanelis very much larger
than cavity cross-sectiorareaA associatedvith eachopening. For somegeometriesthis
assumptioimaynotbevalid. In thesecasestheairflow throughtheopeningsareperturbated
by theairflow of theneighboringopenings Melling [1973]summarizedheeffectsasfollows.
The reactve endcorrectionis larger, by a factorof /2, for two separatéolesthanfor
oneholewith areaequalto the sumof thetwo separatéoles. Thereactve andresistve end
correctiongdecreasavhenperforationsareplacedcloserto eachother Fig. 2.6 shavsaphys-
ical pictureof the situation.With referencedo calculationdy V. A. Fok [seee. g. Rsdevkin,
1963,Ch.VII] for acircularopeningin acirculartube,Melling presented function

1

ek (6) = (L +ae+ae?+---)" (2.44)
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Figure 2.6: The effect of interaction on the resistiveand reactiveend corrections. a) Two
holesplacedcloseto eac otherhavea commorattachedmass.Theattachedmassper hole
is lessthanfor a singlehole b) Two holesplacedcloseto eat otherhaveairflow in phase
Theshearregionis reducedr lost. Figure from[Melling, 1973,Fig. 5].

Thefirst polynomialcoeficientsare:

a, = —1.4092 a, =0,
a, = 0.3381 a,=0,

8 8 * (2.45)
a; = 0.06793 a, = —0.02287,
a, =0.03015 ag = —0.01641

Accordingto Rschekin, ¢, canbe usedto correctthe (reactve) end correctionsof an
openingin a partitionin a tubewhenthe openingareaS is not very small comparedo the
cavity cross-sectiomreaA. Fok’s functionis unity for € = \/S/A= 0, i. e. for asmallhole
or aninfinite partition. The functionincreasesharplywhene increasesThe function (i,
is usedby Melling to correctthetotal endcorrectionfor the caseof severalinteractingholes
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Figure 2.7: Comparisonof two correctionfactors for the classicend correction §,. Total
correctedend correctionas function of y = 2r /b, wheee r is the perforation radiusand b
is the distancebetweerperforations. —, Correctionby Ingard, 6 = &, (1— 1.25y); =,
Correctionby Melling, & = &,/ Wry, (yv/7/2). Compae Melling’s curvewith Fig. 2.2.

in apanelwith perforationd® (comparewith Eq. (2.36)):

L _ iwp, [|+ 25, Hl 2 Jl(X\/fj)‘|—l

=2 | (@) |1/ 3 ) (2.48)

NotethatMelling usedtwo differentvaluesfor theviscosity;onefor air nearathermallycon-
ductingsurface(usedinsidethe opening),andonefor a non-thermallyconductingmedium
(usedfor theendcorrection).For simplicity, thelatterviscosityis usedin Eq. (2.46)for both
cases.Also notethatthe total (reactve) endcorrectionlengthfrom Eq. (2.13),24, ~ 1.7r,
is hereusedasa correctionfor boththe reactive andtheresistive partof theimpedanceThe
differencebetweerthis andingard'svalue?2r in Eqg.(2.31)seemso beinsignificant.

It is quite interestingto notethat, althoughnot statedoy Melling, the resultof applying
Yrok (€) asa correctiondueto hole interaction,asdoneabove, is practically equivalentto
usinglngard'sinnerendcorrection,Eq. (2.15)for bothaperture®f the holesin a perforated
panel.With & written asa functionof y = 2r /b, whereb is the perforationdistance,

e=yYT (2.47)
2
thetwo correctionscanbe comparedasis doneis Fig. 2.7. The similarity of Fok’s function

andIngard's calculationsof g, is alsoevidentin thebookby Rstevkin[1963].
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The abose summaryis valid for circular openings.Thetotal reactive endcorrectionfor
slits, ds0r in EQ. (2.22), explicitly includesthe slit distanceb, andaccountsor the interac-
tion betweertheslits. As notedby Smithsand Kosten[1951]: “...thedomainof appreciable
kinetic enepy is certainlynot negligible in comparisorwith the wavelength”. Theendcor-
rection s decreasewhenb decreasessit shouldaccordingto thediscussiorabove.

2.4 Developmentsin panelabsorbergeometries

It wasmentioneckarlierthatporousmaterialsor resistve layershave traditionallybeenadded
to Helmholtzresonatorso increaseheabsorptiorbandwidth.Anotherapproachs to couple
more resonatorsn series,so that the outer neck apertureof the secondresonatotis in the
backwall of the first resonatorcavity, andsoon. The“cost” of this solutionis anincreased
total depth. In aneffort to reducethe volumeandthe needfor extra materials variousalter
native geometrierave beenproposedall of which try to exploit theinherentviscouslosses
optimally. Two cateyoriesarepresentedn this section.Thefirst is the useof non-traditional
shapeandsizeof theopeningandcavity of theresonatarTheseconds thecombinationland
interaction)of Helmholtzresonancevith theresonancesf platesor foils. Thefirst category
includesthe conceptgo bediscussedn Chs.3 and4.

2.4.1 Non-traditional aperture geometries

Many authorshave investigatedhe effect of alternatve shapesand sizesof the resonator
neckandcavities. Variationsin cavity shapemayhave significantinfluenceontheresonance
frequeng, asdiscussedn Sec.2.1, but may also give high enegy lossesin somespecial
casesAn exampleof thelatteris the “prefractal” cavities discussedn anarticle by Sapwal
et al. [1997]. On the otherhand,variationsin neck shapeand size may have a significant
effecton bothresonancéequengy andabsorptiorbandwidth.

Helmholtz resonatorswith slotted neck plates

In light of thework to be presentedn Ch. 4, the mostinterestingnon-traditionalgeometry
is the onepresentedy Mecdel [1994c]. It is a laterally slotted,distributed Helmholtzres-
onator which consistsof two plateswith slit-shapedoerforations placedin front of a hard
wall. SeeFig. 2.8. The platesare separatedby a smalldistancea slot In contrastto the
conceptgliscussedn detailin Ch. 4, the perforationdn thefront plateareplaceddirectly in
front of therearplateperforations.Thelateral“side branches’of the neckaddan additional
impedanceo the system. Becausehe slot is usually thin, the addedimpedancés mainly
capacitve in the frequeng rangeof interest. Mechelobsened that this addedcapacitance
shiftedthe Helmholtzresonancé¢o higherfrequeng relative to an ordinaryHelmholtzres-
onatorwithout the slot. He alsoidentifiedtwo extra resonancedn additionto this shifted
Helmholtzresonanceandthe A /4-resonancef the backcavity:

— Themass-spring-maggsonancef the massesn the necksandthe springof theslot

— The spring-mass-springesonancef the springsin the slot and back cavity andthe
massof theinnerneck.
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Figure 2.8: Helmholtzresonatos with slottedned plates. Thetwo variants are approxi-
matelyequivalentversions.Figure adaptedfrom[Mechel 1994c,Fig. 1].

Becauseéhe slot hasa high impedancecomparedo the neck it is only weakly excited. To
increasethedriving-fieldimpedanceMechelsuggestedhata freely floating, limp, resistve
foil couldbe putinto theslot. Thiswill have two effects: Firstly, it will increasehe overall
systenresistanceSecondlyit will increaseheimpedancen the neckto alevel comparable
to the slotimpedanceso thatthe flow in the slot increases.Both effectswill increasethe
enepy dissipation,and thereforethe absorptionbandwidth. The addedmassreducesthe
resonancdrequeng. Mechelalso notedthat oblique soundincidence,or an asymmetric
partitioning of the slot, resultin a splitting of the first of the extra resonancefisted above.
The split resonancearecloseto eachother, sothe effectis abroadeningf theresonance.

Micr operforated panels

Microperforatedpanels(MPPs) are increasinglyusedfor reverberationcontrol. It is also
the basisfor the conceptdiscussedn Ch. 3. As the nameimplies, MPPs are panelsof
arbitrary materialwith perforationsof very small dimensions. The perforationdiameteris
typically lessthana millimeter, exceptfor very low frequeng absorbergLeeand Swenson
[1992] used20mm thick panelswith perforationsof diameter2mm for absorptionaround
50-60Hz). Perforationsof smallradius,approachinghe viscousboundarylayerthickness,
have velocity profiles quite differentfrom thoseof “normal” perforations,asdescribedoy
CraggsandHildebrandt[1984] (seepagel4). Thisreducedadiussignificantlyincreaseshe
viscousenegy lossesn the perforationdMorseandIngard, 1968,Ch. 6.4].
Basedon Crandalls simplificationsof Eq. (2.36)for high andlow valuesof x,
8ul -4 .
_ { L +j3wp if x<1 2.48)

/2PH® L +jwpy) (1+%,/p20—“w) if x> 10,

Maa [1987] hasdevelopedan expressiorfor theimpedancef the openingdor intermediate
valuesof x (Thevalueof xis 2.3for f = 200Hz andperforationdiameter2r = 0.5mm). By
addingthe classicinductive endcorrection,Eq. (2.13)andIngard’s resistive endcorrection,
Eq. (2.32),Maaobtainedan expressiorfor the specific,relative resistancendinductanceof
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thepanel:

z
-2 —f+iw 2.49
¢ 7o - 2tiex, (2.49)
wherez, = p,C, is thecharacteristitmpedancef air, @ is the panelperforationpercentage,
andtherelative resistancé andinductancey is givenby

_ 8ul X2 Xr
6= <7¢Pocor2> (,/1+3—2+\f21 (2.50)

and

wl 1 16r
wx = (—) 1+ ——+ — (2.51)
dc ( /9_’_%)(2 377)

Note that Maa’s equationfor 8 hadan error. Equation(2.50) is equivalentto an expres-
sion givenin a later paperby Fuchsand Zha[1995]. Also notethat Ingard’s resistve end
correctionis usedin Eg. (2.50), despitethe fact that it was only experimentallyvalidated
for relatively large openinggIngard, 1953],i. e. for Helmholtzconditions x > 10. Melling
[1973] arguedthatIngard’s endcorrectionshouldgenerallybe valid, alsofor x < 1. Thisis
becausehe openinglengthl is anindependentariablebothin thegenerakxpressiorfor the
impedanceEq. (2.36),andin the Crandalls approximatesxpressionsgqg. (2.48). Maadid
notincludeary correctionof the endcorrectionsdueto holeinteraction.For typical dimen-
sionsof MPPs,e.g. 2r = 0.5mmandb = 5mm, thevalueof ), is 1.14,thusthe effect of
holeinteractionneednot beincluded.

Theideal absorbehas8 = 1 (specificresistancef openingequalscharacteristicgesis-
tanceof air) and 8/ wy > 1 (smallinductanceof opening)[Maa, 1987]. The resistanceo
reactanceatio increasegor smallerr and f. Althoughthereis alower practicallimit onr,
restrictingthe sizeof this ratio, microperforategpanelscanachieve a relatively high absorp-
tion bandwidth,typically two octaves. In a later paper Maa [1998] shoved that for x less
thanabout1, the bandwidthis mainly determinedby 6, andis practicallyindependenof x.
SeeFig. 2.9. Largervaluesof 8 giveshigh bandwidth.For large x, the oppositeis true; the
bandwidthdeceasesvhen 6 increases.The maximumabsorptioncoeficient, ay, is given
by therelative resistanceas

y_ 48
07 (14 0)?

(2.52)

The MPPshave also beencombinedin multiple layer configurations. Eachsegment,
consistingpof oneMPPandanair layer, is equivalentto anelectricalcircuit segmentconsisting
of aresistanceaninductanceanda parallelcapacitancéKanget al., 1998]. Although an
increasein the total depthof the panelabsorberis inevitable, optimal configurationswill
broadenthe absorptionbandwidthsignificantlycomparedo a singlelayer. Zhangand Gu
[1998] shaved that the resonancend anti-resonancérequencief a two-layer MPP did
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Figure 2.9: Half-absorptionbandwidthof MPP as a function of perforate constantx for
several valuesof the relative specificresistanced, as calculatedby Maa. Figure adapted
from[Maa 1998, Fig. 4].

not changesignificantlywhenthe resistanceof rearlayerwasassumedero. Basedon this
assumptionan analyticalexpressiorfor the resonancérequenciesvasdeveloped,andwas
shawvn to agreewith experimentakesults.

If the MPPsarethin, plate vibration may influencethe absorptioncharacteristic§see
e.g. Ke etal., 1998; Zhou et al., 1998]. The effect of the plate vibration is equivalentto
addingan impedancen parallelto the resistanceand inductanceof the perforation[Kang
etal., 1998]. Thisimpedanceonsistsof aninductancegiven by the surfacedensityof the
plate, and a resistancegiven by the enegy lossescausedoy the vibration. The vibration
of MPPsis driven by the pressureifferenceover the plate. Tanakaand Takahashi[1999]
shaved that for large perforationsthe vibrationshave little influence. On the otherhand,
smallperforationggiveshigh flow resistvity in theholesandlargepressuralifferenceacross
the plate. This significantlyinfluenceshe MPP absorption.The absorptionpeakis shifted
to lower frequeng for increasedmassdensityof the plate. Zhouet al. [1998] notedthat
vibrationmodeswith frequenciedbelow the Helmholtzresonancef the absorbehave little
influenceon the absorptioncharacteristicsOn the otherhand, highervibration modesmay
or may not have their frequenciesshifted to higherfrequenciesdependingon whetherthe
impedanceof the plateis comparablgo the impedanceof the perforationsor if it is much
smallerthanthe perforationimpedance.

In additionto metal,the microperforategpanelsmay alsobe madeof othermaterials.A
recentdevelopments the MICROSORBERR) conceptwhich is atransparentthin (approx.
0.2mm), microperforatedoil madeof plasticdik e polyethyleneor polyester Theperforation
radii canbe assmallas0.2mm. Multiple foils canbe combinedto increasethe absorption
bandwidth.Figures2.10and2.11shavs measuremergndsimulationsof absorbeconsisting
of oneandtwo layersof suchthin foils, respectiely.
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Figure2.10: Calculatedand measued (in reverbeation chamber)absorptioncoeficient of
microperforatedfoil, 0.1 mmthick, andwith perforationsof diameter0.2mm andwith 2mm
sepaation. Thedistanceto thebad wall is 100mm. Figure from[Fuchsetal., 1999,Bild 4].
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Figure2.11: Calculatedand measued (in reverbesation chamber)absorptioncoeficient of
a two-layermicroperforatedfoil. All foil parametes are asin Fig. 2.10. Front foil placed
30mmin frontof rearfoil. Figure adaptedrom[Fuchsetal., 1999,Bild 5].
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Figure2.12: Geometryof absorberconceptdescribedby Frommholdetal. [1994] and Ack-
ermannetal. [1988]. Helmholtzresonatos covered by protectingplate 1, Frame;2, cavity
walls; 3, flexible, perforatedplate; 4, cover plate; 5, supportplate Figure from[Frommhold
etal., 1994,Fig. 1].

2.4.2 Helmholtz resonatorscovered by platesor foils

Severalauthorshave investigatedhe characteristicsf traditionalHelmholtzresonatorgov-
eredby foils or plates. This hastwo implications: Firstly, additionalresonanceareadded
to the system,and may interactwith the Helmholtzresonance Secondlythe smoothfront
surfacemayfunctionasa protectionin harshervironmentswhichis oftendesirable.
Ackermannet al. [1988] presentedn absorbesuitedfor roughenvironmentse. g. asa
silencer The absorberconsistsof several Helmholtzresonatorsith a flexible, perforated
plateastop cover, whichin turnis coveredandsealedy a smooth protecting“membrane”.
Mechel pointed out later that the correctterm shouldbe foil, becausehereis no tensile
stressesnvolved [Mechel, 1994a]. The cover platesare alsoso thin that bendingstiffness
canbeincludedin aneffective massdensityof alimp foil, for frequenciedelow thecritical
frequeng of the plates.Figure2.12 shavs the absorbeiconcept.The outercover platemay
beseparatedrom the perforatecblatewith athin foamring. Theinnerandoutercover plates
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Figure2.13: Helmholtzresonatorcovered by a limp foil (thefoil is showndotted).Medhel's
article discussessymmetricabir gapsbetweerthefoil andtheslittedresonatomed plate,
therefore the widths of the gapsneednot be equal. Figure adaptedfrom [Meche| 19944,
Fig. 1].

aretypically afew tenthsof amillimeterthick, while theopeningof theHelmholtzresonator
arein the orderof oneor two centimetersThe numberof differentdimensionsaandmaterial
parametergesultsin arelatively complicatecabsorber

A detailedexaminationof the absorbemaspresentedater by Frommholdet al. [1994].
The absorberconceptcannotbe describedy simplelumpedelementdbecausef theinter
actionbetweerthe involved mechanismsFrommholdet al. identifiedtwo main absorption
peaks.Thefirst is dueto the ordinaryHelmholtzresonanc®f the cavities coveredwith the
perforatedplate. This resonancérequeng is shiftedto lower frequenciesvhenthe massof
theoutercover plateis added.Thesecondpeakis relatedto the mainresonancef the perfo-
ratedplate. Thecover plateis shavn to be essentiafor the quality of theabsorberThe cover
risesthe maximumabsorptiorof the plateresonancéom 0.5to about0.8. Frommholdetal.
proposedseveral explanationsor the effect of the cover plate: Firstly, viscouslossesn the
thin air layer betweenthe cover plateandthe perforatedplateareintroduced.Secondlyen-
ergy maydissipatdn thefoamsupport. Thirdly, viscouslossesattheedgeof theperforations
increasebecausehe perforationscannotradiateinto openhalf-spacethevibratingair hasto
enterthe smallgapbetweerthe plates.Thelattereffectis frequeny dependenthecausehe
relative velocity of theair andthe platehasa maximumat resonancérequencies.

Mecdhel[1994a]investigatech comparableoncepty athoroughanalysisa slittedpanel
absorbercoveredby alimp foil, asshavn in Fig. 2.13. His conclusioris thatthefoil covered
resonatorsireinferior to the slottedneckplatesdiscussednh Sec.2.4.1,despiteheadwantage
of asmoothoutersurface.Amongthedisadwantagedistedare:

— Fewer excitableresonances
— Outercovervulnerableto mechanicabttacks

— Gapwidth difficult to control



Chapter 3

Micr operforated panelswith
horn-shapedorifices

This chapterdescribesthe investigationof a specialconceptfor panelabsorbers;Panels
with horn-shapeapeningsasshowvn in Fig. 3.1. The inner part of eachhorn hasdimen-
sionsapproximatelyequivalentto traditionalmicroperforateghanel MPPs),asdescribedn
Sec.2.4.1. Theconceptcalledmicrohorn wasthoughtto have the following virtues:

— Theincomingwave is offereda betterimpedancanatchthanwith normalMPPs
— Thelargersurfaceareaof the openingincreaseshe systenresistance
— Theincreasegbarticlevelocityin theinnerpartof thehornalsoincreasesheresistance

The microhornconcepthasbeenmodelledby threedifferentmethodsnoneof which were
completelysatishctory Becauseof this, no reliable estimateof an optimal geometrycould
be made.Only onegeometrywasexperimentallytested.
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Figure3.1: Frontview and cross-sectiomf microhorn panelabsorber
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Figure3.2: Thegeometryof a typical microhorn. For the outer part of thehorn,i. e.zin the
range 0—h, the shapeis givenby thefunctionr(z). Theinner part of thehornis an ordinary
cylindrical tubeof lengthl. For the Integration Method,Sec.3.1.1,the outer part is divided
into cylindrical shellsof lengthAz. The shellsare very short tubes,and the impedanceof
ead tubeis calculatedby Eq.(2.36). Theimpedancesf thetubesare addedto givethetotal
impedanceof the outerpart of thehorn.

3.1 Models

The impedanceof a cylindrical, circular openingor tube may be calculatedby the theory
presentedn Sec.2.3. However, the addition of the horn complicateghe calculation. The
following sectionspresenthreedifferentapproacheso the calculationof theimpedanceof
the horn-shapegbanelopenings.The first methodis a semi-analytionodel, calledthe Inte-
grationMethod(IM), whereaghe othertwo arethe numericFinite ElementMethod (FEM)
andFinite DifferenceMethod(FDM), respectiely.

Figure3.2shavsthecross-sectionf a singlemicrohorn.To make themodellingflexible
with regardto variationsin dimensionsthe hornis divided into two parts. The inner (rear)
partis anordinary cylindrical tube of lengthl andradiusr,,. The outer (front) parthasa
shapedescribedby the functionr(z), wherez is the distancefrom the front opening. The
front openinghasradiusr,. Thelengthof the outerpartis h. Thearbitraryfunctionr(z) is
only subjectto theconstraints (0) = r, andr (h) =r,,. Themicrohornpanelabsorbeconsists
of arectangulagrid of microhornswherethe centerto centerdistancebetweerthe hornsis
b, asillustratedin Fig. 3.1. The panelis placedadistanced in front of a hardwall.
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3.1.1 Integration Method

A simplemodelof themicrohornabsorbeuseshe simplified Kirchoff modelfor cylindrical
perforationsEq. (2.36). For the calculationof the acousticimpedanceof the outer part of
the horn (z < h in Fig. 3.2), this partof the hornis dividedinto M shortcylindrical shells,
analogoudo a methodusedby Pfretzstiner et al. [1999]. Thus, eachshellis a circular
cylindrical tubeof lengthAz= h/M. The acoustidmpedancef eachof theseshorttubesis
thenadded andtheresultis thetotal acoustidmpedancef the outerhorn:

_ < jwpyhz 2 3 (mv/=i) N
ZOUter_nZ]_ m—rzn [1_Xmﬁ Jo (Xm\/__j) (31)

Heretheradiusof shellmis fm = 3 (r,,_; + 'm), whererm = r (mAz). Theperforateconstant
Xm IS givenby Eq. (2.37)with r = rn. Theacoustiampedancef theinnerpartof thehornis

_wpgl [, 2 J; (/=) -
inner 7-l-r2 X\/__J \]O (X\/__J)

h
Herer =r, is usedin the expressionfor x. At both endsof the microhorn,inductive and
resistve endcorrectionsareincluded.Equationg2.12)and(2.32)give

Z

(3.2)

1/ 8r
Zendouter = Fg (J wpo??[ + ZHPow> (3.3)
and

1/ 8r
Zend,inner= Fﬁ (J‘*’Pogz + 2“p0w> (3.4)

Notethattheendcorrectionof Eq. (2.32)is thetotal resistive endcorrection(bothapertures).

This hasbeensplit in two partshere. The acousticimpedanceof the air layer betweenthe
panelandthewall is [Allard, 1993,Eq.2.21]

. Za
Zyi=—i 02 cotkd, (3.5)
wherez, = p,C, is the characteristiempedanceof air. For smallcavity depthskd < 1, the
impedanceZ,;, equalsthe capacitve partof Eq. (2.10),andis inverselyproportionalto the
cavity volumeV = b?d. Thisis thereasorthatd in Fig. 3.1is measuredrom the backof the
plate,andnot from the rearapertureof the microhorns.The total acoustidmpedanceof the

microhornabsorbeis the sumof theabove impedances,

th = Zair + Zend,inner+ Zinner+ Zouter+ Zenqoutep (3-6)
andthe absorptiorcoeficient of the panelis [MorseandIngard, 1968,Ch. 6.3]

2
thbz )

a=1-|Smh- =2
Zonb? + 2

(3.7)
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The modeldescribedabove introducestwo sourcesof error. Firstly, the discretization
of the curved surfaceinto a seriesof short,cylindrical tubesintroducesan error. This error
canbereducedby increasingM. The modelrequiredlittle computingpower comparedo a
numericalmethod(e. g. FDM), thusM canbe madevery large. The seconderroris related
to the velocity field in the microhorn. For large M, the velocity field in eachshorttubem
in therange2...M — 1 is approximatelyequivalentto the velocity field in the neighboring
tubes,sothereis no significanterror causedy the discontinuitiesof the horn cross-section.
Also, Eq. (2.36)seemsvalid for infinitesimalshorttubes. However, the velocity field in the
hornis not axial, asassumedn the developmentof Eq. (2.36), but hasa significantradial
componentThe errorcausedy this cannotbe eliminatedby increasingM, andcanonly be
ignoredfor long, narron horns.ConsequentlytheIntegrationMethodcanonly beconsidered
asafirst approximation.

3.1.2 Finite ElementMethod

The Finite ElementMethodis hereappliedto the entirelengthof the microhorn. The com-
puterprogramthatis used,FEMAK, doesnot have a specialelementype for viscoussound
propagatiornin air [Johanseretal., 1996]. Instead anequivalentfluid typeelementdesigned
for soundpropagatiorin porousmaterialswith rigid frame,is used.Two versionsof this el-
ementexist; onewhich usesa slightly correctedversionof amodelby Craggs[1978,1986],
andanothemwhich useghe Johnson-Allardnodel[Allard, 1993,Ch.5]. Theformer, simpler
version,which is usedhere,is basedon theoryby Zwikker and Kosten[1949]. Adiabatic
compressions assumedso thermallossesareexcluded. The correctiongto Craggs’model
concerrtheeffective densityandthe continuity of the volumevelocity. Theviscouslossesn
the porousmaterialareincludedin the complex densityof the equivalentfluid.

Using the equivalentfluid modelto describeflow througha porousmaterial,Newton’s
equationandthe massconserationequationcanbewritten [Johanseretal., 1996]

ook

—Op= (J—wfo" S+o>u (3.8)
jwgp

Ou=-——2% , 3.9
pocgp (3.9)

whereg is porosity o is flow resistvity, andks is thestructurefactor Thesearecharacteristic
parameter®f the porousmaterial. The velocity u canbe eliminatedby the combinationof
the equationsWith the obviousassumptiorof ¢ = 1 andks = 1 for theair in themicrohorn,
theresultis the Helmholtzequation,

?p+Kkp=0, (3.10)
wherethe comple&, squaredvave numberis
, W jwo  w? jo
Ki=2-~"92==2\1 74

G P% % Pow

Eliminating velocity from the linearizedNavier-Stokes equation(Eq. (2.34)) and the mass
consenration equation(Eq. (3.9) with ¢ = 1) alsoresultsin the Helmholtz equation. The

(3.11)
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squaredvave numberfor soundpropagatiorin viscousfluid is thenwritten as

> L
B=2 (1+ %) (3.12)
% PoC%

Becausek; andk, arecharacteristiparametersor the sameviscousflow, describedoy the
Helmholtz equation,they canbe equated. Thus, the flow resistvity can be relatedto the
viscosityby
w? 1 w?
a:ug-mz r (3.13)
PoCo
For audiblefrequenciesthe absolutevalueof theratio in the denominatois equalto or less
than1.5- 10~°. Hencethe approximationintroducesno significanterrors. For f = 200Hz,
the equivalentflow resistiity o ~ 2.44-10~4Pas/m?. Comparedwith the flow resistvity
of typical porousmaterialslike rock wool, which is in the order of 10kPas/m?, the flow
resistivity by Eq. (3.13)is very small.

The implementatiorof the equivalentfluid elementin FEMAK doesnot handleimpe-
dancesor sourcesat the edgeof the element. Therefore,it is requiredto add a layer of
ordinary fluid elementsat the inner and outer end of the microhorn. The elementsat the
outeropeningaredefinedto seeanincomingplanewave with amplitudel Pa parallelto the
horn axis. Theseelementsalsofacea specificimpedancesqualto z,. The elementsat the
inner openingfacethe specificimpedanceof the air layer betweenthe panelandthe wall,
with the additionof theinnerendcorrectionrr? - Zenginner 1 hethicknessof theair layeris
adjustedto compensatédor the thicknessof the extra layer of elements.FEMAK supports
axial symmetry soonly half of thecross-sectiotin Fig. 3.2is includedin themodel.

Theoutputof the FEMAK simulationss the complex pressureateachnode.To calculate
the specificimpedanceat a node facing the incoming wave, the axial velocity acrossthe
correspondinglementmis neededBy Eq.(3.8),with ¢ = 0 = ks ando = 0, thevelocityis

1 0Jp 1 Pm2—Pms
Up=—— - — =~ .

jopy 0z jwp, Dz

: (3.14)

if the microhornaxisis in the z direction. Here, Az, is the axial length of elementm, and
Pm1 andpy,, arethepressuresitthefront andrearsideof the element.The averagespecific
impedance,,, atthefront microhornopeningis thencalculatedasthe averageof thespecific
impedancetthefront nodeof eachelement,

N

m=1 Um °N £ Pm2 = Pma

Zn = Pt pz, (3.15)

Zl-

whereN is the numberof elementghatseegheincomingwave. The acoustidmpedancef
themicrohornpanelabsorbeis then,with theadditionof the outerendcorrection,

Zmh
Zon = Fg + Zend,outer7 (3.16)
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andtheabsorptiorcoeficientfor the panelis calculatedoy Eq. (3.7) asbefore.

Unfortunately the resultsin Sec.3.3.1lindicatethat FEMAK cannothandlethe porous
materialelementtype whenusedlik e this. The predictedabsorptioncoeficient of the res-
onatorsystemis predictedto be approximatelyzero. It seemghatthe equivalentfluid model
implementedn FEMAK is not suitedfor “porousmaterials"with suchlow flow resistvities
asusedhere.

3.1.3 Finite DifferenceMethod

Here theFinite DifferenceMethod[seee. g. ZienkiaviczandMorgan, 1983,Ch. 1] is applied
tothelinearNavier-Stokesequationq.(2.34),andthemassconserationequationq.(3.9)
(with @ = 1). With cylindrical coordinatesandassumingotationalsymmetryof the horn,
the velocity vectorcanbewritten asu (r,z) = u(r,2) f + v(r,2) 2, andthe pressureas p(r,z).
Theequationdo be solvedfor p, uandv, arethen[LandauandLifshitz, 1959,8 15]

i U+@— d_zu_i_d_zu_'_}@_i_ﬂ =0
19Po Hlor oz rart2) =

or
. ap 0>v 0> 1dv
JOJPOVWLE—N <W+ﬁ+FE) =0 (3.17)
jwp+pocé(@+a—v+9)=0
or 0dz r

The equationsaresolvedin the outerpartof thehorn,0 < z < h, asshavn in Fig. 3.3. The
specificimpedanceat z = h is aninput parameteto the FDM model. The outerpart of the
hornis dividedinto M axial stepsof lengthAz = h/M. Thus,thereareM + 1 rows of grid
points,in therangem= 0...M. Theshapeof thehornis givenby thearbitraryfunctionr (),
asbefore. Dueto the shapeof the horn, thetotal numberof grid pointsincreasesharplyas
thenumberof radialstepsattheinnerendof thetubeincreasesThenumberof radialstepsat
m= M, denoted_ (M), is thereforelimited by the availablecomputingresourcesTo ensure
thatno grid pointis “wasted”at the surfaceof the horn,wherethe particlevelocity is known
to beexactly zero,theradial steplengthAr is setequaltor, / [L (M) 4+ 0.05, sothatthe grid
point (M, L (M)) is closeto, but not exactly at, the surface. The numberof radial grid points
for row m, thatis L (m) + 1, is the neareshigherintegerto r (mAz) /Ar.

With the velocity at the grid point (I, m) written as U m=U nf +V Z andthepressure
asp m the boundaryconditionsof the FDM modelcanbe expressedsfollows:

— Symmetryatthe centralaxis (I = 0):

L‘IO,m =0 V—l,m = Vl,m

(3.18)
u—1,m = _ul,m p—l,m = pl,m

Notethesignchangeof theradialvelocity component.
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Figure 3.3: TheFinite DifferenceMethodwasusedto solveEgs.(3.17) for pressue p and
particle velocityu in the hatchedregion. Thegrid shownis not the actual grid used. The
specificimpedancet m= M is aninput parameterto the model.

— Constansoundpressurep? andaxial flow in front of outeropening(m < 0):

—n° —
p|’_1— p VI,—l_VI,O

(3.19)
U _,= 0

Equationg3.17)arelinear, thustheimpedancet ary pointis independentf p°. The
valueof p? is thereforearbitrary andis setto p® = 1.

— Constanspecificimpedance,, attheboundaryof theinnerpartof thehorn(m= M),
andaxial flow in theinnerpart(m > M):

Pim = 2uVim ViM+1 = Vim

(3.20)
Unppr=0 Pim+1 = Pim

Herez, = mr2 (Zair+ Zondinner Zmner), by Egs.(3.5),(3.4)and(3.2).
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Az

Figure 3.4: Grid pointscloseto the curvedsurfaceof the microhorn, that is pointswhee
n < 1or A <1, are excludedfrom normaltreatmentoy the Finite DifferenceMethod. The
pressue and velocity at thesespecial points are determinedby boundaryconditionsand
neighboringpoints,asdescribedby Egs.(3.22)and(3.23).

— Thehornsurfaceis hard,andthereis no slip of theviscousflow:

op

on =0 Ulsurtace= 0; (3.21)

surface
wheredp/dn is the derivative of the pressuren the directionof a vectorn normalto
thesurface.

Becauseof the curved surface,pointscloseto the surfacehave to be treatedspecially with
a proceduresummarizedy Crandall [1956]. Figure 3.4 shovs the geometry Points“close
to the surface” aredefinedaspoints(l,m) wherel > L(m+ 1) or| = L(m), i. e. grid points
which lacksneighboringgrid pointseitherbelow or to the right. The velocity andpressure
at suchpointsaredeterminedy the boundaryconditionsandthe valuesof the neighboring
points. Thepressuret (I, m) is givenby

_ { Plm1 El— tathmg +PymatanB, it B, < arctarkt

- . (3.22)
b 1—cotB ) + P_ymaCOB , if B, > arctangt,

)

pI—l,m

wheref, . is the anglebetweenthe z-axis andthe normalvectorn from the point (I,m) to
thesurface.Thevelocityat (I, m) is

Mom .
ﬁ%uum—l if L(m+1l)<I<L
if 1=L

U m= (3.23)

Nm
1+nmul—l,m
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For m= M, thevalueof A, , is undefinedsoonly thelatterexpressioris used.

Whenthe pressureandvelocity atall grid pointshave beendeterminedtheimpedancet
the front openingof the microhornis given by the averageof the specificimpedanceat grid
pointsatz = 0, with the additionof the outerendcorrectiongseeEq. (3.3)):

YOp

1
A = L (0)+ 4] 2y v T oo (824
Theabsorptiorcoeficient of the microhornpanelabsorbeis givenby Eq. (3.7).

The FDM modelis probablythe mostreliable of the three presentednodels,but the
usefulnesandaccuray is limited for thetypical microhorngeometriesn question.To model
the viscousflow in the inner part of the horn correctly the grid sizehasto be quite small.
Due to the shapeof the horns, the computationtime and memoryrequirementamakes it
incorvenientto investigateawide rangeof geometriesandpracticallyimpossibleto increase
thenumberof grid pointsto anoptimallevel.

The threemodelspresentechbove were primarily meantto give a qualitative descrip-
tion of differentmicrohorngeometriesandwere not expectedto be quantitatvely correct.
ThereforetheendcorrectionsZ,, _.andZ, ., werenotcorrecteddy Eq.(2.15)or Eq.(2.44).

nner

3.2 Measurementsand simulations

3.2.1 Measured dimensionsof samples
Micr ohorn paneldimensions

Dueto thelimitationsof themodelspresente@bove,only onemicrohornpanelwasproduced
for impedanceneasurementsThe panel,sized200x 200mm, and1mm thick, weremade
of aluminium. Hornswerepunchedb = 15mm apartin arectangulagrid. At the bottomof
eachhorn,aholewith diameterapproximately0.5mmwasdrilled.

The modelsrequireaccuratevaluesof the dimensionsof the perforationsin the panel,
includingtheradiusvs.depthfunctionr(z). To determinehis functionfor theperforationsn
thesamplepanel,gluewasusedto make moldsfrom threeof the perforations. Theglueused
wasSuperEpoxy120. Themoldswerethenmeasurean a Hilger & Watts projectorscreen,
type 601.301,with 50x magnification. The measuredlimensionsof the threeperforations
werequite similar, thereforethe averageof the dimensionsvasused. The inner perforation
diameterwasfoundto be 2r, ~ 0.55mmwide. The outerdiameterwasmeasuredo 2r; ~
3.9mm. Thedepthof thehornwasapproximatelyh ~ 2.3mm. Thevalueof innerperforation
lengthl would seento be zero,but the exactvaluecould not be determinedrom the molds.
Figure3.5 shavs the averageof the measuredadiusof the hornasfunction of depth.Given
the constraints (0) = r, andr (h) = r,, for the givenh, a curve fitting to the measured (2)
wasattempted.Severalfunctionsweretried, e. g. a quadraticdependeng anda polynomial
fit. Theclosesfit to themeasuredhapeof thehornwasthelogarithmicfunction

Flog (2 =Ty — % In [E + (1— E) e‘K(ro_rh)] , (3.25)
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Figure 3.5: Radiusr (2) of horn asfunctionof depth. Measued datacompaedto theloga-
rithmic functionEq. (3.25)

with thearbitraryconstanK setto 1795m~* by themethodof leastsquaresThis functionis
alsoshawn in Fig. 3.5. To evaluatetheinfluenceof the shapeof thehorn,thelinearfunction

Min (D =g+ (r,—To) E, (3.26)

correspondindo a conicalhornshapewasalsousedin the simulations.To supplementhe
measurementsf the molds, someof the microhornswere alsoexaminedin microscope.lt
wasfoundthatthe perimeterof theinner perforationwasjaggedandonly remotelycircular.

The methodusedto measurdghe microhornpanelgeometryintroducedseveral possible
errors,all of which maydecreas¢heaccurag of the predictionsby themodels:

— Thepropertieonf theglueduringhardeningandchangesn temperatur@arenotknown.
If theglue shrunkduringhardeningthe measuredaluesof r (z) andh aretoo small.

— Theinnerpartof themold mayhave broken,or theglue maynot have completelyfilled
thehorn. Theresultwill beatoo high measuredalueof r, andatoo low valueof h.

— Theprojectionsof themoldsweremeasurednanuallywith aruler. Therandomerrors
thusintroducedareonly partly compensatetbr by takingthe averageof themolds.

— Becausef theimportanceof thevalueof r, asmallerrorin the projectionmagnifica-
tion may alsointroducesignificanterrors. By useof a known sample the errorin the
projectionsystemwasfoundto belessthan0.02mm.
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After theinitial measurementdt, wasfoundthata panelvibration modeinterferedwith
the HelmholtzresonanceTo eliminatethis problem,steelbarsof dimension5 x 5mm were
gluedto therearsideof the panel. The stiffnessthusintroducedcausedhe frequeng of the
vibrationmodeto shift to a higherfrequeng.

Micr operforated panel dimensions

An ordinarymicroperforateganelwasalsomeasuredo comparewith the microhornpanel.
The MPP thicknessand perforationlength,was| = 1mm. Like the microhornpanel,the
perforationswere drilled in a rectangulamgrid, with b = 15mm betweenthe perforations.
Thediameternf the perforationsn this panelwasmeasuredh microscopelt wasfoundthat
2r ~ 0.52mm. As for the microhornpanel,steelbarshadto begluedto therearsideto avoid

interferencebetweerplatevibrationmodesandthe Helmholtzresonance.

3.2.2 Impedancemeasurementsin Kundt'stube

The specificimpedancet normalsoundincidenceof the microhornpanelandthe ordinary
MPP wasmeasuredn a Kundt's tubewith squarecross-sectionThe standardizedransfer
function methodwasused[Chungand Blaser, 1980;1S0O 10534-2 1996; Jonesand Stiede
1997]. Figures3.6,3.7 and3.8 shav anoverview of themeasuremergetup themountingof
thesample andtherelevantdimensionsrespectrely. Thespecificimpedancés givenby

H,,sinkt — sink(t —s)
cosk (t —s) —H,,coskt’

Z=jpyCy (3.27)

whereH, , is the measuredransferfunction H, , betweerthe microphoness is the distance
betweerthemicrophonesandt is thedistancebetweerthefront microphoneandthesample.
Theinnerdimensiorof thetubeis 200x 200mm, with thelowestcut-off frequeng at850Hz

[MorseandIngard, 1968,Ch. 9.2]. The measurementaeredonewith Briiel & Kjaer con-

densemicrophonestype 4165. The distancet was 310mm, andthe microphonedistance
wass = 150mm. Accordingto Bodenand Abom[1986] and NordtestACOU 095 [1996],

this correspondso a recommendedrequengy interval 113—-907Hz. Outsidethis frequeng

rangethe maximumerrorin H,, increasesharply The samplesverefastenedvith screvs

to a squaresampleholder Theinnerwidth andheightof the sampleholderis 190mm, and
the thickness(i. e. lengthalongthe tube axis) is 10mm. The outeredgehasa rubberband
placedin a groove, to decreaséeakagebetweenthe sampleholderandthe tubewall. Four

valuesof the backcavity depthd wereused;44, 79, 149 and219mm. Only the resultsfor

d = 44mm arepresentedndcomparedvith simulationsn Sec.3.3below.

The transferfunction H;, was measuredy the computerprogramWnMLS developed
by MorsetSoundDevelopmen{1999]. This programimplementghe Maximum LengthSe-
guencgMLS) method[seee. g. Chu, 1990]. The PChada HohnerARC 44 soundcardwith
four channelsthreeof which wereusedhere. For all measurementand calibrations,the
samplingratewas11025Hz, the sequencerder14, andthe numberof averagesvas16.
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Figure3.6: TheKundt's tube with microphoneamplifiers to the left. Two of the tubewalls,

andalsothemovable“piston” which constitutethebadk wall, are madeof glass.Thisallows
for visual control of the mountedsample and alsovibration measuementdy laserinterfer-

ometry asdescribedn Ch. 4. In the badkgroundcan be seenthe anedtoic endpieceused
during the calibration.

e

/d

~

Figure3.7: Themicrohornpanelandsampleholder with tubetop coverremaved. Thesample
holderwasheldin placeby pinsnearthecorners. Thereflectingendpiececanbeputin any
position,only limited by the pinsandthelengthof thetube
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Figure 3.8: Thesetupusedfor normalincidenceimpedanceneasuementf the microhorn
paneland the MPP. Thetransferfunction betweenthe microphoneswas calculatedby the
computemprogramWinMLS [MorsetSoundDevelopment1999]. During all measuements,
t = 310mmands= 150mm. Four valuesof d were used;44,79,149and219mm.

—— FEMAK to |-DEAS |

| I-DEAS ——| I-DEAS to FEMAK|——= FEMAK |-—= MATLAB

Figure3.9: Flowchart for the Finite ElementMethodsimulationsprocess.The geometryis
definedn the CAD-program|-DEAS, andis translatednto a form apptopriate for FEMAK
by a conversionprogram. Theoutputis processedy MATLAB, but mayalsobereturnedto
I-DEAS for graphicalrepresentation.

3.2.3 Simulations

The simulationsby the Finite ElementMethodweredoneon two differentgeometries.The
first was a microhornwith dimensiondike the measuredmicrohornpanel. The FEMAK
inputfile wasgeneratedby the CAD-programl-DEAS[Lawry, 1998;SDRCSolutions2000],
with an appropriatecorversionprogram[Verdeille, 1998a,b],asindicatedin Fig. 3.9. The
elementswere approximately0.05 x 0.05mm. The simulationswere doneat 1/3 octave
spacedpointsin the frequeng range31.5-1600Hz. The othergeometrywasan ordinary
MPPR, with perforationdiameter0.5mm, thicknesslmm, andwith 4mm spacingbetween
perforations.The distanceto the hardwall was200mm. The perforationsvereassumedo
befilled with a porousmaterial,andthe flow resistvity of this materialwasvaried. For this
geometrythe FEMAK input file waswritten manually The elementsvere0.125mm wide
in theradialdirection. In the axial direction,thelengthwas0.25mm for the porousmaterial
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Table3.1: Valuesof geometryparametes usedin Finite Differenceand Integration Method
simulationsof microhorn, first series.Thebad cavity depthd was44mm.

Parameter Values used

mm
h 1 2
I 0 0.2 0.5
ro 1 2 5
M 0.25 0.50

Table3.2: Valuesof geometryparametes usedin Finite Differencesimulationsof microhorn,
secondseries. Outer hornradiusry = 1.95mm and lengthh = 2.3mm for all simulations.
Onlyhorn shapefunctionrIog wasused.Thebadk cavitydepthd was44mm.

Parameter Values used

mm
I 0 0.1 0.2 0.3
M 0.250 0.260 0.265 0.275

elementsandlmmfor theordinaryair elementsateachperforationaperture Thesimulation
frequeny rangewas224—800Hz, with 1/6 octave spacedoints.

Two seriesof Finite DifferenceMethod simulationswere carriedout. The first series
wasintendedto illustratethe influenceof large variationsin the microhorngeometryon the
absorptiorcharacteristicsThe dimensionparametersindthe valuesusedin the simulations
are given by Table 3.1. Both shapefunctions, Mlog given by Eq. (3.25) andr, given by
Eq. (3.26), were usedin thesesimulations,exceptfor r, = 5mm. This large outer radius
in combinationwith the conic hornshape(r;;,,) could not be simulateddueto the extensive
computermemoryrequirements.Simulationswith h = 5mm were originally planned,but
could not be completed. This wasalsodueto the large memoryrequirements.The second
seriesof FDM simulationswasintendedto simulatethe measurednicrohornpanelsample
andinvestigatehe sensitvity to smallvariationsin the horndimensions.The parametersf
thesecondseriesaregivenin Table3.2. For all the FDM simulations the numberof z-steps
wereM = 70, andthe numberof r-stepsatz= h werel,, = 9. Thesevalueswerechoserto
give arelatively squaregrid for dimensiongloseto themeasuredample.With h = 2.3mm
andr, = 0.275mm, thegrid lengthsareAr ~ Az~ 0.03mm. At f = 200Hz thisis equivalent
to 5 radialgrid pointsinsidetheviscousboundarylayerat z = h. Thesimulationsveredone
at1/3 octave spacedpointsin thefrequeny range31.5—-800Hz.

Thesimulationsby the IntegrationMethodwereassumedo give quick, approximatvely
correctpredictionsof the absorptioncoeficient of variousmicrohorngeometries.This was
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Figure3.10: Finite Elementsimulationsof micro-perforation filled with porousmaterial (see
page 37). Absorptioncoeficientasfunctionof frequencyfor differentflow resistivities.—,
0 = 1kPas/m?; —, 0 = 5kPas/m?; —, 0 = 10kPas/m?; ==, g = 20kPas/n?.

not the case(seeSec.3.3.1), so simulationsby the IM were only donefor the geometries
in Table3.1, with the samefrequeng rangeasusedin the FDM simulations,andwith 1/6
octave spacingoetweerthe points.

The absorptioncoeficient of the microperforatedpanel samplewas calculatedby the
computerprogramFLAG, developedat NTNU [Vigran et al., 1991]. This programimple-
mentsthe transfermatrix method[seee. g. Dunnand Davern 1986; Brouard et al., 1995]
for anumberof materialsjncluding MPPs. The MPP implementatiorin FLAG is basedon
Eq.(2.46). Unlike Melling [1973],the MPPimplementatiorin FLAG usesonly the standard
valuefor theviscosity StinsorandShaw{1985] statedhattheuseof an“effective” viscosity
whichincludesthe effect of thermallossesjs only appropriateor long tubes.Additionally,
the polynomial coeficientsusedin FLAG differsfrom thosegivenin Eq. (2.45). The geo-
metry parameteraisedin the FLAG simulationof the MPP were the sameasthe physical
dimensiongivenin Sec.3.2.1. The FLAG programwasalsousedto simulateMPPswith
resonancérequenciegpproximatelyequalto thatof the measureadnicrohornpanelsample.
For this, thedimension®f theMPPswere(a)r = 0.250mm, A= 120mn?, (b) r = 0.275mm,
A = 140mm? and(c) r = 0.325mm, A = 190mn?. For all FLAG simulationsd was44mm
andl was1mm. Thesimulationsweredoneat 1/30 octave spacedointsin the frequeny
range35—1094Hz.

3.3 Results

3.3.1 Comparison of simulation methods

Thepredictedabsorptiorcoeficient of the FEM simulationof the microhornwaspractically
zerofor all frequenciesTo verify thatthis resultwasnot anerrorin the geometrydefinition
or cornversationprocessa simplergeometrywas defined. Figure 3.10 shows the result of
decreasinghe flow resistvity of a porousmaterialin a micro-perforation. The procedure
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r, = 0.25mm, h=2mm r, = 0.50mm, h=2mm
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Figure 3.11: Simulationsof microhorn geometries. Absorptioncoeficient as function of
frequencyas calculatedby the Integration Methodand the Finite DifferenceMethod. Inner
hornlengthl = 0mm, outerhornradiusr, = 2mmfor all graphs.—, Integration Method,
—, Finite DifferenceMethod.

in Sec.3.1.2o0bviously fails to predictthe absorptioncharacteristicef a simple MPR when
theflow resistvity is givenby Eq. (3.13). It seemghat, to simulateperforatescorrectly the
programFEMAK requiressomeresistive materialto supplythe requiredresistanceaswere
doneby Kristiansenand Vigran [1994].

As mentionedn Sec.3.1.1,thelntegrationMethodcanonly beviewedasanapproximate
model,if only dueto theinferior modellingof thevelocityfield in thehorn. Thisis confirmed
in Fig. 3.11,which comparesimulationsby the IM andthe Finite DifferenceMethod. Only
the geometrieswith |, ry andr (z) approximatelyequalto the experimentallytestedsample,
i.e.l =0mm,ry =2mmandr () =r,,,, arepresentedn thisfigure. In contrasto the FDM
results,andin contrasto whatcould be expectedthe M resultsseemselatively insensitve
to variationof h andr,. The samemismatchbetweenthe modelsis also evident for the
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r, =0.25mm, ry = 2mm r,=0.50mm, ry =2mm
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r,=0.25mm, ry =1mm r,=0.50mm, ry =1mm
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Figure 3.12: Finite Differencesimulationsof microhorn geometries.Absorptioncoeficient
asfunctionof frequencyor hornshapes,,, andry,. Innerhornlengthl = Omm, outerhorn
lengthh = 1mm for all graphs.—, r (2) = ry, (2) givenby Eq. (3.26);—, 1 (2) =14 (2)
givenby Eq. (3.25).

geometriesiot shavn, wherel = 0.2 and0.5mmandr, = 1 and5mm. Consequentlyin the
following sectionsonly the FDM resultsarepresented.

3.3.2 Variation of horn geometry
Horn shape

Theeffectof theshapeof thehornis illustratedin Figs.3.12and3.13,wherethehornshapes
Mlog andr,, arecompared. The two figurescorrespondo h = 1 and2mm, respectiely.
For simplicity, | is Omm for all graphs. Simulationsof geometrieswith r; = 5mm were
alsoattemptedbut could not be completedbecausd=DM simulationswith horn shaper;,
requireseven more memorythan Nog: AS could be expected the resultsshow thatthe horn
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r, =0.25mm, ry =2mm r,=0.50mm, ry =2mm
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Figure 3.13: Finite Differencesimulationsof microhorn geometries.Absorptioncoeficient
asfunctionof frequencyor hornshapes,,, andry,. Innerhornlengthl = 0mm, outerhorn
lengthh = 2mm for all graphs.—, r (2) =1y, (2) givenby Eq. (3.26);—, 1 (2) =14 (2
givenby Eq. (3.25).

shapeis of greaterimportancefor the longerhorns(Fig. 3.13),andeven moresofor horns
with large r, or smallr,. It is lessintuitive that the resonancdrequenciesgenerallyare
higher for conic hornsthanfor logarithmichorns. This is despitethe fact that the volume
(and hencethe nominal mass)of the conic hornis significantly larger than the volume of

thelogarithmichorn, giventhe samevaluesof r, r,, andh. Thereasorfor the differencein

resonancdrequeng is probablythat a logarithmichorn hasa longer narron portion of the
horn lengththana conic horn. As discussedy Craggsand Hildebrandt(seepagel4), the
effective densityof air in narrav tubescanbeupto pe = 1.33p, for smallvaluesof x. Hence,
in somecasesthe effective massof the logarithmic horn may be larger than the effective
massof theconichorn.
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Figure3.14:Finite Differencesimulationsof microhorngeometriesAbsorptioncoeficientas
functionof frequencyfor differentouterradii r,. Innerhornlengthl = Ommfor all graphs.
—, g =1mm, —, ry = 2mm, —, ry = 5mm.

Horn dimension

Thesensitvity to variationin the horndimensions , r,, handl, is visualizedoby Figs.3.14,
3.15and3.16. Thesdigurescorrespondo | = 0,0.2and0.5mmrespectiely. By comparing
the correspondinggraphsin the threefigures, it can be seenthat the inner horn length |
influencesthe absorptioncharacteristicsas expected: an increasein | will in most cases
increasaheresonancabsorptiorcoeficient a, dueto theincreasedesistanceandshift the
resonancérequeng f, towardslowerfrequencieslueto theincreasedeffective) mass.This
seemgo bethemostsignificanteffectof anincreasen |. Exceptfor r,, theeffectof theother
geometryparameterarerelatively independenof |.

An increasein the outerhornradiusr, will generallydecreasehe Q-value of the res-
onance(aswasthe intendedpurposeof the horn-shapearifices). While this is the domi-
nanteffectfor r, = 0.25mm, thedecreasén Q is alsoaccompaniedby a decreasén ay for
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Figure 3.15: Finite Differencesimulationsof microhorn geometries.Absorptioncoeficient

as function of frequencyfor different outer radii ry. Inner horn lengthl = 0.2mm for all
graphs.—, ro=1mm —,ry= 2mm; —, ro=5mm

r, = 0.50mm, andespeciallyfor shortouterhorns,h = 1mm. It seemsghatalthoughwider
outeropeningsyield a larger flow ratethroughthe horn, this cannotbe fully utilized to in-
creasethe viscouslossesif r, is large, and especiallyif h is small. The reducedf, thatis
expectedfor increased, dueto theincreasednassin the horn, is alsomostnoticeablefor
shorthornswith largeinneropenings.

The effect of variationin the outerhornlengthh is dependenon the valueof r, andr,.
For thesmallestvalueofr, i. e. 1mm, theouterpartof thehornmaybe considerecdsmainly
anextensionof the cylindrical inner part. As wasthe casewith variationin |, anincreasdn
theouterhornlengthh thereforeresultsin adecreasén f in thiscase Ontheotherhand for
thelarger, = 5mm, thereis alsoa dependengon thevalueof r,. For smallinneropenings,
themaineffectof anincreasen his areductionin f,, asbefore.However, for r, = 0.50mm
the enegy dissipationin theinner partof thehornis muchless,andtheincreasedesistance
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Figure 3.16: Finite Differencesimulationsof microhorn geometries.Absorptioncoeficient
as function of frequencyfor different outer radii r,. Inner horn lengthl is 0.5mm for all
graphs.—, ro=1mm, —,r,= 2mm; —, ro =5mm.

causedoy anincreasen h will becomemoresignificant. Hence,a, increasesin this case,
theresonancérequeny is lesssensitve to changesn h.

The mostcritical parametgrr,, alsohasthe mostcomplex dependeng on the otherpa-
rameters. The only generalobsenationis that the resonancdrequeng increaseswith r,.
Thisis probablybecause¢hereductionin the effective massdueto theincreasén the perfo-
rateconstanik is largerthantheincreasen the nominalmassdueto theincreased/olumeof
the horn. For larger, = 5mm, the maximumabsorptiorcoeficient decreasefor increasing
r» asexpected.For smallr, = 1mm, theeffectof r, depend®nhandl. Forlargeh=2mm,
or largel = 0.5mmin combinatiorwith the shorth = 1mm, anincreasen r,, will increase
a,. Ontheotherhand for the shortestotal hornlength,h = 1mm, | = 0mm, themaximum
absorptiordecreasewhenr, increaseslt mayseenthatfor thelong tubes theresistances
higherthantheoptimum,sothatanincreaseén r, will reducetheresistancéo amoreoptimal
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Figure 3.17: Finite Differencesimulationscompaed to measuementof microhorn panel.
Absorptioncoeficientasfunctionof frequencyfor smallvariationsin inner radiusr,,. Outer
hornradiusr, = 1.95mmandlengthh = 2.3mmfor all graphs.Thecavitydepthd = 44mm.
—, I, = 0.250mm; —, r, = 0.260mm, —, r,, = 0.265mm;, —, r, = 0.275mm.

level. For the shortertubes,the increasen r,, resultsin lessoptimal resistanceand hence
reducedn,,.

3.3.3 Comparisonwith measuements

Thesecondseriesof FDM simulationswasintendedo illustratethe effect of smallvariations
of thegeometryparameters;loseto the geometryof the samplepanel. Theresultsfor differ-

entvaluesof | andr,, areshavn in Fig. 3.17. With regardto limitation setby the microphone
separationthe measurediatawascut at 50Hz. Thespikesat f = 500Hz is dueto the plate
resonanceThefigure shawvs the expectedshifting towardslower frequeng for increasing.

More interesting however, is the effect of variationsin r,. An increasen r, doesnot mono-
tonically reducethe maximumabsorptioncoeficient, but resultsin analternationin a, and
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bandwidth.Thealternationpatternis the samefor all valuesof I. It seemghatthe FDM im-
plementatiorusedherecannotbe trustedto give quantitatvely correctpredictionsfor small
variationsof thecritical parameter, . Thisis mostprobablydueto therelatively low number
of radial grid points. As describedn Sec.3.2.3,for f = 200Hz thereareonly 5 radial grid
pointsinside the viscousboundarylayer at z= h. The placemenbf grid pointsinsidethe
viscousboundarylayer, wherethe velocity profile is steepwill besignificantlyaffectedby a
smallvariationof r, .

For all valuesof | exceptzero,the predictedresonancdrequenciesare lower thanthe
measuredesonancdrequeng. The simulationsalso predict absorptionpeakswhich are
generallytoo high andtoo broadcomparedo the measurementThereare several possible
explanationsof the discrepang:

— The dimensionsof the microhorn panelsamplemay have beeninaccuratelydeter
mined,asmentionedn Sec.3.2.1. Additionally, the shapeof theinnerhornopenings
wereobsenedto be not quite circular. Thus,thereal, averageinnerradiusmay have
beenlargerthanthevalueof r, thatwasused.

— The numberof grid points may be too small, so that the enegy dissipationin the
viscousboundarylayeris notmodelledcorrectly

— The endcorrectionsof the outerhorn openingmay be incorrect. Due to the shapeof
thehorn, it is difficult to estimatehow muchof the openingsareashouldbe associated
with the opening,andhow muchshouldbe consideredspartof the panelsurface. A
too high r, will resultin a too high associatednass,leadingto a too low resonance
frequeng.

3.3.4 Comparisonwith microperforated panels

Theleft chartin Fig. 3.18shavs the measuredbsorptioncoeficient of the microperforated
panelsamplecomparedwith FLAG simulationsof the samegeometry The agreements
quitegood.Also, giventheconstraintsl = 44mm, r = 0.26mmand f, ~ 180Hz, thisseems
to beanalmostoptimal configuration.Several othercombinationof A andt weresimulated
by FLAG, but noneresultedin significantly higherabsorptionat the samefrequeng. The
right chartin Fig. 3.18 compareghe absorptioncoeficient of threesimulatedMPPswith
the measurednicrohornpanelsample.Heretoo, the dimensionf the simulatedMPPsare
limited by d = 44mmand|l = 1mm, andarechosersothat f, ~ 250Hz.

3.4 Summary

The microhorn concepthas beeninvestigatedby analytical, numericaland experimental
methods. The microhornconceptwasthoughtto increasethe absorptionbandwidth,com-
paredto the ordinary MPPs. However, the microhornsturnedout to be difficult to model
with theaccuray requiredto designreasonableptimal panelsfor experimentatesting.The
experimentson the samplethatwasproducedid neitherconfirmnor rejectthefeasibility of

themicrohornconcept.
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Figure 3.18: Comparisonof simulatedand measued absorptioncoeficient as function of
frequencyfor the panelabsorbersamples. i) FLAG simulation and measuementof mi-
croperforated panelsample For the simulation,r = 0.26mm, | = 1mm, A = 245mn¥ and
d = 44mm. ii) FLAG simulationsof microperforated panelsand measuementof micro-
horn panel sample For the simulations,| = 1Imm andd = 44mm. —, r = 0.250mm,
A= 120mm?; —, r = 0.275mm, A = 140mn¥; —, r = 0.325mm, A = 190mn?.

Threemodelsweretried to simulatethe microhorns.Of these pnly the Finite Difference
Method could, to somedegree,be trustedto give qualitatvely correctpredictions. Due to
limitationsin thenumberof grid points,theFDM resultscannotbetrustedio bequantitatvely
correct. Accordingto the FDM simulations,a high maximumabsorptioncoeficient anda
high absorptionbandwidthcan be obtainedfor geometriesvherethe outer horn radiusis
large andthe innerradiusis small. Thelengthsof the outerandinner partsof the horn,and
the shapeof the horn, arealsosignificant,but subordinatefactors.Consideringhe possible
sourcef errorin the FDM simulations thesequalitative statementshouldneverthelesde
correct.



Chapter 4

Double panelabsorbers

The subjectof studyin this chaptetis a new type of panelabsorberlt is a distributedHelm-
holtz resonatowith doubleplates,wherethe platesare perforatedwith holesor slits. The
key ideais to elongateheresonatoneckslaterally, andmake the width of theselateralslit-
shapechecksso smallthatviscouslossesbecomesignificant. Unlike the conceptdiscussed
by Medel [1994c], the narraw, lateral slits are not “side branches™o the main resonator
neck, but ratheran integral part of the neck. Lik e the microperforatedbanels[Maa, 1987,
1998], this new absorbeiconceptutilizes the viscouslossesnherentin the resonatoopen-
ings. Hence,jit doesnot requireextra resistve materialsto achieve a relatively broadbanded
absorptiorcomparedo the simplepanelHelmholtzresonators.

The conceptis implementedoy mountingtwo parallel, smooth,perforatedmetalplates
closetogethey separatedby a small distance.The perforationsform a regulargrid, andthe
perforationsn the front plateareat a maximumdistancefrom thosein therearplate. The
resultis thattheresonatonecksconsisiof threesegmentsfront openingfearopeningandthe
lateralslit formedby thegapbetweertheplates.Figure4.1shovsasampleof adoublepanel
absorbemwith circular perforations,as mountedfor impedancaneasuremenin a Kundt's
tube. Slit-shapedpeningsarealsoinvestigatedln this casethelengthof thelateralslit can
be variedby lateraldisplacemenbf oneplaterelative to the otherplate. The effectsof such
displacementarealsopresented.

4.1 Circular perforations

This sectiondescribegheinitial investigation®n the doublepanelabsorberconceptwhere
the perforationsverecircular, shorttubes.

4.1.1 Model

Thedoublepanelabsorbewmwith circularperforationss heremodelledby a simpleanalytical
model. If normalsoundincidenceis assumedsymmetryallows animaginarytubeof cross-
sectionareaA = b? to be associateavith eachperforation[Allard, 1993, Ch. 10]. Hereb
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Figure4.1: Theperforateddoublepanelabsorberas mountedor impedanceneasuements
in a Kundt'stube Theplatesare sepaatedby a numberof thin metalrings at the perimeter
Theopeningsin the two platesare placedsymmetricallywith respecto eac otherto max-
imizethe lengthof the lateral slit formedby the gap betweerthe plates. The centercenter
distancebetweerthe perforationsis the samefor bothplates.

is the centercenterdistancebetweenthe perforations. The modelledgeometryis shown in
Fig.4.2,wherethecross-sectionf thetubeisindicatedwith asquare As shovnin Sec.2.3.3,
the influenceof the perforationsoutsidethe imaginarytube “walls” can be neglectedfor
perforationcross-sectiomreasSwhich aresignificantlysmallerthanA. For the“worstcase”
sampleusedin the measurementshe ratio S/A is 0.01 (seeTable 4.1). Fok’s function,
by Eqg. (2.44),is then1.17. Thereforethe effect of interactionbetweenthe perforationsis
excludedfrom themodel.

As shavnin Fig. 4.2,themodelincludesonehole from eachplate. Thefour cornerholes
in therearplatecontribute 1/4 of aholeeach.Thegapwidth betweertheplatesis g, andthe
platesaret; thick; i = 1 for front plateandi = 2 for rearplate. The calculationof impedance
is trivial for all partsof the system excepttheimpedancef the gapbetweerthe plates;The
impedanceZ,;, of theair layerbetweertherearplateandthewall is givenby Eq. (3.5). The
specificimpedancef the perforationin platei is givenby Eq. (2.36). With theadditionof the
classicinductive endcorrection(Eqg. (2.12))andhalf theresistize endcorrection(Eg. (2.32)),
theimpedanceanbewritten

5 _lwpd l<1 2 Jl(xn/—_i)>_l+ﬁ_jﬂ], (4.1)

P mr? B %=1 3y (%v=I) 3, J

|

wherer; is theradiusof the perforationsn platei. Thelengthof the perforations);, equals
the plate thicknesst;. The perforateconstantx, is given by Eq. (2.37) with r =r;. Note
that Eqg. (4.1) doesnot include the end correctionsfor the perforationaperturesacingthe
gapbetweertheplates. Theseendcorrectionsarenot neededbecauséhe calculationof the
impedancéetweerthe platesincludestheimpedancessociatedvith theseapertures.

To calculatethe impedanceof the gapbetweerthe plates the velocity field betweenthe
platesis required. For g < r;, the field is approximatelyequivalentto the field setup by
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i) Front i) Side

Figure4.2: Geometryof perforated doublepanelmodel. i) Only the cross-sectiorA = b?
insidethe squak is includedin the model. A unit volumeflow is assumedo flow from one
holein the front plate (filled circle) to 4 x 1/4 = oneholein therear plate ii) Thedouble
panelis assumedo be placeda distanced in front of a hard bad wall. The distanceg
betweerthe platesis smallenoughto let viscoudossesdecomesignificant.

cylindrical radiatingsourcesatthe positionsof theperforations.The sourceshave radii equal
to the perforationgradii r;. Volumeflow of unit sizeis assumedo flow parallelto the plates
from the sourceassociatedvith the front plateandinto the rearplate source(i. e. sink). A

32x 32grid of pointsis definedacrosgheimaginarytubecross-sectionEachgrid pointhas
anassociatedreaAS= (b/32)2. For eachgrid point, thevelocity fieldsassociateavith each
sources superposedThegrid pointsinsidethe perforationsareof courseexcludedfrom the
calculation.Whenthevelocity field is calculatedtheinductanceof the gapis

2 2 1 32 32 2
Lg=5KE= o5 Epogln;‘ul’m‘ ASg ), 4.2)

whereKE is the kinetic enegy of the air in the gap. Unit volumeflow, U = 1, is assumed.
Thereactancef thegapis calculatedoy
2 A

PE= 9

“pg= "9 4.3
p? PoC3 (43)

Cy=

wherePE s the potentialenegy of theair in thegap. Theviscousresistancef theair in the
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O L

Figure 4.3: Equivalentcircuit for the perforated double panelmodel. The impedancezm
of a perforation in plate i includesthe resistanceand inductanceof the perforation, and
alsotheendcorrectionsof the perforation aperturesnotfacingthe gap. Theinductanceand
resistancedn the gapis dividedin two. Thetwo parts are associatedvith the perforation
apertueswhich facesthegap.

gapis calculatedby (seeEq. (2.29))
2P podeAS 32 32

Ry= 5 = zz\lm

whereP is the enegy per seconddissipatedy viscouslosses.Equations(4.2) to (4.4) are
basedbnEQs.(9.1.10),(9.1.11)and(6.4.39)in thebookby MorseandIngard [1968]. Equa-
tions(4.2)and(4.3)arevalid only whenthewavelengthis muchgreatethanthedimensiorof
theimaginarytube,b. Thisis satisfiedfor thefrequencieandgeometriesisedhere.Theve-
locity u, m in Eq.(4.4)is, accordingo Morse& Ingard,thevelocityjustoutsidetheboundary
layer. For geometriesvheretheplateseparationy is in the orderof the boundarylayerthick-
ness,Ry mustbe consideredo be a crudeapproximatioronly. Expressiongor the thermal
resistancesassumingconstantpressure®ver the surfaces,wereincludedin a preliminary
model. As statedby Ingard [1953], thethermalresistancesverefoundto be negligible. To
simplify the calculationstheseresistanceareexcludedfrom the currentmodel.

Figure4.3 shavs the equivalentcircuit for the doublepanelabsorberWith Cy in parallel
to theimpedancef therearperforationandthe air layerbehindthe plates thetotal acoustic
impedancesf theimaginarytubeis calculatedasfollows:

: (4.4)

1 .
Zrear= 3 (Rg+JwL9) +Zp1+zair (4'5)
rearZC
with 4.6
Zoap= Zrear+ Zc = ('-)Cg (4.6)
= Zgapt+ 5 (R9+Jw|-g) +2, (4.7)
FinaIIy, the absorptlorr:oefluentls calculatedby
A— Za
a=1— L~ % (4.8)

deA+ Za
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Table4.1: Perforation radii and grid typesfor the platesusedfor measuements.Two types
of grid were used;“X", whete the centerof the plate was perforated,and “O”, where the
centerof the plate wasnot perforated. The distancebetweerperforationswasb = 17mm,

andthe platesweret; = 2mm thick.

Plate Perforation radius [mm] Grid type

1
0.75
0.75
0.5
0.5
0.25

mTmooOw >
X O X 0O X O

4.1.2 Measurementsand simulations
Dimensionsof samples

For the experiments six differentcircular aluminiumplateswere used. By combiningtwo

andtwo plates,different configurationsof double panelabsorberavere obtained. All the
platesweret, = 2mm thick andhada diameterof 103mm. The plateshadperforationswith

circular cross-sectionTwo typesof regulargrids, with b = 17mm betweerthe holes,were
used.Table4.1 shavs the dimension®f the platesused.To keepthe platesseparateduring
measurementsgreralthin ringswerecutout of coppersheet$.11and0.30mmthick. These
ringshadinnerdiameter97mm andouterdiameterl03mm. It wasassumedhattheserings
did not significantlyobstructthe flow of air throughthe doublepanelabsorber

Impedancemeasurementsin Kundt’ stube

The impedanceof the panelsweremeasuredn a standardKundt'’s tube,shovn in Fig. 4.4.
The diameterof the tubeis 100mm andthe sampleholderdiameteris 103mm. Two plates
with differentgrid typesweremountedn thetubesothatthe perforationsn thefront andrear
plate were at maximumdistancefrom eachother SeeFigs.4.1and4.2. The standardized
transferfunctionmethod ChungandBlaser, 1980;1SO10534-2 1996]wasusedto measure
theimpedanceof the absorber The setupwasbasicallythe sameasin Fig. 3.8, exceptthat
the loudspeakr wasnot driven by a MLS-signal, but a white noisesignal. Theimpedance
was calculatedby Eq. (3.27) after the transferfunction H,, betweenthe microphonesad
beenmeasured.The microphonesvere Briel & Kjser condensemicrophonestype 4165.
The transferfunction was measuredvith a ONO SOKKI dual channelFFT-analyzey type
CF-940. The distancebetweernthe microphoneswvass = 80mm. The distancebetweernthe
front microphoneandthe samplewast = 180mm. Thelowestcut-off frequeng of thetube
is approximately2kHz [Morseand Ingard, 1968, Ch. 9.2]. For the microphoneseparation
usedherethe article by Bodenand Abom[1986] suggestshatthe bestaccuray is obtained
in thefrequeny range212—1700Hz.
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Figure4.4: Thecircular Kundt'stubeusedfor theimpedanceneasuementsNotethatthefig-

ure hasbeenrotatedcounteclodkwise Thesamplesndthereflectingendpieceare mounted
frombelowandare heldin placebythe“clamp” at thebottom.The is no visual control of

themountedsamples.

Threeseriesof experimentsweredone. Tables4.2 and4.3 shov the geometriesof the
configurationdn the first andthird measuremengeries. After measurement19, a small,
possibleleakagein the reflectingend piecewas sealed. The secondseriesof experiments
(measurement816—018) wasdonewith singleplatesonly. This wasdoneto obsene the
absorptionof the perforationswithout the effect of the lateralslit betweenthe plates. The
tree platesusedwere platesF, D and A in Table 4.1, with perforationdiameters0.5, 1.0
and 2.0, respectiely. The measuringrequeng rangeswere 0—500Hz for measurements
001-018,and50-1050Hz for measurements01—-123.

Simulations

The paneldimensiondistedin Tables4.2 and4.3 werealsousedin the simulationsby the
modelpresentedn Sec.4.1.1. The simulationsweredoneat 1/6 octave spacedointsin the
frequeng range39.7—2016Hz. Becausehe predictionsof the modelagreedpoorly with
the measurementéseeSec.4.1.3), simulationswere not carried out for other geometries.
The absorptioncoeficient of the single panelabsorberavere simulatedby the computer
programFLAG, describedn page39. FLAG hastwo modelsfor perforatecpanelsthe MPP
modeldescribedearlier and a simplermodelwhich is basedon the massof the air in the
perforations the classicmassend correction,and Ingard’s expressionfor the resistancen
and aroundthe perforations(Egs. (2.6), (2.12) and (2.31), respectiely). The latter model
failed completelyin predictingthe resistancef the smallperforationsn plateF. Therefore,
the FLAG MPP modelusedin Sec.3.2.3is alsousedhere.
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Table4.2: Dimensionf the measued and simulatedperforateddoublepanels first series.
SeeFig. 4.2 for definitionof symbols For all geometriesd = 95.5mm.

Measurement ry ry g
no. mm mm mm
001 (Calibration)

002 1 0.75 0.3
003 1 0.25 0.3
004 0.25 1 0.3
005 0.75 0.5 0.11
006 0.75 0.5 0.3
007 0.75 0.5 0.6
008 1 0.5 0.6
009 0.25 0.75 0.6
010 0.75 0.75 0.11
011 0.75 0.75 0.22
012 0.75 0.75 0.3
013 0.75 0.75 0.6
014 0.75 0.75 0.9
015 0.75 0.75 1.2

Table4.3: Dimension®of themeasuedand simulatedperforateddoublepanels third series.
SeeFig. 4.2 for definitionof symbols For theseconfiguations,d = 29.1mm.

Measurement r r, g

no. mm mm mm
101 (Calibration)

119 0.75 0.75 0.6
120 0.75 0.75 0.6
121 0.75 0.75 1.2
122 1 0.75 1.2
123 1 0.5 1.2
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Figure 4.5: Measued and simulatedabsorptioncoeficient of perforated double panelsas
functionof frequency Perforation radiusr = 0.25mm for oneplate SeeTable 4.2 for geo-
metrydefinitions.
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Figure 4.6: Measued and simulatedabsorptioncoeficient of perforated double panelsas
function of frequency Perforation radiusr; > 0.5mm for both plates,and gap width g <
0.3mm. SeeTable 4.2 for geometrydefinitions.

4.1.3 Results

The experimentalwork indicatedthat the plate separatiorinfluencedthe absorptioncharac-
teristicsquitestrongly aswasexpected Figures4.5to 4.8 compardheabsorptiorcoeficient

predictedby the analyticalmodelto the measuredbsorptiorcoeficient. For comparison,
Fig. 4.9 showns the measuredbsorptioncoeficient of perforatedsingle panels. The results
have two implications:

— The modeldescribedn Sec.4.1.1,althoughapproximatelyadequatdor someof the
geometriesis clearlynotableto give accuratgredictionsof theabsorptiorcoeficient.

— Thegeometrieof Tables4.2 and4.3areclearly not suitedasbroadbandibsorbers.
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Figure4.7: Measued and simulatedabsorptioncoeficient of perforated double panelsas
function of frequency Perforation radiusr; > 0.5mm for both plates,and gap width g >
0.6mm. SeeTable4.2for geometrydefinitions.
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Figure 4.8: Measued and simulatedabsorptioncoeficient of perforated double panelsas
function of frequency Perforation radiusr; > 0.5mm for both plates,and gap width g <
0.3mm. SeeTable4.3for geometrydefinitions.



Double panel absorbers

016 017 018
1 1 1
0.5 0.5 0.5
gO 100 500 1000 gO 100 500 1000 gO 100 500 1000

Figure 4.9: Measued and simulatedabsorptioncoeficient of perforated single panelsas
functionof frequencySeepage 54 for geometrydefinitions.

Themodelhandleghegeometrie903,004and009verywell (seeFig. 4.5). In thesege-
ometriestheholesin thefront or rearplatearequitesmall,r = 0.25mm, andthegapwidth is
notvery small,g > 0.3mm. Theagreemenbetweerthe modelandthe measurements due
to thefactthatin thesecasegheimpedancef the smallperforation,Eq. (4.1), is of greater
importancethanthe impedanceof the gap (seegeometry016in Fig. 4.9). For the geome-
trieswith larger perforationsy > 0.5mm, the agreemenbetweermodelandmeasurements
is clearlydependenbn the valueof g. For large valuesof g (geometriesd15and121-123),
the agreements quite good, althougha little shiftedin frequeng. For smallg (geometries
005,010and011),themodelfails completely The critical partof themodelis Eq. (4.4),the
resistancef thegap. As mentionedn Sec.4.1.1,this equationis not valid, andclearly un-
derestimateheresistancewhenthe distancebetweerthe platesis comparableo (or smaller
than)theviscousboundarylayerthickness.

The geometriegestedare clearly not optimal. The main part of the enegy dissipation
is supposedo take placein the gapbetweerthe plates. Therefore,analogougo the MPPs,
the gapwidth betweerplatesshouldbein the orderof theviscousboundarylayerthickness.
However, for the geometriesvherethis is the case,it seemghatthe distancebetweenper
forationsb is too large. In thesecasesthe relative resistancas significantly greaterthan
unity. For the geometrieswith larger g, the resistanceof the gapis low, andthe total rel-
ative resistancaes lessthanunity. To achieve a reasonablédroadbandbsorptionoptimum
combinationsf b andg, andto alesserextent,r;, mustbefound.

The accurag of the measurementgspeciallyd02—018, waspoor for low frequencies.
This is probablydueto the smallmicrophoneseparation Becauseof this, the measurement
datawerecutat56Hz in all thefiguresabove.

4.2 Slit-shapedperforations with constantseparation

Theinitial investigationof the perforatecdoublepanelabsorbemwasunsatisctory A better
modelwasrequiredto predictthe impedanceof the gap betweenthe plates,and more ex-
perimentsvererequiredto validatethe model. To simplify the geometryof the slit between
theplates the perforationsverenow assumedlit-shapedWith this changan geometrythe
flow in the narrav gap betweenthe platesbecomesalmostunidirectional. The impedance
of flow in athin, infinitely long gapis givenby Eg. (2.38). However, the effect of the sharp
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Figure 4.10: The geometryof the slitted doublepanelresonatorconcept(side view, not at
scale). Thecentercenterdistancebetweerslits, b, is the samefor the two plates. Theoffset
betweerthe centes of the slits in thetwo platesis q. Thegapwidth g is in the order of one
or two viscoushoundarylayersto allow viscouseffectsto becomesignificant

edgesof the perforationsis not easilyincorporatedn a theoreticalmodel. Therefore,the
Finite DifferenceMethodwasusedto simulatetheimpedancef the gapbetweerthe plates.
Themodelpresentedbelow is arevisedversionof aninitial versionwhich did not allow lat-
eraldisplacemenof oneplaterelative to the other Theinitial modelandsomeof theinitial

measurementsave beendescribedearlier[Randebeg et al., 1999; Randebey, 2000]. Be-
sidesthe possibility of lateraldisplacemenandsomeminor changestheinitial andrevised
versionsarepracticallyequivalent. Therefore pnly the latteris presentedbelow.

4.2.1 Model

The geometryof the slitted doublepanelabsorbelis shovn in Fig. 4.10. As in Sec.4.1.1,

the model considersan imaginarytube. The cross-sectiorareaof the tube,and hencethe

cross-sectionf the cavity volumeassociateavith asetof slits,is A= b x 1. Theimpedance
Z,;, of thecavity behindthe doublepanelis givenby Eq. (3.5), with b? substitutecby A:

Z. =] z—/j cotkd = —jz—gcotkd (4.9)
Thedistancebetweerthefront andrearslitsis g. In this section wherethe distancebetween
the slits is constant,g = b/2. In general,q cantake valuesin the rangeO—b, but dueto
symmetryonly therangeO—b/2 is relevant.

Thespecificimpedancef aslitin platei = 1 or 2is givenby Eq. (2.38),thetotal inductive
endcorrectionof theslit is givenby Eq. (2.22),andthetotal resistive endcorrectionis given
by Eq. (2.33). As explainedbelow, the full lengthl; =t; is not usedin the first of these

equationsput rathera Iengthli' < ;. Usingonly the inductive andresistve endcorrections
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Front slit Front slit
zZ,m
m=0
m=s,
- m251+M h 1
: M=S;+M+S,=T :
i Rear slit i
: I=X =X+ B, :
: b :

Figure4.11: Thegeometryof the FDM modelfor a slitted doublepanelresonator Thefigure
is at scalefor a panelwith typical dimensions.The FDM is usedto solveEq. (4.11)in the
shadedegion. Thesymbolsare explainedin thetext. Notethe cyclic symmetryfointsto the
right of | = L are equivalento pointsto theright of | = 0.

of theaperturewhich doesnotfacethegap,theimpedancef aslit in platei canbewritten

. , -1
7, - Jwv;\joli { ll_ tan:s(\xzxﬂ)] _ %Iog [sin(zﬂbi)] _j%}, (4.10)

wherexs is givenby Eq. (2.39)with w = w;, anddy is givenby Eq. (2.25).

As mentionedabove, the impedanceof the gap betweenthe platesis calculatedby the
FDM. AssumingCartesiancoordinatesthe linear Navier-Stokes equation,Eq. (2.34), and
themassconsenrationequationEqg. (3.9)with ¢ = 1, arewritten as

j u+@— d_2u+a_2u =0

0Pt 5y ~H @ T 92) =

. ap 0>v 9%

prOV_'—E_H W_'—ﬁ =0 (411)

. 5, (0du ov
0P+ PG | 55+ 57 =0,

Theseequationsaresolved for pressurep(x,z) andvelocity u(x,z) = u(x,2) X+ v(x,z) 2 in
theregion shavn shadedn Fig. 4.11. The gapbetweerthe platesis dividedinto M vertical
stepsof lengthAz = g/M. Theimaginarytubeis divided into L horizontalstepsof length
Ax=Db/L. L is determinedsothereareat leastL, grid pointsin the mostnarrow slit, andat
leastL, grid pointsin thetube. It is desirableto includethe edgeeffectsof the slits in the
FDM simulations.Therefore the simulatedregion extendsa lengthAzS into theslit in plate
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i. AzS is setequalto g or t;/2, whicheveris smaller:

M if g<i
S = { - t2I (4.12)
Mz—g if g>4%
Consequentlythereducedengthin Eq. (4.10)is givenby
Il =1, —AzS (4.13)

Thevaluesof M, L, andL, aregivenasinput parameterso the simulation.The valuesof W
andX in Fig. 4.11aredeterminedy the realslit widthsw;, sothatw; areequalto or larger
thanthe width of the simulatedslits, AXW. X is alsochosersothatX +W, /2+W,/2is the
closestintegerto q/Ax. In thosecasesvherea simulatedslit is wider thanthe corresponding
realslit, i. e. if grid pointsatl = L —W,, X or X +W, arenot exactly attherealslit surfaces,
thosepointsaretreatedspecially asdescribedelow.

Theboundaryconditionsusedin the simulationsare

— Repeatinggymmetryi. e. pointsat| = 0 arethesameas| = L:
Uo,m = UL Uim=WY
ome e om o (4.14)

Um=Uiim

The sameequationsare valid with v or p insteadof u. Any pointatl =L+ n is
equialentto | = n.

— Constansoundpressuregp® andverticalflow in the front slit (m < 0):

vV, =V
-t 1o (4.15)

Equationg4.11)arelinear, thustheimpedancet ary pointis independentf p°. The
valueof p? is thereforearbitrary andis setto p® = 1Pa.

— Constantspecificimpedancez; atthe boundaryin therearslit (m= T), andvertical
flow in therearslit (m> T):

Pr=#Vr T+ =V (4.16)
Ui =0 Prra=Pr
Here,z; =w, (Zair + Zs,z) :
— All surfacesarehard,andthereis no slip of theviscousflow:
ap
el =0 =0
on surbce u|surface ’ (4-17)
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wheredp/dn is the derivative of the pressuren the directionof a vectorn normalto
ary surface. Oneexceptionwas madeto the “no slip” condition,asthe velocity was
allowedto benon-zeroatthe cornersof theslits.

The symmetrymakesit easyto handlesituationswherel =L (i.e. | = 0) is insidetherear
slit: In suchcases pointsoutsidethe interval | = 1—-L arewrappedinside. Analogousto
themethodusedin Sec.3.1.3,pointsmorecloseto the surfacethana normalhorizontalgrid
lengthAx aretreatedspecially The numberny, is definedasthe ratio of the point—surface
distanceo thegrid length,for grid line m. The pressuratthespecialpoints,e. g. atl = X, is
calculatedoy [Crandall, 1956]

pI,m = pl+l,m7 (4.18)

andthe particlevelocity is calculatedby

Uy m = %Ux+1,m (4.19)
Analogousequationsareusedfor theothersurfaces) = L —W, andl = X + W,

The outputof the FDM is the pressureandvelocity distribution in the gapbetweenthe
platesandinner partsof the slits. The averageacousticimpedanceat the entry of the front
slit is given by the specificimpedanceat m = 0 andthe acoustidmpedanceof the front slit,
includingendcorrectiongEq. (4.10)):

1 L Pio
Zy=— > L (4.20)
P wy (B1+1) I=LZ—Bl Vio %1

Theabsorptiorcoeficient of the slitted panelabsorbeis givenby Eq. (4.8),with A= b x 1.

As with theFDM modelusedto simulatethemicrohorngn Sec.3.1.3,theaccurag of the
modelpresentedereis limited by the available computingresources As the gapbetween
the platesis the mostimportantparametein determiningthe characteristic®f the double
panelabsorberthe numberM of vertical stepscannotbe too small. However, the slits are
typically tentimeswiderthang, thusit is notfeasibleto requirethatAx ~ Az. Thenumberof
x-stepsn theinnerpartsof theslits maythereforenotbeoptimal. Additionally, theboundary
conditionsat the boundarybetweenthe FDM model and the analyticalexpressiondn the
slits may inducesomeerrors. A constantaveragespecificimpedances usedin both slits.
Theerrorsintroducedby theseassumptionareprobablymuchlessthantheerrorthatwould
be causedby notincluding the inner partsof the slits (and hencethe velocity field nearthe
corners)n the FDM model.

4.2.2 Measurementsand simulations
Dimensionsof samples

For the experiments,12 differentaluminium plateswere used. The plateswere combined
in pairsto form a numberof double panelconfigurations. The diameterof the plateswas
103mm. The plateshad regularly spaced slit-shapedperforations. Table 4.4 shavs the
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Table4.4: Slit width w, slit sepaation b, plate thicknesst and slit configuiation for plates
usedfor measuementsTwo kindsof slit configuationswere used;*X”, whelethediagonal
of the platewasslitted,and“0”, whele thediagonalof the platewasnot slitted.

Plate w t b Slit configuration
mm mm mm
A 1 1 15 o]
B 15 1 15 o
C 15 2 15 o}
D 15 2 15 X
E 3 2 15 o}
F 3 2 15 X
G 2 3 15 X
H 3 3 15 X
I 1 1 20 X
J 15 2 20 X
K 15 2 20 o
L 2 3 20 0

dimension®f the platesusedfor measurementd.he sametype of thin, annularcopperrings
asdescribedn Sec.4.1.2wereusedto keepthe platesseparatediuringmeasurementsChe
dimensionf theringswerethe sameasbefore,i. e 0.11and0.3mmthick.

Impedancemeasurementsin Kundt’'stube

The impedanceof the panelswere measuredn the samestandardKundt’s tube that was
usedto measurehe perforateddoublepanels. SeeFig. 4.4. Two plateswith differentslit
configurationgcenterecandnon-centeredyvere mountedin the tube so that the slits of the
front andrearplateswereparallelto eachother Thus,thevalueof q in Fig. 4.10wasb/2
for thesemeasurement®©neor moreof the annularringswereplacedbetweerthe platesto
keepthemseparatedt a givendistanceg. The measuremennethodandsetupwasalmost
identicalto what wasusedin Sec.4.1.2. However, the distancebetweenthe microphones
wasnow s= 200mm, andthedistancebetweerthefront microphoneandthe samplewast =
300mm. Forthismicrophoneseparationthebestaccurag is obtainedn thefrequeng range
85—680Hz [Bodenand Abom 1986]. Thedistanced to the hardbackwall was95.5mm.
Two seriesof experimentswere conducted,the frequengy rangeof which were 50—
550Hz and100—-600Hz, respectiely. To testthesensitvity to plateconcaity, all thesecond
seriegmeasurementsererepeatedvith thefront plateturnedbackto front. Threegapwidths
g weretested0.11,0.22and0.52mm, usinganappropriatecombinationof the copperrings.
Tables4.5and4.6 summarizeshe dimension®f the measuredioublepanels.
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Table4.5: Dimensionf the measued slitted doublepanels, first series. SeeFig. 4.10for
definitionof symbols For all geometriesb = 15mmandq= 7.5mm.

Measurement g ty t, Wy W,
no. mm mm mm mm mm
000 (Calibration)

001 0.52 1.0 2.0 1.0 15
002 0.22 1.0 2.0 1.0 15
003 0.11 1.0 2.0 1.0 15
004 0.11 1.0 2.0 1.5 15
005 0.11 2.0 3.0 3.0 3.0
006 0.22 2.0 3.0 3.0 3.0
007 0.11 2.0 3.0 3.0 2.0
008 0.22 2.0 3.0 3.0 2.0
009 0.11 1.0 3.0 1.5 3.0
010 0.22 1.0 3.0 1.5 3.0
011 0.11 1.0 3.0 1.0 2.0
012 0.22 1.0 3.0 1.0 2.0

Table4.6: Dimension®fthe measuedslitteddoublepanels secondseries.SeeFig. 4.10for
definitionof symbols.Measuementsl01-104 hadb = 15mmand g = 7.5mm. Measue-
mentsl05—-107hadb = 20mmandq = 10mm.

Measurement g 9] t, w, w,
no. mm mm mm mm mm
100 (Calibration)
101 0.11 2.0 3.0 3.0 3.0
102 0.22 2.0 3.0 3.0 3.0
103 0.11 2.0 3.0 15 3.0
104 0.22 2.0 3.0 15 3.0
105 0.22 1.0 3.0 1.0 2.0
106 0.11 2.0 2.0 15 15

107 0.22 3.0 2.0 2.0 15
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Table4.7: Simulationparametes usedin the FDM modelof the slitted doublepanels. See
page 60 for definitionof symbols.

M 10 Number of Z-steps in gap between plates

L1 10 Minimum number of X-steps in the most narrow slit

L2 50 Minimum number of X-steps in the gap between the plates
Simulations

Becausdhe gapwidth is a very critical parameterseveralvaluesof g wereusedin the sim-

ulationswhile the otherparameterérom Tables4.5 and4.6 werekeptconstant.The values
that were usedare not takulatedhere, but are given togetherwith the resultsin Sec.4.2.3.
The simulationparametersisedareshownn in Table4.7. Thesevalueswerefoundto give a

goodcompromisebetweersimulationtime andaccurag. The simulationsweredoneat1/3

octave spacedointsin the frequeny range39.7—2016Hz.

To comparehe doublepanelresonatomwith the MPPs the absorptiorof two MPPswere
calculatedusingthe FLAG program(seepage39). For the FLAG calculationsthe perfo-
ration separationsvere chosento give approximatelythe sameresonancdrequeny asthe
resonancérequencie®f thedoublepanelwith whichthe MPPsarecomparedMPP A hada
0.65%perforationandMPP B hada 0.39%perforation.The panelthicknessvas1mm, and
the perforationradiuswas0.5mm. The samebackcavity thicknessasusedduringmeasure-
ments,d = 95.5mm, wasassumedThesimulationsweredoneat 1/30 octave spacedgoints
in thefrequeny range35—1094Hz.

4.2.3 Results

Both the experimentsandthe simulationsshavn in Figs.4.12to 4.14show thatthe absorp-
tion characteristicare very dependenbn the gapwidth g betweenthe plates. The most
importantobsenationthatcanbe dravn from thesefiguresis thatan optimumvalueof g ex-
ists,for which the panelabsorbehasa high absorptiorandarelatively largebandwidth.The
bandwidthof the resonancéncreasesvheng decreasesyhile the absorptionat resonance,
a,, hasa maximumvaluefor somevalueof g. The situationis analogousgo the casewith
MPPs,discussedy Maa [1987,1998] (seeSec.2.4.1). If the gapg betweenthe platesis
consideredinalogougo the perforationdiameterr, the following obsenationscanbe made.
For asmallvalueof g, therelative resistance is high, becausé increasegroportionallyto
1/g* (seeEq.(2.50)). Thus,adecreasén g increaseshebandwidth asillustratedby Fig. 2.9.
Onthe otherhand the maximumabsorptiorcoeficientof Eq. (2.52),with 8 =~ Y /g*, is

4y
(2+3)

whereY is a constant.Thus,a, hasamaximumfor g ~ VY. Thesimulationresultsconfirm
theseeffects. Themaximumresonancabsorptiorseemdo occuratagapwidth alittle higher

a~ , (4.21)
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Figure4.12: Measuementsand simulationsof slitted doublepanels. Absorptioncoeficient
as function of frequencyfor different gap widthsg. SeeTable 4.5 for geometrydefinition.
Measued gap width wasg = 0.52mm. Simulatedgap widths: x, g = 0.52mm; O, g =
0.58mm. Thesharppeaksat about500Hz are dueto plateresonances.
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Figure4.13: Measuementsand simulationsof slitted doublepanels. Absorptioncoeficient
as function of frequencyfor different gap widthsg. SeeTables4.5 and 4.6 for geometry

definitions.Measuedgapwidthswere g = 0.11mm. Simulatedyapwidths: +,g=0.11mm;
A,g=0.14mm.

than0.22mm. Also notethat someof the doublepanelmeasurementshon sharppeaksat
about500Hz. Thesepeaksaredueto plateresonancef the relatively thin plates(1mm)
usedin someof thesedoublepanels.As this resonancés narrav, andalsonot closeto the
Helmholtzresonancet shouldnotinvalidatethe measurements.

The simulationsby the FDM modeldescribedn Sec.4.2.1correspondeasonablevell
with themeasurement§.hediscrepang in the maximumabsorptioris in somecasesnainly
causedby inaccurag in thevalueof g. The platesarenever completelyplane,andmay be
slightly concare or convex. As shavedby the simulationsa smalldeviationin g cansignifi-
cantly alterthe valueof a,,. Thesensitvity to variationsin g, andthustheinfluenceof plate
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Figure4.14: Measuementsand simulationsof slitted doublepanels. Absorptioncoeficient
asfunctionof frequencyfor differentgapwidthsg. SeeTables4.5and4.6for geometrydefi-
nitions. Measuedgapwidthswere g = 0.22mm. Simulatedyapwidths: +, g =0.22mm; A,
g=0.24mm; 7, g= 0.26mm. Thesharppeaksat about500Hz are dueto plateresonances.

concaity appeato belessfor thelargeplateseparatiorg = 0.52mm. Thegapwidth alsoin-
fluencegheresonancérequeng. Figure4.15shons all measurementgxceptmeasurement
001whereg= 0.52mm. Theresults especiallythosefor b = 15mm, shav thatthe measured
resonancérequencieslivide into two groups.This groupingis mainly determinedy thegap
width. Within eachgroupof curves,theratio of maximumandminimum air volumein the
slitsandin thegapupto 3:1. Thisvariationin air volume(i. e. resonatomass)nfluenceghe
resonancérequeng relatively little. Ontheotherhand for eachpair of configurationsvhere
only g differs, the variationin total air volumeis about10%, while the differencein reso-
nancefrequeng is large. Consequentltheeffective resonatomasss mainly determinecy
theeffective densityof theair in thegap,andonly slightly dependenbntheair volumein the
gapandtheslits. This mayalsobeconfirmedby approximatinghe effective massof theslits
andthe gapby theimaginarypartof Eq. (2.38). Table4.8 shavs theresultsfor sometypical
dimensionsTheresultshave two implications:Fir stly, thetotal effective massof theslits is
muchlessthanthe effective massof the gapbetweerthe plates. Therefore theinfluenceon
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Figure 4.15: Measuementf slitted double panels. Absorptioncoeficient as function of
frequencyfor different gap widthsg. All measuementsin Tables4.5 and 4.6 are shown,
exceptfor measuement001.—, g = 0.22mm; —, g = 0.11mm.

Table 4.8: Effectivemassfor typical slit and gap widths. Calculatedby imaginary part of
Eq.(2.38),with f =200Hz andb = 15mm.

Length Width Effective mass
mm mm g/m2
I=t=1 1.0 0.316

3.0 0.097
| = b/2= 7.5 0.14 17.8
0.26 9.6

theresonancérequeng is small. Secondlythe squareroot of theratio of effective massof
the gapis 1.36. Thisis closeto theratio of typical resonancérequencie®f thetwo groups
of curvesin Fig. 4.15,i. e. 310and230Hz. Thepredictedesonancérequenciesn Figs.4.12
to 4.14aregenerallyabit highcomparedvith measurementd.ik ethediscrepangin ay, this
may in somecasede causedy non-planamplates,leadingto a deviation in the valueof g.
However, becausehe predictedf,, is generallytoo high, it seemshatthe effective resonator
massof the modelis alittle too low for mostof the configurations Onereasorfor this may
bethatthe FDM grid sizeis too large, so thatthe effective massin the gap,especiallynear
the edgef theslits, is not calculatedcorrectly

To investigatethe effect of plate concaity, the secondseriesof measuremente/asre-
peatedwith the front plateturnedbackto front. The effect of thisis shavnin Fig. 4.16. As
shawn, the turning of the front plate may leadto anincreaseor a decreaseén aj, or it may
have no effect at all. The effect depend=n the shapeof the plates,andthe sensitvity is
largestfor smallvaluesof g.

Figure4.17illustratesthe effect of theslit distanceb, whenall otherparametergexcept
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Figure 4.16: Measuementof slitted double panels. Absorptioncoeficient as function of
frequencywith and withoutreversion of front plate SeeTable 4.6 for geometrydefinitions.
—, front plate normal,—, front platereversed.

g which equalsb/2) arekeptconstant.Dueto the highercavity volumeperslit for higherb,
the shift towardslower frequenciess expected.Thereductionof a;, for b = 20mmindicates
that the resistancen this caseis too large. Thus,thereexists an optimumvalue of b for a
givenplateseparatiory.

Figure 4.18 compareghe absorptionof someof the double panelmeasurementsith
FLAG simulationsof sometypical MPPs. SeeSec.4.2.2for dimensionf the MPPs. The
high correspondencbetweerthe simulationof MPP A andthe measurementf configura-
tion 008is a coincidencehut shaws thatthe two conceptanay have comparableabsorption
characteristics.Note that the dimensionsof the measurediouble panelspresentedn this
sectionhave notbeenoptimized.
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Figure 4.17: Measuementf slitted double panels. Absorptioncoeficient as function of
frequencyfor different valuesof b. SeeTables4.5 and 4.6 for geometrydefinitions. —,
measuement12; —, measuementl05.
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Figure 4.18: Measuementsof slitted double panelscompaed with simulationsof MPPs.
Absorptioncoeficient as function of frequency SeeTable 4.5 and page 65 for geometry
definitions. Left graph: —, measuement008; —, measuement002; +, MPP A. Right
graph: —, measuement009; —, measuement03; +, MPP B.

4.3 Slit-shapedperforations with adjustable separation

Theresultsof the precedingsectionindicatedthatthe doublepanelabsorbercould have ab-
sorptioncharacteristiccomparableo or betterthanthoseof MPPs. Furtherinvestigation
wasnecessaryThe availability of a Kundt's tubewith a squarecross-sectiomadeit possi-
ble to experimentallyinvestigatethe effect of relative lateraldisplacemenbf the slitsin the
two plates. This sectionpresentsneasurementand simulationsof this effect. A complete
investigatiorof the effect of all eightgeometryparameterss alsopresented.
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4.3.1 Model

Themodelusedin this sectionwaspresentedn Sec.4.2.1. The valueof theslit separatiorg
isin therange0—b/2. Thelimits of thisinterval correspondo whatwill becalledthe“open”
and“closed” statesof the doublepanelabsorber

4.3.2 Measurementsand simulations
Dimensionsof samples

Four slitted doublepanelswere producedfor measurementsThe dimensionsof the panels
arelistedin Table4.9. Thepanelsveremadeof steel. To allow the platesto move relative to

eachother, while keepinga constantdistancebetweerthe plates,thin stripsof copperwere
gluedto the front plate. The rearplate wasfastenedvith screvs to the front platethrough
shortslits in the rear plate. Fig. 4.19 shavs panelsampleC in the “open” position. One
of the objectvesof the measurementsn thesesamplesvasto investigatethe influenceof

panelvibrationson the absorptioncharacteristics Thus, unlike the microhornsamplesno

supportingbarswereused.

Impedancemeasurementsin Kundt' stube

The specificimpedanceat normal soundincidenceof the adjustable slitted double panel
samplesvasmeasuredisingthe samesquareKundt’s tubeandequipmenthatwasusedfor

measurementen microhorns. SeeSec.3.2.2. The transferfunction methodwas usedas
before. In addition,to measurehe influenceof panelvibration, a Polytec OF\-2200laser
vibrometerwas used[Polyteg 1999] to measurehe vibration velocity at several positions
ontheplates.Thevibrometeroutputsa voltageproportionalto the velocity amplitudein the
direction of the laserbeam. During the measurementdescribechere,the laserbeamwas
approximatelynormalto the panelsurface. Therefore the outputvoltagewasassumedo be
approximatelyproportionalto the normalvelocity. Figures4.20and4.21shov anovervienv

of the measuremergetup,anda sketch shaving the relevant dimensions. The distanceg

ands werethe sameasin Sec.3.2.2,thatist = 310mm, ands = 150mm. The samplewas

Table4.9: Dimensionsof the measued adjustable slitted doublepanels. SeeFig. 4.10for
definitionof symbols All plateswere 0.7mm thick.

Panel g b Wy W, q
mm mm mm mm mm
A 0.25 14 3.0 3.0 0,3,56and7
B 0.45 42 7.0 7.0 0,4,7,10, 13, 16, 19 and 21
C 0.10 10 3.0 3.0 0,2,25,3,354and5
D 0.12 10 2.0 2.0 0,1,15,2,25,3,4and5
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Figure4.19: Sampleof adjustableslitted panelabsorbermountedo the sampleholder The
panelis in the“open” position,andis seenfromtherear side Threeof thefivethin copper
stripswhich keepthe platessepaatedcanbe seen. Thesestripswere gluedto thefront plate

fastenedo the sampleholderwith screvs, asshovn in Fig. 4.19. Threevaluesof the back
cavity depthd wereused;300,150and75mm.

For a giventransferfunction betweerthe microphonesH, ,, the specificimpedancavas
calculatedby Eq. (3.27). ThetransferfunctionH, , wasmeasuredy the computerprogram
WNMLS, describedn Sec.3.2.2.All four of thesoundcardchannelsvereusedhere;onefor
the outputMLS-signal,two for the microphonesignals,andonefor the velocity signalfrom
thelaser For all measurementandcalibrationsthe measuremergarametersverethe same
asin Sec.3.2.2: Thesamplingratewas11025Hz, the sequencerder14, andthe numberof
averagewasl6.

To relatethe measuregblatevibration quantitatiely to the dipsandpeaksin the absorp-
tion coeficientasfunctionof frequeng, the measuredelocity wasnormalizedwith afactor
proportionalto theincidentsoundintensity As givenby Vigran[1985], theincidentintensity
is afunctionof H,,:

I, O [exp(jks) — Hy,] (4.22)

wherek = w/c is the wavenumberands is the microphonedistance. Thenthe normalized
velocityis givenby

Vyg = ———Dlaser 5 (4.23)
[exp (jks) — Hy,)
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Figure4.20: TheKundt'stube with microphoneamplifiers to theleft. Thepiston,which con-
stitutethe badk wall of the tube is madeof thick glass,with a frameof aluminium.Thus,the
laserat therear endhasan almostcompleteview of the mountedsample In the badkground
canbeseentheanedoic endpieceusedduring the calibration.

t

laser

I mic. 2 T end piece

sample holder
w/ sample

MLS-signal

Figure4.21: The setupusedfor normal incidenceimpedanceand vibration velocity mea-
surementsof the slitted doublepanel. Thetransferfunctionbetweerthe microphonesand
thevibration normalizedvelocity Eq.(4.23),wascalculatedby thecomputeprogramsWin-
MLS [MorsetSoundDevelopment 1999] and Qintv (Sec.A.4). During all measuements,
t =310mmands= 150mm. Threevaluesof d were used;300,150and 75mm.
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whereH,, ., is the Fouriertransformof the measuredelocity impulseresponse.

Simulations

Thegeometriesn Table4.9weresimulatedoy themodelpresentedh Sec.4.2.1.Alternative
valuesof the gapwidth g were also simulated. Thesevaluesare given togetherwith the
results.A comprehensie setof simulationswasalsocarriedout to investigatethe influence
of all the eightgeometryparametergw;, w,, t;, t,, b, g, g andd in Fig. 4.10). For all the
FDM simulationsthe simulationparametersverethe sameasin the precedingsection given
in Table4.7. The simulationsweredoneat 1/3 octave spacedbointsin the frequeny range
39.7—-2016Hz, andalsofor thefrequeng f = 2194Hz, correspondingo A = d.

To comparethe slitted doublepanelresonatowith MPPs,the absorptionof two MPPs
were calculatedusing the FLAG program(seepage39). As before,the perforationsepa-
rationswere chosento give approximatelythe sameresonancdrequeny asthe resonance
frequencie®of the doublepanels.MPP A hada 0.94%perforationandMPP B hada 0.76%
perforation.The panelthicknessvas1mm, andtheperforationradiuswas0.5mm. Theback
cavity thicknessd = 150mm. Thesimulationsweredoneat 1/30 octave spacedpointsin the
frequengy range35—1094Hz.

4.3.3 Results

Note: To increasethe readability all lengthdimensionsgn the restof this sectionaregiven
without units. Unlessotherwisestated,all lengthsaregivenin millimeters. Also notethat
the platethicknesg or the slit width w aregivenwithout indiceswhenoneor both of these
dimensionsarethe samefor bothplates.

Velocity profiles

The Finite Differencemodel that was appliedto the inner partsof the slits andto the gap
betweerthe plates,is a linearmodel. The assumptiorof linearity failsif the velocity in the
resonatomeckis above a certainlevel. As mentionedn relationto Eq. (4.15), the driving
pressureof the modelwas arbitrarily setto 1Pa (or 94dB). Note that this is the assumed
soundpressurensidethefront slit, atm = 0 in Fig. 4.11.Basedonthis, themaximumvalues
of the horizontalandvertical velocity u andv werecalculatedor onetypical geometry The
resultsarepresentedn Table4.10. The maximumvelocity, 5cm/s s the horizontalvelocity
in the gapbetweerthe plateswhenthe resonatois in the “closed” state,andthe frequeny
equalsthe resonancdrequeng. This velocity wasfoundto be a factor 100 lower thanthe
velocity which mark the onsetof nonlinearity as discussedn Sec.2.3.2. Thus,assuming
thatthesoundpressurén thefront slit is not significantlylower thanthedriving pressurethe
linearmodelshouldbevalid for soundpressurdevelsup to about134dB.
Figure4.22shavsthe calculatedvelocity fieldsfor the geometrieandfrequenciedisted
in Table4.10. The velocity hasa horizontalcomponensomedistancensidethe slits, espe-
cially in therearslits. This justifiesthe extensionof the FDM a distanceAzS into the slits.
In generalthevelocity profilesin the slits andin the gapbetweerthe plateshave the quali-
tative propertiesdescribey Craggsand Hildebrandt[1984] (seepagel4). Thedimension
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Figure 4.22: \elocity fields of adjustableslitted double panels. Therear slit is up in the
figures. Thegeometriesandfrequenciesre the sameasin Table4.10. Notethatto increase
clarity, only everysecondyrid pointhasbeenincluded.Alsonotethatthescaledn thefigures
differs by a factor 1000. Pleasereferto Table 4.10to compae thevelocities.
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Table4.10: Calculatedmaximumvelocitiesof a typical slitted doublepanelin the “open”
(g=0) and“closed” (q = 6) states.Theothergeometryparameteswere: w=2,t=1,g=
0.16, b = 12 andd = 155 Therowsin bold typefacerepresentsalculationsfor frequencies
nearresonanceThefrequency2194Hz correspondsod = A.

f q U (max) V (max)
Hertz mm cm/s cm/s
50 0 0.007 0.005
550 0 0.5 1
2194 0 0.009 0.001
50 6 0.7 0.1
300 6 5 1
2194 6 0.01 0.002

of thegapin this exampleis of the orderof the viscousboundarylayerthicknessandsothe
velocity profile in the gapis parabolic. The slit widths arelarge comparedo the boundary
layerthicknesssothevelocity profilestherehave aflat centralpart. This is bestobsenedin
thefront slit, wherethe horizontalvelocity componentsrelessdominanthanin therearslit.

Theshape®f the velocity fieldsin the“closed” statearesurprisinglysimilar for the low
frequeng, f = 50Hz andtheresonancérequeng, f = f; = 300Hz, althoughthedifference
in magnitudeis about10, accordingto Table4.10. Thefrequeny f = 2194Hz corresponds
to A = d, i. e. astandingwave in the backcavity. For this frequeng, thereis almostno net
flow in the resonatoneck. Therelatively low velocitieslistedin thetable correspondo the
“rotational” flow thatcanbeseenn thefigure. Theeffectof thestandingwaveis alsoevident
in the“open” statefor thesamefrequeng. It is interestingo notethatat resonancethe max-
imum vertical velocity (correspondindo the velocity of theflow in the slits) is equalfor the
“closed” and“open” statesf the doublepanelresonatarHowever, the horizontalvelocities
differs by a factorof 10. As the viscousenegy dissipationis proportionalto the squareof
thevelocityto asurface,it is clearthattheslits contributesvery little to thedissipationof the
soundenengy.

Effect of geometry parameters

Theresultsdiscussedn Sec.4.2.3gave anindicationof therelative importanceof the mary
geometryparametersisedin themodel.As themodelwasverifiedto bein reasonablyccor
dancewith experimentsalargeseriesof simulationsvasdoneto systematicallyevaluatethe
effect of all eightgeometryparametersThe mainresultsof thesesimulationsarepresented
in thefollowing paragraphs.

Symmetnof plates The velocity fieldsin the slits were expectedto be similar, soit was
assumedhattheplatesshouldbeinterchangeableAn exchangeof platesshouldnotalterthe
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Figure4.23: Effect of exchange of platesof differentthicknessand with differentslit widths.
Absorptioncoeficientas functionof frequency SeeFig. 4.10for definitionof symbols.For
bothgraphs,b =12, q=6,d =75andg = 0.16. Leftgraph: —, t, = 1 andt, = 2, —,
t, = 2 andt, = 1. Rightgraph: —, w; = 1 andw, = 2; —, w; =2 andw, = 1.

absorptioncharacteristicsHowever, asdemonstrateébove, the velocity fieldsin the front
andtherearslits werenot completelysimilar. Figure4.23shonstheeffect of anexchangeof
platesof differentthicknessandwith differentslit widths. Thisfigure shovsthattheplatesof
differentdimensionsare not completelysymmetric,but the differenceis so smallthatthere
is probablyno needto considerthis effect aspart of a designprocess.To excludethe small
effectof asymmetryall theothergeometriepresentedherehadt =t; =t, andw=w,; =w,.

Effectof slit width and platethickness Figure4.24showstheeffectof achangen theplate
thickness andthe slit width w. Simulationswerealsodonewith t = 2 andw = 2. These
resultsare excludedto simplify the figure. By comparingthe left columnwith the right
columnof Fig. 4.24,it is clearthat the plate thicknessis practically insignificant, at least
for the relatively normalthicknessegonsiderechere. This hasthe practicalconsequence
that the plate thicknesscan be chosensolely on the basisof physicalrequirements.The
slit width, on the other hand, may seemto have a significantinfluenceon the absorption
characteristicsaccordingto the graphsin Fig. 4.24. This is probablynot the case.As seen
from Fig. 4.100n page59, the effectivelengthof the gapbetweerthe front slit andtherear
slitisq—w; /2—w,/2=q—w. A changen wwill thereforechangeheeffective gaplength
equialently By comparingthe top left graphin Fig. 4.24 with the middle left graphin
Fig. 4.27,the effect of w maybe comparedvith the effect of g.

Effectof plate sepaation The plateseparatiorwasexpectedto be the mostimportantpa-
rameter Thediscussiorin thebeginningof Sec.2.2andtheresultsof Sec.4.2.3indicatethat
for agivenvalueof b (or g), thereexistsan optimumvalueof g. The existenceof this opti-
mumis confirmedby thegraphsn Fig. 4.25. To increaseheclarity, eachgraphincludesonly
every third of the geometrieghatwere simulated. The graphsclearly indicatethe optimum
valueof g for the threevaluesof b simulated.As expected the optimumvalueof g increase
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Figure 4.24: Effect of plate thicknessand slit width. Absorptioncoeficient as function of
frequency SeeFig. 4.10for definitionof symbols.For all graphs,d = 75andq = b/2. —,
w=1 — w=3.
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Figure4.25: Effect of plate sepaation. Absorptioncoeficientas functionof frequency See
Fig. 4.10for definition of symbols.For all graphs,w = 2,t =1 andq= b/2. Thecurves
correspondo plate sepaationsg = 0.10, 0.16, 0.22, 0.28, 0.34, 0.40, 0.46, 0.52and 0.58.
Thicker linescorrespondo larger valuesof g.
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for largervaluesof b, andis independenof d. However, theabsorptiorbandwidthdecreases
for largervaluesof b. Thus,if high absorptiorover alarge frequeng rangeis required,the
plate separatioris limited to a ratherlow value. The resonancdrequeng increasesvheng
increasesdueto thereductionof the effective mass.

Effect of centercenterdistancebetweenslits The effect of variationin the centercenter
distancebetweerslits is shavn in Fig. 4.26. Theseresultsaresimilar to thosein Fig. 4.25,
andshawvsthatfor a giveng thereexistsanoptimumvalueof b. As discusseébove, alarger
valueof g correspond$o alargeroptimumb, at the costof areducedabsorptiorbandwidth.
The resonancdrequeng decreasesvhenb increases.Simulationswith g = 0.40 are not
includedin Fig. 4.26. Thesesimulationsshaoved the sametendeng asg = 0.20, with the
maximumabsorptiorcoeficientoccurringatb = 22.

Effectof slit sepaation Figure4.27 shaws the effect of variationin the slit separationi. e.

the lateral distanceqg betweenthe centersof the front andrearslits. As shovn in Fig. 4.26,
for g = 0.16 the maximumabsorptiorcorresponds$o b = 8. Thus,for b = 12 theabsorption
is maximumfor a slit separatiorg < b/2, while for b = 6, the slit separatiorb/2 givesthe
largestpossibleabsorption.If b is larger thanthe optimumvalue, the optimumvalue of g

is lessthanb/2. As with g andb, achangen g causesa frequeng shift. As shown in the
middleleft graph,this canbe usedto make aresonatomith shiftableresonancérequeng.

Summary It hasbeenfound that for the slitted double panelabsorberthe platesare in-
terchangeableFor platesof normalthicknessthe thicknessof the platesis of no practical
significance A changan theslit width, or a changein thelateraldistancebetweerthefront
andrearslits both causea changen the effectivelengthof lateralgap. For a givenapplica-
tion, thereexists an optimumcombinationof this effective gaplengthandthe gapwidth. A
changen plateseparatiorg, centercenterdistancebetweerslits b, or slit separatiorg may
causea significantchangein the maximumabsorptionabsorptionbandwidthor resonance
frequeng. As describedn Sec.4.3.2,the slit separatiorcanbe easily by changed.Thus,
the adjustableslitted panelconceptoffers the possibility of resonatorsvherethe maximum
absorptioror theresonancérequeng caneasilybechanged.

Panel vibrations

As statedearlier oneof the objectivesof the measurementdescribecherewasto evaluate
the influenceof panelvibrationson the absorptioncharacteristics.Figures4.28 and 4.29
shavs the modulusandphaseof the measuredormalizedvibration velocity asfunction of
frequeng for several positionsand configurations. All thesemeasurementaeredoneon
panelA, definedin Table4.9. Thefirst four peaks,n thefrequengy range20—55Hz, seems
to be practicallyequalfor all graphs,andare probablyan artifact of the measuringsystem.
The main vibration mode of the panel,at 77Hz, shows the expectedcharacteristics;The
vibrationvelocity is smallernearthe edgeof the panelthanit is atthe center Thevelocity is
largerfor a deepebackcavity. Whenthe panelis in the “open” state the vibration velocity
becomesignificantlysmaller Thisis in accordancevith whatwasreportedby Tanakaand
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Figure4.26: Effectof centercenterdistancebetweerslits. Absorptioncoeficientasfunction
of frequencySeeFig. 4.10for definitionof symbols For all graphsw=2,t = 1andq=b/2.
Thecurvescorrespondo centercenterdistancebetweerslits,b = 6, 8, 10, 12, 14, 16, 18,
20, 22 and 24. Thidker linescorrespondo larger valuesof b.
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Figure 4.27: Effect of slit sepaation. Absorptioncoeficientas functionof frequency See
Fig. 4.10for definition of symbols. For all graphs,w=2,t =1 andd = 75. Thecurves
correspondto slit sepaationsq =0, b/12, b/6, b/4, b/3, 5b/12 andb/2. Thidker lines

correspondo larger valuesof g.
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Figure4.28: Measuedpanelvibration for somemeasuringpositionsand panelstates.Mod-
ulus of normalizedvibration velocityas functionof frequency Theordinatehasbeenscaled
sothatthemaximunvalueequalsl. Themeasuementsvere doneonpanelA (seeTable4.9).

—, frontplate; —, rear plate
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Figure4.29: Measuedpanelvibration for somemeasuringpositionsandpanelstates Phase
of normalizedvibration velocityas functionof frequency The measuementsvere doneon
panelA (seeTable4.9).—, front plate; —, rear plate



4.3 Slit-shapedperforations with adjustable separation 85

PanelA

PanelB

0.5¢ 0.5¢

C el e ||
50 100 500 1000 50 100 500 1000

Figure 4.30: Modulusof normalizedpanelvibration velocity and absorptioncoeficient as
function of frequency SeeTable 4.9 for geometrydefinitions. The bad cavity depthwas
d = 150for both panels. Thevelocity measued at the centerof the panel,hasbeenscaled
sothatthe maximumvalueequalsl. —, vibration velocity;—, absorptioncoeficient.

Takahashi1999] for perforatedpanelswith large openinggseepage?1). The graphsshov
thatthevibrationvelocitiesof thetwo platesseento have the sameamplitudeand,asshovn
in Fig. 4.29,practicallythe samephase .Consequentlythe plateseparations notinfluenced
by panelvibrations. Figure 4.30 compareghe vibration modeswith the dips and peaksof
the absorptioncoeficient for two differentpanels. It is evident that the panelresonances
may influencethe absorptioncoeficient significantly especiallyfor panelresonancewvith
frequenciesiearthe Helmholtzresonancelt is alsoworth notingthatpanelresonancelelow
the Helmholtzresonanceesultin dipsin the absorptioncoeficient, while panelresonances
aboretheHelmholtzresonanceesultin absorptiorpeaks.Thisis probablydueto therelative
phaseof the panelvibration velocity andthe particle velocity in the panelopenings.When
thesevelocitiesarein phase,the particle velocity in the panelopenings(i. e. the velocity
relative to the panel)is smaller Theresultis adecreasé theenepgy dissipatiorandadip in
theabsorptiorcoeficient.

Samplemeasurementsand simulations

Figures4.31and4.32 compareghe measuredand simulatedabsorptioncoeficient for the
panelslistedin Table4.9. The panelswerein the “closed” state. The agreemenbetween
measurementand simulationsis relatively goodfor panelsA andB. For panelsC andD,
however, thereal,averagegapseparatiorseemo have beensignificantlydifferentfrom what
wasassumedandlistedin Table4.9. In the caseof panelC, this discrepang could be ob-
senedvisually. In anattemptto estimatehereal,averagegapwidth, severaldifferentvalues
of gweresimulated.Theplottedsimulationgg = 0.22for panelC andg = 18 for panelD had
the bestagreementvith measurementsSubsequensimulationsof panelD (seeFigs.4.33
and4.34)have usedg = 0.18.

The measuredand simulatedeffect of a variationin the slit separationg is shown in
Fig. 4.33. Notethatthe curveshave beencut at 100 and850Hz to excludethe effectsof the
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Figure4.31: Simulationsand measuementf slitted doublepanels. Absorptioncoeficient
as function of frequency SeeTable 4.9 for geometrydefinitions. All panelswere in the
“closed” state Left column: measued gap width g = 0.25, simulatedgap width: +, g =
0.25. Rightcolumn: measuedgapwidth g = 0.45, simulatedgapwidth: 57, g = 0.45.
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Figure4.32: Simulationsand measuementsof slitted doublepanels. Absorptioncoeficient
as function of frequency SeeTable 4.9 for geometrydefinitions. All panelswer in the
“closed” state Left column: measued gapwidth g = 0.10, simulatedgap widths: 1, g =
0.10; +, g = 0.22. Rightcolumn: measued gapwidth g = 0.12, simulatedgap widths: A,

g=0.12 v7,0=0.18.
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Figure4.33: Simulationsand measuementf slitted doublepanels. Absorptioncoeficient
asfunctionof frequencyfor several valuesof q. SeeTable 4.9 for geometrydefinitions.The
badk cavity depthwasd = 150 for both panels. For panel A, the curvescorrespondto slit
sepaationsq=0, 3,5, 6 and7. For panelD, thecurvescorrespondo slit sepaationsq = 0,
1, 2,25, 3, 4 and>5. Thidker linescorrespondo larger valuesof g.

mainvibration modeof the panelandhigherordermodesin the Kundt's tube. As shavn in
Fig. 4.27,the absorptioncoeficient canbe very sensitve to variationsin g for intermediate
valuesof g. Thus,someof the discrepang betweernthe simulationsand measurementfor
intermediatevaluesof g maybedueto inaccuraciesn the measuredralueof g. Thegeneral
behaior with varyingq is predictedby the simulationswith areasonabléegreeof accurag.

Figure4.34comparesheabsorptiorcoeficientsof the“best” slitteddoublepanelgpanel
A andD) with simulationsof typical MPPs.The comparisorwith MPPsconfirmsthe poten-
tial of the slitteddoublepanelabsorberTheresultspresentedn Figs.4.33and4.34werethe
motivationfor thework to be describedn the next section.
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Figure4.34:FLAG simulationsof MPPsandmeasuement®f slitteddoublepanels.Absorp-
tion coeficientasfunctionof frequency SeeTable 4.9 and page 74 for geometrydefinitions.
Thebad cavity depthwasd = 150for all panels.—, measued absorptioncoeficient; +,
MPP A; v, MPP B.

4.4 Adjustable slitted panelabsorber

The doublepanelabsorbemith adjustableslit separatiorseemedo have absorptionchar
acteristicsequivalentto or betterthan typical microperforatecbanels. However, all mea-
surementsand simulationsdescribedn the precedingsectionsare valid for normal sound
incidenceonly. This sectiondescribeghe investigationson the double panelabsorbeiin a
diffusesoundfield.

441 Model

Therelative, specificimpedancef anair cavity in front of ahardwall is

Car(B) = 5o cotlkdoosp), (4.24)

wheref3 is the angleof incidenceandd is the thicknessof the cavity. If alocally reacting
perforatecpanel,i. e apanelwith impedanceéndependentf theangleof soundincidencejs
placedin front of theair cavity, theimpedancéecomes

{(B) = [(8 +jwx) + Ly (B)] coOSB, (4.25)

wheref and y is therelative, specificresistanceandreactancef the perforatedpanel. The
absorptiorcoeficient of the systemis givenby

Q)
B = et (420
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andthe absorptioncoeficientin a diffusesoundfield is givenby the integral of a (8) [see
e.g. MorseandlIngard, 1968,Ch.9.5]:

2m, pm/2 ]
astz/o dB/O a (B)sinBcosB dB (4.27)

This integral maybe approximatedy

gy = 21T % a (Bm) sinPmcosPm AB, (4.28)
=1

whereAB = 11/2M, and i = mAS, andM is aninteger.

For simplicity, theslitteddoublepanelconsideredn this chaptelis assumedo belocally
reactingso that the theory above is applicable. However, the panelresistanced andreac-
tancey arenot explicitly givenby the modeldescribedn Sec.4.2.1. As shown in relation
to Eq. (4.16), theimpedancen front of the panelis dependenbn the input parameterz,,
which is dependenbn the impedanceof the back cavity. Therefore the calculationof the
impedancen a diffusefield by Eq. (4.28)would requirethe time-consumingalculationof
the impedancdor a large numberof incidenceangles. As a morefeasiblealternatve, the
impedancef the gapbetweerthe panelsis hereapproximatedy Eq. (2.38):

1
(4.29)

rupmod 22 et

Xsv/]
Thefactor0.5is dueto thefactthat,asseerfrom thefront slit, therearetwo gaplengthsb/2

in parallel. The perforateconstanof thegap,Xs, is givenby Eq. (2.39),with w substitutedy
g. Thetotal, relative, specificimpedancef the systemis thengivenby

Za bco
CepB) = [Gar (B) 2 + 2o+ Zapg 2, 2T (4.30
with Zg; givenby Eq. (4.10). Note thatthe slit Iengthli' =|; =t fori=1,2. Thestatistical

absorptiorcoeficientis calculatedoy Eq. (4.28).

Themodeldescribedereis intendedo beanquickapproximationgiventheinfeasibility
of the Finite DifferenceMethod. For simplicity, the modeldoesnot include correctionsfor
endeffects[seee. g. CremerandMiiller, 1978b,pp. 335-338].

4.4.2 Measurementsand simulations
Dimensionsof samples

Basedontheresultsof the precedingsections25 full scaleadjustableslittedpanelabsorbers
were produced. The basicdesignwasthe sameasfor the samplesdescribedn Sec.4.3.2.
Figure4.35shaws oneof the panels. Table4.11 summarizeghe dimensionf the panels.
As shown in the figure, thereare four sectionsof slits. Eachsectionis 140mm wide, with
8mm spacing.To keepthe front andrearplatesseparatediive stripsof adhesie tapewere
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Figure 4.35: Sampleof full scale adjustableslitted panel absorber The panelis in the
“closed” state andis seenfrom the front side Barely visible are the screws usedto fas-
tenthefrontplateto therear plate andthe supportingframe

Table4.11: Dimensionof full scaleadjustableslitted panels.SeeFig. 4.10for definitionof
symbols.Therear platewas600x 600mmandthefront platewas594 x 600mm

Dimension Length (mm)
w 3
t 0.7
g 0.16
b 12
q 0,3,4,5and 6 ford = 75mm

0,3,3.5,4and 6 ford = 155mm
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fastenedo therearplate between(andoutside)the sectionsof slits. Thetapewas0.16mm

thick. Visualinspectiorshavedthattheplateswverenotcompletelyplane sothereal,average
distancebetweerthe plateswas probablysignificantlylarger thanthis. The rearpanelwas
fastenedvith scravsto asquardrameof steelbars.To supporthepanelmechanicallythere
was also one steelbar at the middle of the panel. The cross-sectiorof the steelbarswas
8 x 10mm. As shownin Fig. 4.35,the front platewasfastenedo the backplatewith scravs

throughshortslitsin thefront plate. Theseslits wereplacedalongthe stripsof tape.

Absorption coefficientmeasurementsin reverberation room

The absorptioncoeficient of the panelswas measuredaccordingto 1SO 354 [1985] in a
standardreverberationroom with volume 268m?3. SeeFig. 4.36. To minimize the effect
of inaccuraciesn the plate separationthe panelswere laid with the front down, so that
the weight of the steelframewould help keepthe platestogether This is equivalentto the
situationif the panelaveremountedn asuspendedeiling. Thepanelsverelaid on T-profile
steelbars,which werefastenedo arectangulaframeof wood. The heightof the framewas
70mm. Thetotal areaof the setupwas 3.024m x 3.072m = 9.29m?, which is a little low
comparedwith the 10— 12m? thatis suggestedby 1ISO 354 [1985]. An extra frame,80mm
high, wasalsomadeso that two differentback cavity depthscould be tested.Includingthe
thicknes=f the T-profile steelbars,thedistanced from the panelto thefloor was75mmand
155mm.

Two microphonesvereusedin six positionsin the room. The microphonesusedwere
Briiel & Kjeertype4145.Theabsorptiorcoeficientwasmeasuredh 1/3 octave bandsin the
rangel00-5000Hz.

Simulations

Doublepanelswith dimensionssgivenin Table4.11weresimulatedby themodeldescribed
in Sec.4.4.1. The numberof discreteangleswereM = 45. As an attemptto find the real,
averagegapwidth, several othervaluesof the plate separatiory were alsosimulated. The
valueg = 0.25mmresultedn a goodmatchwith the measurements.

4.4.3 Results

Figure4.37 shows the reverberatiorroom measurementsf the adjustableslitted panelab-
sorber The effect of q is asexpected(comparewith Figs.4.27 and4.33). The maximum
absorptioris lowerthanwasexpected however. As notedabove, thisis probablydueto that
factthatthe averageplateseparatiorwassignificantlylargerthan0.16mm.

Figure 4.38 shaws the measurementsf the doublepanelabsorbeiin the “closed” and
“open” states,comparedo simulationby the model describedn Sec.4.4.1. Simulations
for the plateseparatiorg = 0.25mm correspondseasonablyvell with themeasurementsit
leastfor d = 75mm.
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Figure4.36: Full scaleadjustableslitted panelsin the reverbemtionroom. Thepanelswere
laid facedownon supportingT-profiles. Thetotal areaof the samplesvas9.29m?.
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Figure 4.37: Measuementsof slitted double panelsin a diffuse soundfield. Absorption
coeficient as function of frequencyfor several valuesof gq. SeeTable 4.11 for geometry
definitions. For the left graph, the curvescorrespondto slit sepaationsq =0, 3, 4, 5 and
6mm. For theright graph,thecurvescorrespondo q = 0, 3, 3.5, 4 and6mm. Thidker lines
correspondo larger valuesof q.

4.5 Summary

The doublepanelabsorberconcepthasbeeninvestigatedoy analytical,numericaland ex-
perimentalmethods.Two variantshave beenexamined: onewherethe plateshave circular
perforations,and onewith slitted plates. It hasbeenfound that the double panelabsorber
is practicallyinsensitve to the plate thickness. The mostimportantdesignparametersare
the thicknessof the gapbetweerthe platesandthe effective lengthof this gap,i. e. the dis-
tancebetweerthe panelopeningsof thetwo plates.With anoptimaldesign thedoublepanel
absorbemay have anabsorptiorbandwidthequalto or betterthanMPPs.

The slitted variantwas simplerto modelthanthe perforatedvariant. Additionally, the
slitted double panelofferedtwo distinct featuresthat are not easilyimplementedwith the
perforatedvariant,or with microperforateganels:

— Frequencyshift Theresonancdrequeng f, of the panelabsorbercanbe shiftedby
adjustingthe lateraldistancebetweertheslits in thefront andtherearplate. Fromthe
simulationsjt seemghatat frequeng shift of atleastoneoctaseis possible(atnormal
soundincidence)while keepingthe absorptiorcoeficientat0.7 or larger.

— Variation in absorptioncoeficient Also by adjustingthe lateral slit separationthe
absorptiorat resonanceq,, canbe variedfrom almostunity to avaluecloseto zero.

To achieve areasonablabsorptionbandwidth,the gapwidth g hasto be quite small,in
the range0.1-0.3mm. In this range,the sensitvity to variationsin g is very large. The
methodthat hasbeenusedto keepg at a specifiedvalueis far from perfect. Thus,in the
designprocesgrecautionsnustbe takento ensurethatthe valueof g is keptasconstantas
possible.
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d = 75mm, simulatedg = 0.16mm d = 155mm, simulatedg = 0.16mm
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Figure4.38: Simulationsand measuementof slitted doublepanelsin a diffusesoundfield.
Absorptioncoeficientasfunctionof frequencyn “closed” and“open” states.Se€lable4.11
for geometnydefinitions.—, measuement,'closed”; —, measuement,‘open”; 7, simu-
lation, “closed”; +, simulation,“open”.
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Chapter 5

Conclusions

This thesishaspresenteany work with two new perforatedpaneldesigns.

Themicrohornpanelabsorbeis a microperforateghanelwherethetraditionalcylindrical
orificeshave beenshapedassmallhorns. The purpose®f the horn-shapareto increasehe
surfaceareaassociatedavith eachopening,increasethe particlevelocity in the inner part of
the horn, and offer a betterimpedancematchto the incomingsoundwave. The microhorn
concepthasbeeninvestigatedy the useof threemodels;the Finite DifferenceMethod, the
Finite ElementMethod,andanintegrationmethodbasecdn the analyticalexpressiorfor the
impedanceof a tube. Only the resultsof the FDM could, to somedegree,be consideredas
qualitatively correct. Accordingto theseresults,a relatively high absorptioncoeficient can
beobtainedoverarelatively largebandwidthfor microhornswith largeouterradiusandsmall
innerradius.Themicrohornabsorbemayhave a potentialasan“enhanced’microperforated
panel. However, the model needsto be refinedto give more accuratepredictionsand to
evaluatethefeasibility of the microhornpanelconcept.

Thedoublepanelabsorbeconsistof two parallelperforatecbr slittedplatesseparatetly
a smalldistance.The main partof the soundenepy dissipationtakesplacein the smallgap
betweenthe plates. The slitted variantis more easilymodelledthanthe perforatedvariant,
and offers two specialfeatures. By moving the platesrelative to eachotherin the lateral
direction,the maximumabsorptiorcoeficientcanbeadjustedrom unity to almostzero,and
theresonancdrequeng canbe adjustedby an octave (for normalsoundincidence). There
are eight possibledesignparameters.FDM simulationsand experimentson a numberof
samplesave shavn thatthe mostimportantparameterarethe effectivelengthandthickness
of thegapbetweerthe plates.Thelatterparameteis very sensitve. The platethicknesavas
foundto be practicallyinsignificant. The measuredndsimulatedabsorptiorncoeficientsof
the doublepanelabsorbehave a bandwidthequivalentto, or slightly betterthanMPPs. To
beof practicaluse,however, the paneldesignhasto beimprovedsothatthedistancebetween
theplatescanbe keptasconstantispossible andaccordingto specifications.

Both panelabsorbeconceptsllustratethatthe distributedHelmholtzresonatorsvithout
porousabsorbersnay obtainan acceptablebsorptionbandwidthby optimizing the design
of theresonatoprifices.
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Appendix A

Documentationof functions

Theheader®f all MATLAB-, Perl-andshellfunctionsusedin themodelling,measurements

anddataanalysisarepresentedere.

A.1 Generalfunctions

absfakt()

function abscoeff = absfakt(Z,rho,c,F)

%
h
%
%
%
%
%
%
%
h
%

abscoeff = absfakt(Z,rho,c,F) calculates the absorption coeffisient of a
surface from the impedance of the surface.

Parameters:

Z : impedances of surface

rho : air density

c : velocity of sound in air

F : 1 if the impedances are normalized to (rho%*c)

If Z is the only parameter, rho = 1.23, ¢ = 340 and F = 0 is assumed

lastabs()
function [fr,a] = lastabs(filnr);
% [fr,al] = lastabs(filnr) reads frequency and impedance data data from

)/
%
h
h
%
h
h
h

za[filnr] .dat, and returns the frequencies and absorption coefficients in
vectors fr and a. The impedance data is assumed to be normalized to (rho*c),
and each line of the form ’frequency Re(Z) Im(Z)’.

Parameters:

filnr : file number. Leading zeros are automatically added (three digits)
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% Requires function: absfakt.m

lendeh()

function z = lendeh(r)

% z = lendeh(r) calculates the mass end correction (acoustic inductance) for a
% circular opening in an infinite baffle. Only one end correction is

% calculated. Air density 1.23 is assumed. From Ingard (JASA 25, p.1037-1061).

% Parameters:

% r : radius of opening

lendehi()

function z = lendehi(r,b)

% z = lendehi(r,b) calculates the inner mass end correction (acoustic

% inductance) for a circular opening in an square tube. Only one end

% correction is calculated. Air demsity 1.23 is assumed. From Ingard (JASA 25,
% p.1037-1061) and Allard (1993, ch. 10)

% Parameters:

% r : radius of opening
% b : Width of square tube

lendes()

function z = lendes(w,b)

% z = lendes(w,b) calculates the mass end correction (acoustic inductance) for
% slits in an infinite baffle. Only one end correction is calculated. Air

% density 1.23 is assumed. From Smiths and Kosten (JSV 1, p.114-122)

% Parameters:

% w : width of slits
% b : center-center distance between slits

rendeh()

function R = rendeh(R,0Omega)

% R = rendeh(R,Omega) returns the viscous acoustic resistance for a
% circular opening (i.e. the resistive end correction). Only one end
% correction is calculated. Air density 1.23 and viscosity 1.79e-5 is
% assumed. From Ingard (JASA 25, p.1037-1061).

% Parameters:
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% R : radius of opening
% Omega : angular frequencies

rendes()

function R = rendes(Omega,w)

% R = rendes(Omega,w) returns the viscous acoustic resistance for a slit
% opening (i.e. the resistive end correction). Only one end correction is
% calculated. Air density 1.23 and viscosity 1.79e-5 is assumed. From

% Kristiansen & Vigran (Applied Acoustics 43, p.39-48).

%

% Parameters:

h

% Omega : angular frequencies

% w : width of slit

tertop()

function result = tertop(cond,a,b)
% result = tertop(cond,a,b) returns a if cond == 1, else returns b

zhull()

function z = zhull(Omega,r,t)

% z = zhull(Omega,r,t) returns the acoustic impedance of a circular tube,
% which is assumed shorter than the wavelength. Air density 1.23 and viscosity
% 1.79e-5 is assumed. From Maa (Noise Control Engineering Journal 29,

% p.77-84). Thermal losses and end corrections are NOT included.

h

% Parameters:

%

% Omega : angular frequencies

% T : radius of tube

%t : length of tube

zmotvangle()

function z = zmotvangle(k,a,Zc,Zwall,theta)

% z = zmotvangle(k,a,Zc,Zwall,theta) returns the (exact) impedance of a layer
% of some media in front of a wall, for oblique sound incidence

%

% Parameters:

h

% k : wave number in the medium
% a : the distance to the wall
% Zc : the characteristic impedance of the medium

% Zwall : impedance of the wall
% theta : angle of sound incidence
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zmotvapr()

function z = zmotvapr(k,a,Zc)
% z = zmotvapr(k,a,Zc) returns the (approximate) impedance of a layer of some

% media in front of a wall. Assumes cot(k*a) = 1/(k*a).

%

% Parameters:

%

%k : wave number in the medium

% a : the distance to the wall

% Zc : the characteristic impedance of the medium, divided by the
% cross-section area

zmotvegg()

function z = zmotvegg(k,a,Zc,Zwall)
% z = zmotvegg(k,a,Zc,Zwall) returns the (exact) impedance of a layer of some
% media in front of a wall.

%

% Parameters:

%

% k : wave number in the medium

% a : the distance to the wall

% Zc . the characteristic impedance of the medium

% Zwall : impedance of the wall

zspalte()

function z = zspalte(Omega,w,t)

% z = zspalte(Omega,w,t) returns the acoustic impedance of a slit which is

% assumed shorter than the wavelength. Air density 1.23 and viscosity

% 1.79e-5 is assumed. From Maa (NCEJ 29, p.77-84) and Allard (Elsevier 1993).
% Thermal losses and end corrections are NOT included.

0

h

% Parameters:

0

h

% Omega : angular frequencies
how : width of slit

ht : depth of slit

A.2 Micr ohorn models

hentdata.sh

# The shell script hentdata.sh pipes the FEMAK result files
# <input file name>.$counter through the perl-function

# hentnoder.pl. The resulting MATLAB .m-files, one

# for each frequency, are numbered as
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<output file name>_$counter.m

Syntax:

Requires file : frekdata

#
#
#
#
# hentdata <input file name> <output file name>
#
#
# Requires perl function : hentnoder.pl

hentnoderpl

# The perl-function hentnoder.pl reads a FEMAK output file, and extracts
# the pressure at the nodes specified in the files utnoderlinel and

# utnoderlinje2. The pressures and the corresponding positions are written
# to a MATLAB .m-file in the form

#  DATA1=[...];

#  DATA2=[...];

#

# Syntax:

#

# cat <input file name> | hentnoder > <output file name>

#

# Requires files: utnoderlinjel, utnoderlinje2

# These files contain lists of nodes to extract pressures from.

ihoved

% The script ihoved calculates the absorption coefficient of the microhorn
% geometries defined in one or more defbatch_#.m - files. The IM method is
% used (in zhornd) to calculate the impedance of the horn.

h

% Requires functions: zmotvegg.m, lendeh.m, rendeh.m, zhull.m, zhornd.m

mhoved

% The script mhoved calculates the absorption coefficient of the microhorn

% geometries defined in one or more defbatch_#.m - files. The FD method is
g

% used (in zrn_ik) to calculate the impedance of the horn.

%

% Requires functions: zmotvegg.m, lendeh.m, rendeh.m, zhull.m, zrn_ik.m

ONnormal()

function angle = ONnormal (Rout,Rin,h,modell,x,z)

% angle = ONnormal(Rout,Rin,h,modell,x,z) returns the angle between the
% z-axis and the vector from point (x,z) perpendicular to the surface of
% the horn, described by the function rhorn.

%
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Parameters:

Rout : radius at outer end of horn
Rin : radius at inner end of horn

h : length of horn

modell : modell number in rhorn.m

X, 2 : start point of vector

Requires functions: rhorn.m, ONvektor.m

ONvektor()

function length2 = ONvektor(Z,Rout,Rin,h,modell,x,z)

h

length2 = ONvektor(Z,Rout,Rin,h,modell,x,z) returns the square of the
length of the vector between points (radius(Z),Z) and (x,z).

Parameters:

Z : z-distance of first point

Rout : radius at outer opening of horn
Rin : radius at inner opening of horn
h : length of horn

modell : modell number in rhorn.m

X, Z : position of second point

Requires functions: rhorn.m

regnalt.sh

H O OB O O OB O W

The shell script regnalt.sh calls the program FEMAK to calculate the
pressure at the nodes defined in FEMIN.DAT. For each frequency defined
in the file frekdata, the frequency and the corresponding flow resistance
and back cavity impedance is read from frekdata and substituted in
FEMIN.DAT, and the FEMAK program is run. The output files, one for each
frequency, are numbered as FEMOUT.DAT.counter

Requires files : FEMIN.DAT, frekdata
Requires perl function : settinndata.pl

rhorn()

function result = rhorn(Rout,Rin,z,h,model)

h
h

result = rhorn(Rout,Rin,z,h,model) returns the radius of a ’horn’ as
function of distance from the outer opening.

Parameters:

Rout, Rin : outer and inner radius of the horn
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h
%
h
h
A
h
h
A
h
h
A
h
h
%
h
h
%
h
h

z : distance from outer opening
h : length of horn
model : specify the shape of the horn. Can be any of these:
0 = constant, Rin
1 = linear, Rin + (Rout-Rin)*(1-z/h)
2 = quadratic, Rin + (Rout-Rin)*(1-z/h)"~2
3 = elliptic, Rin + (Rout-Rin)*sqrt(1-z-2/h~2)
4 = exponential, Rin + (Rout-Rin)*(exp((h-z)/h)-1)/(exp(1)-1)
5 = polynomial, based on measurements on an actual horn,

Rin = 2.75e-4, Rout = 1.95e-3, h = 2.3e-3.
For z > 2.3e-3, result = 2.75e-4.
Input parameters Rin, Rout and h are ignored
6 = logarithmic, Rin - 1/k*log(1l-(h-z)/h*(1-exp(-k*(Rout-Rin))))
Parameter k is set to 1795 to give the same general
shape as the horn in model 5

Requires file: horn.mat which contains the polynomial coefficients used
in model 5.

rhor ninv()

function result = rhorninv(X,Rout,Rin,h,model,Radius)

h
%
A
h
h
h
h
A
h
h
%
h
h
%

result = rhorninv(X,Rout,Rin,h,model,Radius) returns the difference
between radius in a horn at a distance X from the outer opening, and the

given Radius.

Parameters:

X : distance from outer opening

Rout, Rin : outer and inner radius of the horn

h : length of horn

model : see rhorn.m

Radius : radius to be compared with radius at X

Requires file: horn.mat which contains the polynomial coefficients used

in model 5.

settinndata.pl

H O B O H OB R

The perl-function settinndata.pl reads the datafile frekdata, and
substitutes the frequency and the corresponding flow resistance and back
cavity impedance into the FEMAK input file FEMIN.DAT.

Syntax:

settinndata.pl <frequency number> > <output filel>
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# Requires files: FEMIN.DAT, frekdata

# The data file frekdata must contain lines of the form
# frequency, flow resistance, Re(Za), Im(Za)

# where Za is the impedance of the back cavity.

zhornd()

function z = zhornd(RO,Rh,h,N,Omega,modell)

% z = zhornd(RO,Rh,h,N,Omega,modell) returns the acoustic impedance of a

% microhorn. The impedance is calculated by numerical integration of the

% impedance of a number of segments with constant cross-section. Air demsity
% 1.23 and viscosity 1.79e-5 is assumed. Thermal losses are

% neglected. From Maa (NCEJ 29, p.77-84).

%

% Parameters:

%

% RO,Rh : Outer and inner radius of horn
% h : length of tube

%N : number of segments

% Omega : angular frequencies to calculate
% modell : model number in rhorn.m

%

% Requires function: rhorn.m

zrn_ik()

function ZRes = zrn_ik(ZEnde,w,rO,rh,h,modell,Lmin,M,plotting,plotting2,...
matrise,informasjon)

% ZRes = zrn_ik(...) calculates the specific impedance by the outer opening

% of a microhorn. The linear Navier-Stokes eq., with non-compressible flow,

% is used.

h

% Parameters:

h

% ZEnde : impedances at inner end of horn, corresponding to w
how . angular frequencies

% r0 : radius of outer end of horn

% rh : radius of inner end of horn

% h : length of horn

% modell : modell number in rhorn.m

% Lmin : Number of x-steps in inner end of horn

h M : Number of z-steps in horn

% plotting : =1 to print the velocity field

% plotting2 : =1 to also print 3D plots of velocities and pressure
% matrise : =1 to print the coefficient matrix

% informasjon : =1 to print misc. information

h

% Requires functions: rhorn.m, rhorninv.m, ONnormal.m
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avis

%
%
%
%
%
%

The script avis.m calculates the absorption coefficient for two closely
separated, perforated plates placed in front of a hard wall. Based on
expressions mainly from Ingard & Morse (1968).

Requires functions: zmotvegg.m, zmotvapr.m, lendeh.m, lendehi.m,

mhoved

%
%
%
%
%
%
h

rendeh.m, zhull.m, rvl.m

The script mhoved.m calculates the absorption coefficient for two closely
separated, slitted plates placed in front of a hard wall. The main
procudere (the FDM calculation) is in the function zrn_sik_ny.m. The
input geometries are defined in the files mbatch_#.m

Requires functions: zmotvegg.m, lendes.m, rendes.m,

rvi()

function [Rvis,L] = rvl(radl,rad2,b,a,antx,omega,Z,dv)

[Rvis,L] = RvL(radl,rad2,b,a,antx,0Omega,Z,dv) returns the viscous, acoustic
resistance and acoustic inductance of the air gap between two closely
separated plates. The velocity field is calculated by a superposition of the
cylindrical flow from each hole (source in front plate, sink in rear plate).
Air density 1.23 and velocity of sound in air 340 is assumed. Rvis is
calculated with eq. 6.4.39 in Morse & Ingard (1968), L is calculated with
eq. 9.1.10 in M&I.

pA
h
)/
A
h
h
A
h
h
%
h
h
%
h
h
%
h
h
A

Parameters:

radl, rad2 :

b

a
antx
Omega
Z

dv

zspalte.m, zrn_sik_ny.m

radius of holes in front and rear plate

: distance between holes

: distance between plates

: numeber of points in x- and y-direction to calculate
: angular frequencies

: specific impedance in gap between plates

: viscous boundary layer thickness

Requires function: upv.m

upv()

function [ux,uy] = upv(antx,Fluks,rad,a,x0,y0,x,y);

h

[ux,uy] =

upv (antx,Fluks,rad,a,X0,Y0,x,y) returns the velocity in the x-
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% and y-direction from a cylindrically radiating source.

% Parameters:

% antx

% Fluks
% rad

% a

% x0, yoO
hx, ¥

zrn_sik_ny()

function ZRes

% ZRes =

: number of points in x- and y-direction to calculate
¢ fluid flux
: radius of source
: height of source
: positions
: positions

of source center(s)
where velocity are calculated

zrn_sik_ny(ZEnde,w,b1,b2,02,cca,a,Lminl,LminS,M, 51,52, ...
plotting, jaja,matrise,informasjon)

zrn_sik_ny(...) simulates the non-compressible, linear Navier-Stokes

% eq. and the mass conservation eq. with the finite difference method between
% two closely separated, slitted plates, and returns the specific impedance a
[/
0

little distance into the front slits.

The relative distance between front

% and rear slits can be specificed.

% Parameters:

% ZEnde
how

bl, b2
02
cca

a

M

S1, S2
plotting

% jaja

% matrise

% informasjon

Lminl, Lmin$S

: impedance a distance S2*dz into rear slit
: angular frequencies to calculate
: widths of front and rear slits

: horizontal

distance between center of front and rear slit

: center-center distance between slits

: distance between plates

: minimum number of x-steps pr. cca and min(b1,b2)
: number of z-steps in the gap between plates

: number of z-steps into front and rear slit

: =1 to show
: =1 to show
: =1 to show
: =1 to show

A.4 Measurements

loadimp()

function [imp_res, Fs, Format, Comment] =

velocity distributions

more velocity and pressure distributions
the coefficiont matrix filling

some informative information

loadimp (filename)

% LOADIMP Load WinMLS 1.1 impulse response files.

%

% Copyright Morset Sound Development 2/1-98
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Qintv

% The program Qintv.m is a menu-driven program where the user can set

% parameters, calibrate, measure & calculate the intensity in front of a panel
% absorber, and the vibration velocity of the panel, using a three channel

% measurement.

%

0

% Requires functions: Qcintv.m, Qmintv.m, Qkintv.m, Qpintv.m

h

%

Extended from a original program by T.E.Vigran

Qcintv()

function CalOK = Qcintv(fpath,filn,extt,seqord,fs,navg,setupfile);

% CalOK = Qcintv(...) does a two-microphone calibration, and returs CalOK == 1
% if all is OK. The calibration data is saved in a file with name

% (fpath + filn + ’.mat’).

%

% Parameters:

%

% fpath : path to files to be written

% filn : filename basename for the calibration files
% extt : filename extension

% seqord : MLS sequence order

% fs : sampling frequency

% navg : number of averages

% setupfile : WinMLS setup file name

o,
/A
% Requires file: winmls.m, loadimp.m
h
[/

Extended from original function by T.E. Vigran

Qkintv()

function []=Qkintv(fpath,filekname,filername,filecname,mikdsep,miklsep,...
% temp,fstart,fend,sstart,send) ;

% function Qkintv(...) reads the measured transfer functions and impulse
% responses from (fpath + filekname + ’.mat’), plots them for visualisation,
% together with the absorption coefficient, reflection coefficient and

% normalized vibration, and (optionally) saves the result to

% (fpath + filername + ’.mat’).

%

% Parameters:

%

% fpath : path to files to be read/written

% filekname : measurement file to read

% filername : results file to write

% filecname : calibration filename

% mikdsep : distance between microphones
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% miklsep : distance between mic. 1 and sample

% temp : temparature during measurements

% fstart : First frequency to be included in plots
% fend : Last frequency to be included in plots
% sstart : First frequency to be included in plots
% send : Last frequency to be included in plots

Qmintv()

function MeaOK = Qmintv(fpath,filemname,filecname,extx,seqord,...
fs,nav,setupfile);

% MeaOK = Qmintv(...) does the MLS measurement of two microphones and one

% vibrometer (three channels) and saves the resulting impulse responses and

% transfer functions to (fpath + filemname + ’.mat’). MeaOK == 1 if all is

% well.

% Parameters:
% fpath : path to file to be read/written

% filemname : measurement filename
% filecname : calibration filename

% extx : measurement filename extension
% seqord : sequence order

% fs : sampling frequency

% nav : number of averages

% setupfile : WinMLS setup file name

[/

% Requires files: winmls.m, loadimp.m

%

% Extended from original function by T.E.Vigran

Qpintv()

function [1=Qpintv(fpath,filebase,filetypec,filetypem,filetyper,mikdsep,...
miklsep,temp,fstart,fend) ;

% function Qpintv(...) reads the measured transfer functions and impulse

% responses from (fpath + filebase + ’m*.mat’), and writes the calculated

% reflection coefficient, normalized vibration, and impedance to

% (fpath + filebase + ’r*.mat’).

h

% Parameters:

h

% fpath : path to files to be read/written
% filebase : Base file name

% filetypec : Char. for calibration

% filetypem : Char. for measurements
% filetyper : Char. for results
% mikdsep : distance between microphones
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% miklsep : distance between mic. 1 and sample

% temp : temparature during measurements

% fstart : First frequency to be included in files
% fend : Last frequency to be included in files

WinMLS()

function [] = WinMLS(SF, FN1, FN2, CO, SO, NA, Fs, ST, FSD)
% WINMLS Perform MLS measurement using WinMLS 2.0.

%

% Copyright Morset Sound Development 2/9-98
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