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ABSTRACT

PREDICTIONS ON ABSORPTION AND SCATTERING
CHARACTERISTICS OF ACOUSTIC SCATTERERS
MODIFIED WITH MICRO-PERFORATED PANELS

Odaba, Ering
M.S., Mechanical Engineering Department

Supervisor: Prof. Dr. Mehmet Catan

September 2012, 103 pages

In this study, the basic absorption and scattecimgracteristics of acoustic
scatterers, specifically Schroeder Diffusers, awestigated. Schroeder Diffusers are
one of the most widely used acoustic scattereshiich the scattering phenomenon
is predictable due to the geometry of the diffubaised on a particular mathematical
sequence. It is shown that it is possible to inseetne amount of absorption by
modifying the diffuser structure by means of adduegforated panels into the wells
or narrowing diffuser wells. In room acoustics apgions, diffusers are
conventionally mounted to a wall or ceiling assunede rigid enough such that
sound wave cannot penetrate through. This thesigopes a new modification on
these diffusers where the diffuser is not backeé Ioigid surface; it is hung over a
space instead. To construct such a configuratidfuseér wells are terminated with
micro-perforated panels (MPP). Inclusion of MPPraduces additional losses;

hence, higher absorption can be achieved. Howd#vennost significant absorption



in this configuration is achieved below the firessonance frequency of the panel-air
space system due to the existence of non-rigidibgcKhis thesis aims to model the
absorption and scattering mechanisms enabled vhéh rton-rigid backing by

improving a previously introduced mathematical elod

Keywords: Schroeder diffusers, micro-perforated gbsn low frequency sound
absorption



Oz

M KRO-PERFORE PANELLER LEGEL T R LEN
AKUST K SACICILARIN SES YUTMA VE SACICILIK
KARAKTER ST KLER N N BEL RLENMES

Odaba, Ering
Yuksek Linsans, Makina MuhendisliBolimu
Tez Yoneticisi: Prof. Dr. Mehmet Cakan

Eylal 2012, 103 sayfa

Bu ¢al mada, akustik sag c lar n, 6zellikle Schroedercskg n n, ses yutma
ve sacclk oOzellikleri ardarlm tr. Schroeder sacclar oda akusti
uygulamarlar nda s kca kullan lan sac c lardan taimesidir. Ses sac c | k 6zelij
geometrisinde kullan lan matematiksel seriler seyks belirlenebilir. Bu tir
sacclarn ses sagclk 6zelinin yan sra, belli bir miktar ses yutma 6zellde
vardr. Ses yutma miktar n n, perfore panel eklesimeeya sa¢c kuyularnn
daraltImas yoluyla arttrimas mumkindir. Bu tisac clar, oda akusii
uygulamalar nda genellikle ses dalgalar n n ilegieedii, yap olarak rijit olduu
ongorulen duvarlara veya tavanlara aslarak kulidar. Bu tezde, Schroeder
sacclarnn kullanm ile ilgili, sa¢cnn rijitbir ylizey yerine havada as|
kullan Id yeni bir uygulama O©nerilmektedir. Buekilde bir uygulamay
gercekletirebilmek igin sa¢ccnn Uzerinde ve arkas nda mmgerfore paneller
kullanIm tr. Sa¢ c Uzerinde panellerin kullan Imas ek minay plar yarat larak,

Vi



sag¢ c nn ses yutma ozeliimin artt r Imas nda etkili olmaktad r. Fakat rijgimayan
arka yuzeyin kullan m, panel sisteminin getirnsidu u ilk rezonans frekans ndan
daha duidk frekanslarda etkili ses yutma 6zellsa lamaktad r. Bu tez, daha dnceki
cal malarda tan mlanan matematiksel modellerini d&ilmesi ve gelitiriimesi ile
sa¢c c Uzerinde gercekl&ilen yeni kullan m eklinin salad ses yutma ve
sac clk ozelliklerinin belirlenmesi icin matemegel bir model geltiriimesi

Uzerinedir.

Anahtar Kelimeler: Schroeder sac c lar, mikro-peef paneller, diuk frekanslarda

ses yutma ozelli
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CHAPTER 1

INTRODUCTION

Acoustic scatterers are widely used in room acosigtpplications to achieve various
functions that the enclosed space such as an auditor a concert hall should have
in order to function properly regarding sound dyadnd acoustical comfort. The
sound quality and acoustical comfort are determiméth respect to various
acoustical parameters which generally depend odigtebution of the sound energy
within the enclosed space at a certain time frafime. amount of the sound energy
within the space should be comparably less wherntieeested space is a recording
studio or a lecture room; however, the amount eingoenergy should be kept at a
certain level such that the space can function gagpregarding the activity
performed inside. Concert halls, opera housesxamples of such spaces. When the
amount of sound energy is in concern, sound absoroe generally sufficient to
accomplish this quest. However; when the distrdoutof the energy is in concern,
absorbers are insufficient alone in most cases.eflolsing boundaries of the space
should have the feature to reflect incoming sourales in a manner that the

reflected sound waves are dispersed rather thag loltiected to a certain location.

Acoustic diffusers (scatterers) are such surfabas dre geometrically modified to

disperse the incoming sound waves.

In this thesis, absorption and scattering behaofosicoustic scatterers, particularly
Schroeder Diffuser, is investigated. The study $esuon a specific case where

Schroeder Diffusers are modified such a way thatusage of the diffuser can be



extended by eliminating geometrical boundary behind In conventional
applications of diffusers, scattering surfacesusally applied to walls and ceilings.

This kind of diffusers can be called as conventialiffusers.

Structural boundaries such as walls, ceilings, &te.generally assumed to be rigid
when sound propagation phenomenon is going to kesiigated. All previous
mathematical models and experimental studies arorpged to investigate the
scattered sound field in front of conventional airs. Once the sound field is
determined, some other characteristics such asr@hmso characteristics of the

diffuser can be analyzed afterwards.

When compared with various types of acoustic akessrlba Schroeder Diffuser can
be classified as a combination of quarter wave nasb absorbers with different
depths. Regarding quarter wave resonant absorkergek as panel absorbers, the
resonance frequencies where the absorption canazemzed is determined by the
depth of the airspace within the absorber. The donthhe wave length of the
interested frequency to be absorbed, the deeperedemant absorber should be.
Consequently, absorbing sound energy at low fregjaeris usually a hard task to
achieve due to geometrical constraints regardigd kiepth values required for the
airspace within the absorber. To accomplish the&,taeveral modifications can be
applied to Schroeder Diffusers by means of adderfppated panels into the diffuser
wells or narrowing the width of the diffuser torimduce additional losses. However,
high depth values are again inevitable in thesdigrations. In Chapter 2, all
previous studies on absorption mechanism of ScleroBdfusers, regarding regular
configurations and modified versions to increassogttion are introduced. There are
theoretical as well as experimental studies thatstigate the absorption behavior.

To obtain adequate absorption at low frequencig¢isout increasing the well depths
of the Schroeder Diffuser is the main motivatiorthis thesis work. To achieve this

task; a special use of perforated panels, whichraceo-perforated panels (MPP) in



this particular case, is employed. The diffusemdified with MPP as did similarly
in previous studies; however, mentioned modificatidurther removes the
geometrical boundary at the back of the diffusereriually, the diffuser should not
be applied to a rigid surface such as a wall oeiling. It can be hung over the air
space such that both the front and rear surfaces)xgrosed to the fluid medium
which is simply air in room acoustic applicationEhis modification is done by
replacing the rigid back surface of the diffusethaMPP. The non-rigid medium at
the back of the diffuser enables low frequency gligin at very low frequencies

while preserving the well depths at reasonable Isvaales.

This thesis study is about to construct a mathealatmodel to analyze the
absorption mechanism of this particular configunatiin Chapter 3, the fundamental
and governing equations of sound propagation andessary parameters to

determine the absorption coefficient are introduced

In Chapter 4, the mathematical model of the progasedification is constructed
and deeply analyzed. The model is composed of tarts pyvhich investigate the
absorption coefficient of the diffuser with diffeteassumptions. The first model is
based on a comparably rough assumption to deterrmeoessary parameters in a
simple manner. The second model is actually a betesion of the first model
which reflects the analytical behavior of the dsmn more accurate. Furthermore,
other improvements to further increase the absmipéinabled by the diffuser are
introduced. Beside the absorption characteristies scattered energy distribution of
the modified diffuser is also theoretically constaed both for the sound fields in
front and at the back of the diffuser.

In Chapter 5, the results of the mathematical aesl\are introduced. The amount of
absorption arisen by the defined modification isnpared with previous analytical
results. The effect of design parameters as wedRB parameters on absorption and

scattering is deeply discussed.



Finally, Chapter 6 introduces the conclusion whstmply analyzes mathematical
model results and compares the modified diffuseth wihe ones investigated in

previous studies.



CHAPTER 2

PREVIOUS WORKS

2.1. Introduction

This chapter will look through literature in seVeaspects, namely analytical and
experimental solutions on sound absorption charatitss of Schroeder Diffusers
and analytical solutions on sound absorption cheristics of micro-perforated

panels.

Schroeder diffuser is one of the most significamtcomes in diffuser design,
producing optimum diffusion by utilizing small nuerbof simple design equations.
A Schroeder Diffuser is a periodic structure wha&mply consists of a number of
adjacent wells having different depths and sepdragethin fins. The depth of each
well is designated by a mathematical number segqudfigure 2.1 shows a typical

example of a Schroeder Diffuser.

The main principle behind the theory of Schroed#fuBers is phase grating of the
reflected waves. An incident wave coming towaras3lchroeder Diffuser penetrates
into the wells. Due to the depth difference, timeetirequired for the wave to travel in
each well and reach to the diffuser surface isedifiit. The interference of these
waves reflected from the bottom with phase diffeeeetermines the radiation
pattern of the sound field. By adjusting the dep#lguence of the wells, radiation

pattern can be altered to desired polar patterhrdgder showed that by selecting



guadratic residue sequence as the number sequértbe avell depths, an even
energy distribution in each diffraction lobe is msted [1].

Figure 2.1A one-dimensional Schroeder Diffuser

2.2. Analytical and Experimental Solutions on Sound Absorption

Characteristics of Schroeder Diffusers

After the theory behind Schroeder Diffusers is ¢atded, many researchers started
to investigate it analytically and experimentalBesides the scattering performance
of the diffuser, some researches are done on sasmption performances. Before
reported in the journals in 1991, K. Fujiwara and Miyajima conducted

experiments on two-dimensional Schroeder Diffuserd showed that high amount

of sound energy absorption was observed when gigabdiffuser is constructed [2].



Surprisingly, good results were observed at lowguencies. They used three
different specimens with different surface finighinunderstanding that the
smoothness of diffuser surfaces could probablygiag role in the high absorption
coefficient values at low frequencies. They repgdbe experiment for several times
with a different surface varnish. However, the osssbehind this behavior at low

frequencies of the diffuser had still not been icies.

After a short while, an analytical approach wasetligyed by H. Kuttruff [3] to

explain high amount of absorption which had arifem the experiments of K.

Fujiwara and T. Miyajima. In his study, Kuttruff vidoped the mathematical model
assuming uniform constant pressure field at diffum&face and computed sound
absorption by taking the average surface admittarfidbe diffuser. He suggested
that pressure differences at each well entrancecmdadditional air flows creating
equalizing flows which indeed level out the pressdifference at well entrances.
Existence of these equalizing flows reaching higloesities at well entrances is the
main reason for the high absorption in the nedd.filn order to observe the high
amount of absorption in near field the width offeaell was very small compared to
the acoustic wavelength of the interested frequaatygge. Even more, to reduce
scattered reflections in the study, leaving onlgcsyar reflection, the period length

of the diffuser is also kept small compared towlawelength of interest.

This model had only explained the absorption badrawi the Fujiwara’s experiments

when the period length of the diffuser in Kuttrgfinodel is kept 1/10 compared to
Fujiwara’s. This was not the real case. Howeveex@ained the reason behind the
high absorption caused by high velocity equalizangflows in the near field. This

high velocity profile in the near field is also estigated by K. Fujiwara, K. Nakai

and H. Torihara experimentally [4]. Measurements eonducted in Kundt tube

using fine cork powder to observe the velocitydielt diffuser surface. The high
velocity air flow is observed at well edges whichow resemblances with the
numerical results that they carried out to modelvélocity profile.



Assuming constant pressure field and computing ratisa with average surface
admittance at well entrances as Kuttruff did isoagh approximation since the
absorption due to oscillating high velocity soundves at well entrances are not
included in average surface admittance model. Mm®irate mathematical model
was introduced by P. F. Mechel who studied scatjeaind absorption mechanism of
Schroeder Diffuser by investigating the mutual iatéion of the wells with Fourier
analysis [5]. Mechel constructed a Fourier decontipos model to consider the
coupling between differently tuned wells more rimasly, which is explained in
detail in his book [6]. In the model the resulte abtained with and without
considering the effect of viscous and thermal Issse the wells. He further
investigated how resistive layers placed in frohtddfuser surface increases the
absorption and turns it to a practical absorber.al4e@ showed that implementing
primitive root sequence as the mathematical nursbguence of the diffuser could

yield to a better absorber compared to quadrasiclue sequence.

In order to implement Fourier analysis into the elpdiiffuser should be periodic.
With this approach, the number of wells extendsntfmity which excludes the
admittance discontinuities at borders caused bitefinumber of elements. To
calculate the absorption coefficient of a Schroediéfluser with this model, one
should consider the interaction between infinitenbers of wells, however; Mechel
showed that the index limits in the calculationrdinite number of linear equations
can be set to a finite number since Fourier reptasien converges. This convergent
behavior of the analysis eases the computatiorrdielouof the mathematical model.

Mechel's study investigates absorption mechanism Sifhroeder Diffusers
theoretically and more accurately. There are sévstadies that confirm this
mathematical model with experimental data. Absorptimechanism of one -
dimensional Schroeder Diffuser is investigated lib#oretically and experimentally
in T. Wu, T. J. Cox and Y. W. Lam’s study [7]. Thetudy mainly focuses on the
absorption characteristics of Schroeder Diffuseatt®ring behavior of the diffuser



is not the concern. Since scattering is not thenrpaint, study further investigates
the effect of viscous, shear and thermal lossesdayowing well width of the

diffuser to millimeter size. Mutual interactionstlween wells are studied using
Mechel’'s Fourier analysis. Theoretical results later compared with experimental
results of the modeled specimen. Measurementsoaducted in an impedance tube
with a square cross section for normal incidenasndabsorption performance. The
results from the experiment show that Mechel's mathtical model represents the
physical behavior of the diffuser more accurat&yudy further investigates the
effect of a resistive layer; a thin mesh wire ie 8tudy, in front of diffuser channels
that improves the absorption gained by the diffu$érs effect of the resistant layer
is both mathematically modeled in theoretical cltons and confirmed with

impedance tube experiments.

The amount of absorption and the frequency rangerevlffective absorption occurs
depend on the distribution of differently tuned Mwedf the diffuser. This tuning can
be modified and optimized to improve the absorptibaracteristic of the diffuser
and provides an environment where the cut-off feegies can be altered to desired
frequency bands. By achieving even distributiorresfonance frequencies of wells,
higher absorption can be obtained. This modificaisosimply done with a numerical
optimization. T. Wu, T. J. Cox and Y. W. Lam’s syualso gives an idea about how
this optimization creates a more practical diffusses an absorber [7]. This
numerically optimized mathematical model is alsanpared with experimental

results. The data generally fit with the analytiegsults.

These studies show that Schroeder diffusers prayodel absorption even below the
design frequency of the diffuser. A better absorptiharacteristic can be maintained
even at lower frequencies by adding acoustic n@adiset structure. Using perforated
panels for this purpose is a good choice. Perfdranel absorbers provide high
absorption at low frequencies when used with agkbzavities. Hence, using these
panels in some of the wells introduce lower resoaafiequencies and alter the



resonance frequency distribution of the structdris modification extends the
effective absorption range of the Schroeder diffuskich already provides good
absorption at mid frequencies. T. Wu, T. J. Cox ¥nWV. Lam also investigated this
modification in their study [8] both theoreticabynd experimentally. Fourier analysis
is used for mathematical model of the mutual irdteoas between wells. A
numerical optimization procedure is also involvedurther improve the absorption
characteristic of the diffuser at low frequenci@$is is done by changing the
locations of added perforated panels in the chanri®y optimizing the air back
cavity depth of the panel absorber system; resafiequency distribution is further
modified to shift effective absorption range to eavwirequencies. In the paper, effect
of resistive layer in front of the diffuser surfate also studied when perforated
panels are present. Study concludes fascinatingtsethat Schroeder diffusers can
provide high absorption at low frequencies as aglat mid frequencies.

2.3. Analytical Solutions on Sound Absorption Chareteristics of Micro-

perforated Panels

Since late sixties, micro-perforated panels arel ussome research and commercial
applications for absorption purposes. These paaesgenerally used with porous
materials and they serve as a protective layer A8fer a while, its necessity
increased due to some sound absorption applicatiorsevere conditions where

porous materials are not applicable.

Micro-perforated panels are perforated panels whperéoration size is reduced to
sub millimeter size. Unlike the perforated paneialier aperture size provides better
acoustic resistance with low acoustic reactanant@nce low frequency absorption
when used with an air back cavity [10]. Its acaus8sistance capacity provided
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application areas where porous absorbers cannotsée or perforated panels are

insufficient.

An MPP is constructed with a lattice network of ghtmubes which are in sub
millimeter size. Specific acoustic impedance of ¢hert tube over a cross section
area can be found by investigating the sound prtp@gin narrow tube [11]. Total
acoustic impedance of the panel can be obtainedlsimg an electric-circuit model
where both acoustic resistance and reactance gbahel itself and the short tube
lattice are included. This electrical circuit argyofor the prediction of sound
absorption of micro-perforated panels is used wewsd studies [12, 13 and 14].
However equivalent circuit theory includes approaiions specifically to model the
boundary conditions. A better and more sophistitateodel is studied in K.
Sakagami, T. Nakamori, M. Morimoto and M. Yairi'sow [14]. In the model
Helmholtz integral equation is employed to modeé thbsorptivity of micro-
perforated panels. The prediction and the resuds@re rigorous and strict when
explaining the low frequency response of the aleoribow frequency absorption is
not so exaggerated as is observed in equivalesditanalogy, and revised theory in

this study gives lower resonant peaks in absorgiredictions.

The resonance frequencies of the absorber depetiteatepth of the cavity behind
as well as the configuration of the panel absorBerMPP can be constructed by
using a single panel with an air back cavity omgsiwo MPPs separated with a
channel with or without an air back cavity. The @ipsion prediction of each
configuration is investigated in several papers hbdheoretically [13] and
experimentally [15]. MPP provide effective absooptiat the resonance frequency of
the air back cavity in a sense of Helmholtz resmrsatUsing double-leaf micro-
perforated panels (DLMPP) with a cavity betweeritshhe resonance frequency of
the absorber to lower frequencies. Hence, by cimantjie configuration of the
system while keeping the depth of the air backtgagn effective absorber at lower

frequencies can be produced. Maa's work [16] shdlst using two panels
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overlapping each other produces two resonancedreyuregions, yielding a broader
effective absorption range. However this type affrguration is still effective at the

resonance frequency region of the absorber.

On the other hand, using DLMPP with a cavity betwbat without a rigid backing
significantly increases the absorption even in lowequencies other than the
resonance frequency region. In this type of paystlesn the rear panel acts as a non-
rigid backing and this configuration can be used apace absorber. In K. Sagakami,
M. Morimoto and W. Koike’s work, the absorption rhaaism of this double-leaf
panel system is studied [14]. In Maa’s work, howevtkis type of behavior at low
frequencies is not observed. Hence there is anatmarhanism, which is still
dominant at these low frequencies. This mechanssdué to the amount of acoustic
resistance provided by micro-perforation. The atiousactance of the panel system
tends to go to zero with decreasing frequency. Eeooly the acoustic resistance of
the panel can produce such absorption below tlumaese frequency region.
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CHAPTER 3

FUNDAMENTALS AND GOVERNING EQUATIONS

3.1. Acoustic Wave Equation

3.1.1. Definition of Linear Acoustic Wave Equation

In fluids, acoustic waves are transmitted as lamtjital waves, namely compression
waves. Compression waves are transmitted via ssigeescompression and
expansion of fluid particles in contact resultimga pressure variation compared to
the absolute pressure of the fluid medium. The @og# of this pressure fluctuation
is very small when compared to the amplitude obhlte pressure of the medium.
Regarding perfect gases; thermodynamically, thimpression and expansion action
can be considered as isentropic. Since the vamiatidluid pressure is small, energy
transfer between any adjacent fluid particles is atoan appreciable amount. No
entropy change occurs under these conditions. Hxmduthe effect of viscosity in
real fluids, high energy transfers and nonlinefea$ of high pressure variations, the
acoustic wave propagation is simply considered masadiabat (adiabatic and
reversible) [17].

Under these circumstances, in order to expressatestic wave propagation in
fluids, a functional relationship should be detered between the instantaneous

density r and the particle velocity. This relationship can be expressed by the

continuity equation on a differential fluid elemexst given in Equation (3.1).
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o ®
‘”—€+N ru =0 (3.1)

The other fundamental equation to express the floation is the force balance
equation. Since viscosity effects and high pressari@tions are neglected, this force

equation can be expressed as;

ro—=-Np (3.2)

This is the linear Euler’s equation which is apglite for acoustic wave propagation

with small amplitudes.

By taking the time derivative of the Equation (3ak)d the divergence of Equation
(3.2), the well-known linear acoustic wave equatisndetermined by combining

modified continuity and force equations:
sz ——— 3.3
(3.3)

where p is the variation in fluid pressure as a consegeent successive

compression and expansions within the propagatfoacoustic wave and is the

speed of sound.

3.1.2. Harmonic Plane Waves

Harmonic plane waves are a particular solutioro$etcoustic wave equation where
the fluid medium is homogenous and isotropic. Tégriction on homogeneity and
isotropy eventually concludes to constant speesoohd where the propagation of

sound wave is non-dispersive. The main propertg bairmonic plane wave is that
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the magnitude and phase of each acoustic part&dealconstant value on any plane
which is perpendicular to the direction of propawat This characteristic property of
harmonic plane waves applies to any diverging a@muwgave far away from the
source at large distances. If the direction of pgation is set to be on x axis; the

general representation of a harmonic plane waantesian coordinates is;
p(x t) = At ) + gl (3.4)

Sign of the wave numbés determines the propagation direction of the harmoni
plane wave.+kx indicates that the wave is propagating on negativedirection

while - kx indicates that the direction of propagation is pwsitive +X direction.

The general solution is composed of two terms wiaigh propagating on opposite
directions. Regarding the magnitudes of the caoefits of each term, the solution
can be either a propagating wave on a particulaction or a standing wave which
does not propagate at all. These coefficients aneptex valued and determined by

the boundary conditions in which the acoustic medisi restricted with.

Furthermore; the particle velocity associated i acoustic pressure is determined

by the Euler’'s equation as;

® ® N . . N
U, =ux= A dow B g (3.5)

r.c rC

The relation between acoustic pressure and parntelecity is determined by a

significant parameter which is known as the acoustpedance. For harmonic plane
waves, the acoustic impedance is simpk,C, where 7 ,C is the ambient density of

the homogenous medium.

Equation (3.4) represents the acoustic wave matodD Cartesian coordinates

where both solutions of propagating waves in eitbdeections are available.
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Considering only propagating waves, the harmonenglwave solution can be

written in 3D Cartesian coordinates for any arbytrdirection as;
p(x 1) = Al b & (3.6)

The frequency in time domaimy, is related to the spatial frequenky namely the
wave number, with dispersion relation. In 3D Caaescoordinates the dispersion

relation is written as;

2
w

= =k2=l&2+l@2+kz2 (3.7)

The expression between the frequencies in both &nte spatial domains is only
related with the speed of sound. This type of pgagian phenomena is called as
non-dispersive which applies to propagation of sbum fluids since only the
compression waves travel through the medium. Theerotype of propagation
phenomenon is dispersive in which the speed of dasimot constant and depends
on frequency of the harmonic motion in time. Digd propagation of sound
generally exists in solids where transverse waves ariginates and propagates in

the medium.

3.1.3. Energy Density and Acoustic Intensity

The energy transmitted with an acoustic wave cadiladed into two components:

the kinetic energy of a fluid particle due to thetle velocity arisen from the wave
motion and the other is the potential energy teastored in the compressed fluid
particles during wave motion. At a particular tirframe; the amount of energy
stored within a unit volume of fluid medium can &epressed as the sum of both
instantaneous kinetic and potential energy desssitielles per cubic volume (J)n
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e :% ry W +(p/r0)° (3.8)

Equation (3.8) describes the amount of energy derai an instantaneous time
frame. Since sound energy is transmitted with aoowsaves, the energy density of
the medium varies with respect to the particulaetirame. The total average energy
carried with the acoustic wave is evaluated bygraeng the energy density of the
fluid over the period of the acoustic wave andrgkihe time average. Eventually;

the energy density for an acoustic wave of singlqudency is described as;

e=(d =1 ai=_P (3.9)
T, 2r,C

On the other hand, the instantaneous acousticsityers the instant rate of work

done by a fluid element onto the adjacent elemestt ynit area during the

propagation of acoustic wave. Instantaneous acouggnsity in watts per square

meter (W/nf) for a mono frequency acoustic wave is defined as;
1(t)=pu (3.10)

Similar with energy density; by integrating ins@amtous intensity over the whole
period of the mono frequency acoustic wave andntakime average; acoustic
intensity of a sound wave can be obtained as;

2

1=(1(t)), :%OI (t )t =1250C (3.11)

Since the acoustic intensity is the average raenefgy transfer through a unit area
normal to the direction of propagation, the signacbustic intensity might differ

with respect to the direction of propagation.
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3.1.4. Specific Acoustic Impedance and Admittance

Specific acoustic impedance is defined as the mitithe acoustic pressure to the
particle velocity associated with that acousticspuee in a medium. Since the
particle velocity is a directional field regardinge direction of propagation, the
specific acoustic impedance is also direction ddpeh For harmonic plane waves,

Z —1 : (5'12)

The acoustic impedance is a real valued parameterhdrmonic plane waves
propagating in a medium; however, it takes complatues for standing and
diverging waves. In general, the specific acoustipedance is composed of two
terms. The real term is called as the acoustistaste and the imaginary term is
called as the acoustic reactance.

Z=R+iM (3.13)

The specific acoustic admittance of a medium ishingt but the inverse of the

specific acoustic impedance which is expressed as;

G= (3.14)

1
Z

3.2. Reflection, Transmission and Absorption of Soud Energy

Sound waves generated from a source are transnmtted unbounded medium as
propagating waves. When propagating waves encoansetid boundary or a fluid
medium change, reflected and transmitted sound svake generated. The dynamics
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of reflection and transmission is basically depagdin the boundary conditions and

the incidence angle of the incoming acoustic wave.

In general, a portion of incident wave incomingatboundary is reflected back to the
medium and the other portion of the incident wasge tiansmitted into the
encountered medium. This phenomenon is simply $eudsed when harmonic plane
waves are involved. Unless one of the medium iglsdl is simple to obtain the
general behavior of reflection and transmissionthef sound waves with boundary
conditions. When a solid boundary is encounteredesoomplications arise due to

the coupling of acoustic and mechanical wavesebtundary of contact.

The amount of energy reflected from a boundaryescdbed with the ratio of the
reflected sound energy to the incident sound enefyys ratio is known as the
reflection coefficient. Reflection coefficient isb@ined by the ratio of sound
intensities of the reflected and incident acoustaves. Likewise; the amount of
transmitted energy is obtained with the use of gmaission coefficient which is

simply the ratio of sound intensities of the trared and incident acoustic waves.
r=I/1, (3.15)
t=1/1, (3.16)

The simple case to observe reflection and transmmgshenomena is the change of

medium on the direction of propagation. The spedaftoustic impedances of both
medium are labeled ag,c, andr,C,in Figure 3.1. Since the total energy is

presevered; the reflected and transmitted soundygrs&im is equal to the energy of
the incident acoustic wave. This conservation ligraké for the acoustic intensities,

reflection and transmission coefficients.
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Figure 3.1Reflected and transmitted sound field on a boundary

Absorption of sound is a mechanism in which thergynearried with the acoustic
wave is dissipated and transformed to another f@frenergy. The form this energy
can be thermal or mechanical with respect to thentary or medium that the
acoustic wave encounters while travelling in a mediDissipation of sound energy
always exists when the sound waves propagate ire@um. This dissipation is
generally due to the thermal relaxation of fluidleonlles when excited with a wave
form. Dependent to the specific acoustic impedarzkthe porosity of the medium
the amplitude of this dissipation is variable. Hoe®e when a solid boundary is
encountered, a portion of the transmitted energyuiih the solid boundary might be
transformed to mechanical energy, mostly by me&msezhanical vibrations. Then,

this mechanical energy is dissipated due to damgliagacteristics of the solid.

|+, =, (3.17)

r+r =1 (3.18)
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The amount of absorbed energy is simply determimiddthe absorption coefficient,
which is nothing but the ratio of absorbed energygity to the incident sound
energy density. However, rather than evaluating aheunt of absorbed energy
density which is quite impossible, it is easied&iermine the absorption coefficient
by satisfying the energy conservation. Since th#egton and transmission
coefficients can be evaluated using boundary cmmdit the absorption coefficient

can be determined by;
a=1-(r+t) (3.19)

Solid media support two types of elastic waves, ciwhare longitudinal and
transverse waves. If the transverse dimension ef gblid is larger than the
wavelength of the incoming acoustic wave, the plsgeed of the propagating wave
in the solid medium is not the bar speed, ratherbihk speed. If the wavelength of
the acoustic wave is comparable or smaller thanttliesverse dimension of the
solid, then the appropriate phase speed of projagist the bar speed. Bar speed as
the appropriate propagation speed is observed ggner plates or membranes. If
this is the case, the direction of the elasticdvanse wave propagating on a plate or
a membrane is perpendicular to the normal of taeefd surface. This type of media
is calledlocally reactingwhere no wave propagation exists parallel to tivéase of
the plate or membrane. Otherwise the medium isedddulk reacting where
longitudinal waves can propagate through the sweiitd the bulk speed of the elastic

wave.

3.3. Acoustic Absorbers

Acoustic absorbers are devices to absorb soundyemerd transform it to various
types of energy forms described previously. Thednek acoustic absorbers has
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arisen in room acoustic to treat reverberation attaristic of an enclosed space.
Reverberation characteristic of a room is the béesature that defines the behavior
of energy decay. It is simply related with the amtoaf sound energy that cumulates
within the room after a sound source is off. Thisnalated energy then, decays due
to various types of energy dissipation. The acouptirameter that defines this
behavior of the enclosed space is reverberatio®.tiithe reverberation time is
loosely the time required to observe the decayoahd energy level after a sound
source is off in an enclosed space. The reverloeréitne is high in spaces with hard
surfaces or large volumes such as cathedrals veloerred echoes successively added
up and start ringing in the space. On the otherdhemall spaces with soft and
acoustically absorbent materials have less revatiber time where sound energy
decay occurs quickly. Acoustic absorbers are badsuices to control reverberation

characteristics of a room via dissipating incomsognd energy.

There are various types of acoustic absorbers; Wawbey are generally classified
into two major groups with respect to the type aermgy dissipation within the

absorber:

1. Porous Absorbers

2. Panel (Resonant) Absorbers

3.3.1. Porous Absorbers

Materials such as carpets, cushions, curtains,séicoties and foams, cotton and
mineral wools are called porous absorbers giveRigaire 3.2. Sound absorption in
such materials occurs via viscous and thermal ghsisin of the acoustic wave that

penetrates into those materials. Since air is eous medium, the air perturbation
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with an acoustic wave is viscously dissipated witthie pores of porous absorbers.
There are also losses due to thermal dissipatioecesly in low frequencies [11].

To absorb sound energy, an absorber should bedptameewhere where the particle
velocity is high. The particle velocity is usua#lgro at room boundaries. Due to low
velocity profile at boundaries, it is not possildeobtain adequate absorption when
an absorber mounted on a room boundary. Hence hickness of the porous

absorber should be enough to cover the maximuntiglange of an acoustic wave
travelling at particular frequency. The wavelengththe low frequency sound is

long; the thickness of the porous absorber shoaldlbo long to obtain significant

absorption at low frequencies. This is a great dliaatage for porous absorbers
regarding the effectiveness at low frequencies.

Figure 3.2Porous absorber examples
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3.3.2. Panel (Resonant) Absorbers

Panel absorbers are devices, unlike porous absorlgganting absorption via
converting acoustic energy to mechanical energybgns of mechanical vibration.
Various examples of resonant absorbers are giveRigare 3.3. By introducing
resonance frequencies, it is possible to obtainifsignt absorption at particular
bandwidths including low frequencies. Moreover, apton treatments are
generally applied to room boundaries where pordasorbers are inefficient since
the particle velocity is low at room boundaries. stlof the resonant absorbers are

efficient at absorption when placed to room boursar

.

Figure 3.3Resonant absorber examples

Resonant absorbers are mechanically analogousawtithss vibrating with a spring.
Hence, these devices introduce resonance freqeemdid respect to mass and
spring characteristics of the system [18]. It issgible to change the range of
resonance frequencies by changing the vibratingsraad the stiffness of air spring

behind the mass. The most common resonant abstyperis the Helmholtz
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resonator. Helmholtz resonators are panel absoviéisa neck on the panel of the

device.

A large portion of acoustic energy transmitted vitie incoming acoustical wave is
transformed to mechanical energy by resonant absarfhfhe amount of this energy
conversion is higher at the resonant frequenciesthef absorber. However,
transformed mechanical energy should be dissipateatder to absorb the sound
energy. This mechanism can be provided by mounorgus materials into the neck
of the resonant absorbers or just behind the pahete the particle velocity is high.
In the second case, the porous material should@ao close to the membrane in
order not to prevent the movement of the vibrapagel. Another way to gain more
absorption without using porous materials is torelase the aperture size of the neck
on the panel. Smaller opening introduces viscosisds in which adequate amount of

resistance is provided to enhance absorption.

The use of smaller openings in resonant absorlsera breakthrough since the
necessity of using porous materials to dissipatehaeical energy is avoided. These
devices are generally called as perforated parsdrbbrs in which the perforation
size can be modified to determine the amount ofrggnelissipation. The most
effective version of perforated panels is microfpeted panels where the apertures
are in sub millimeter size as shown in Figure 3He effective diameter is just a bit
larger than the boundary layer thickness, henceeamgble amount of viscous losses
are achieved as the air passes through small hbtese is no need to use porous
materials behind the perforated panel. By changuegdepth of the air back cavity,
the resonance frequency can be altered to low émxas and with high amount of
viscous dissipation, appreciable absorption iseaad at low frequencies. Maa [16],
the pioneer of the micro perforated panels in #myel960s, showed that the amount
of absorption is maximized when the aperture simkthe panel thickness are close
to each other. So, using thinner panels incredsepatential of the absorber with

sub millimeter size apertures.
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Figure 3.4 Micro-perforated panel absorber examples

The major challenge regarding resonant absorbéhe ismited bandwidth where the
effective absorption is obtained. Although the &tbrg mass and air spring system
provide single frequency resonances, the bandwiaithbe extended by using porous
materials within the panel absorber or decreasiegaperture size of the perforations
in order to increase viscous losses. On the othadhusing double layer micro
perforated panels with an air cavity in betweerrodiices additional resonance
frequencies. Arranging cavity depths and the masstance of the panels, the
resonance frequencies can be manipulated so thadeaeffective bandwidth with
significant absorption can be achieved with evelidyributed resonance frequencies.

3.4. Acoustic Diffusers (Scatterers)

Acoustic diffusers (scatterers) are devices, likeuatic absorbers, to control the
acoustic behavior of an enclosed space. Unlikerbbs® acoustic diffusers are not
energy dissipating units; rather they function ¢mteol the reflection patterns of the
incoming acoustic waves, thereby reducing effette@m resonances.
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In large auditoria or concert halls, echoes antdeiuechoes are the major problems
that are worsening the intelligibility and the gtialof sound that is perceived by
listeners. Echoes are usually generated by therb#ettions from the boundaries of
an enclosed space. Unlike reverberation in a reminges are late coming reflections
from a boundary with a level significantly above tpeneral reverberation in a room.
Hence, they are heard as the direct sound comitiganshort delay, which results in
a local energy adding up in a short time frame.deshare generally formed by the
reflections from parallel walls yielding to standinvaves creating uneven sound

energy distribution in an enclosed space.

Similar with reverberation control, unwanted echees be also controlled with
acoustic absorbers. The uneven energy distributmnbe avoided by removing the
excess energy within the room. However, in somes#se amount of energy should
be preserved. In concert halls, operas or suchespaith unique functions and
necessitated acoustical quality; the amount of ggnevithin, in other words the
reverberation in the room, should be maintainedndde the number of acoustic
absorbers employed is limited and acoustic diffsissne preferred to control the

distribution of this energy in those places.

The main problem is to control the direction of telected wave from hard smooth
surfaces. Such surfaces reflect the incoming amustve with an angle identical
with the incident angle. Since the surface is simamt not irregular enough, the
reflected sound energy is sent to a particularctma. The most critical example to

this case is the reflection of sound from parallefaces.
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Figure 3.5Various acoustic diffuser examples

When a parallel wall construction exists in thecgpastanding waves at particular
frequencies are formed with respect to the wavetenf)the incoming wave. This
phenomenon results in energy peaks and dips adirekcations in the room.
Consequently, the perception of sound at thatqadati frequency is not going to be
the same compared to any other location in the rodm control this uneven
distribution problem, the hard and smooth surfaslesuld be treated. The most

common use of acoustic diffusers is to cover toiection problem.
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An acoustic diffuser is simply a surface or a graupsurfaces that control the
direction of the reflected sound waves. There adous examples of acoustic
diffusers presented in Figure 3.6. Any irregularface is assumed to be a diffuser;
however, the amount of dispersed energy comparédetalirectly reflected energy

might not be sufficient enough to avoid echoes.

The reflection from a surface can be understood Wié definitions of specular and
scattered reflections. Specular reflection is thead reflection from a surface with

an angle identical to the incident angle of an mew sound wave. On the other
hand, scattered reflection is a portion of refldotmergy which is dispersed to the
surrounding due to the roughness or the configumatf a surface. The ratio of

scattered energy to the total reflected energyaled as the scattering coefficient.
Scattering coefficient is the parameter that gimésrmation about the dispersion of

the reflected energy.

The distribution of irregularities or the geometfya material surface determines the
scattering characteristics and the directivity grattof the reflected sound energy.
Since the distribution of irregularities is randoimis hard to predict the scattered
reflection and directivity patterns of the surfatlmwever, the geometry of a surface
can be arranged so that the direction of the gseaftenergy can be determined
analytically. The most common example of acoustifusers with configured
surface geometry is Schroeder Diffusers which araahstrated in Figure 3.6. Apart
from every other surface configuration, Schroed#uskers are constructed on very
simple design equations and provide predictableecebn patterns and optimum
diffusion. Since recently, Schroeder Diffusers anelely used in room acoustic
applications such as in concert halls, recordingdiss, etc. [19, 20].
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Figure 3.60ne and two dimensional Schroeder Diffusers

The design equations and the qualitative and cpaéing perspectives of Schroeder
diffusers will be presented and deeply discussebarfollowing chapter.
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CHAPTER 4

ABSORPTION CHARACTERISTICS OF SCHROEDER
DIFFUSERS

Schroeder diffusers are mostly used to scattemitwaming sound to create a diffuse
field. However, appreciable amount of energy camalimorbed at certain frequencies
as well. Preceding studies on the absorption chenatics of Schroeder Diffusers

are presented in Chapter 2 in detalils.

Diffusers or absorbers are generally mounted dréa@om boundaries to control the
reflection patterns and absorption. The back of degices are covered with a
boundary which are assumed to be rigid. Eventuatlysound propagation occurs
through the rigid medium, that is the incoming sbwenergy is either reflected,
absorbed or both. Although this is the most conveat way of employing these
devices; panel absorbers can also be used as a apaorber, when hung on the
airspace. Therefore the rigid backing is replacéti fvee or reverberant field since
there is no boundary at the back of the absorber raore. This particular
construction of panel absorbers enabled the sggmifilow frequency absorption.
DLMPP with an air gap between and hung over theepma good example of this
particular construction. With respect to the degitthe air gap between two panels a
resonance frequency is introduced at some paricineguency. However, the
existence of the free or reverberant field behhmel iear panel grants low frequency
transmission and absorption regardless of the essmn frequency. Due to the
wavelength of the acoustic wave, incident energeadtly penetrates through the

absorber. Some of this energy is absorbed withenatisorber by means of viscous
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dissipation or mechanical energy conversationpther portion is transmitted to the
non-rigid fluid medium. By arranging the air gapptle and panel properties the
amount of absorption can be maximized. This phemaomeis discussed in K.
Sagakami, M. Morimoto and M. Yairi's work [14]. ltne study, micro perforated
panels are used to construct the panel absorber.r@sults have shown that the
absorption coefficient at very low frequencies mr@&imized at a range between 0.4
— 0.5. This amount of absorption cannot be achieviéld a regular construction of
an absorber with a rigid backing.

A similar approach can be applied to a Schroediusdir by replacing the rigid
backing with a non-rigid fluid medium. This pattiar use of the diffuser can be
called as a space diffuser since both surfacesempesed to a fluid medium,
particularly air in architectural acoustics. Henites idea of space absorber, which is
mentioned above, is inserted to the diffuser conttepbserve how much absorption
IS going to be generated with Schroeder diffusers.

In the next section, the general theory of 1D spadiffeisers, implementation of

micro perforated panels into the diffuser, narroslés and the theory of absorption
within the diffuser is going to be introduced anekedly analyzed. The absorption
model is constructed on Mechel's Fourier DecompmsitMethod. However, this

method is for conventional Schroeder diffusers witigid backing. In the following

chapter this theory is going to be extended forngid backings.

4.1. Fundamentals of Schroeder Diffusers

Schroeder diffusers are the most significant leagliffuser design introduced by
Schroeder [21], enabling diffusion by phase gratfghdamentals of the diffuser are

based on a simple design equation and have prbhlicthrectivity patterns with

32



optimized diffusion. A Schroeder diffuser is a conation of wells with different
depths brought together and separated with fins.tihey are used as a single unit,
plenty number of them can be used to form a peristfucture. The basic principle
behind diffusion is based on phase grating. Wheacaustic wave is incident on a
Schroeder diffuser surface, it penetrates intodifierently tuned wells. Since the
depth of each well is different, the time requifed the wave to go into the well,
reflect from the bottom and return to the surfaseifferent for each well. This
results in a group of waves with different phaséenvthey return to the surface of
the diffuser. The interaction of these waves creatalispersed sound field which
propagates to the far field. The wave front of eachve has a spatial phase
difference that grants diffusion. The phenomenon && understood with the
following figure. The finite difference time doma{(RDTD) model of a cylindrical
wave incident on a Schroeder diffuser is shownigufe 4.1.

The depth sequence of the differently tuned wells lse constructed with a different
combination which enables distinct polar reflectmatterns. Schroeder showed that
the energy reflected to each diffraction lobe digetis going to be the same with a
guadratic residue sequence when tuning the wellhde@here are other sequences
such as primary residue sequence that the tuningpeamodified with. Regarding
1D quadratic residue sequence, the depth sequamoben of each well can be

determined by;
S, = mod( r, N) (4.1)

wheres, is the sequence number of tH&well and N is the total number of wells

in one period that should be a prime number. Fastamce; for N=7 ,

s,=[0,1,4,2,2,4].
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Figure 4.1 Visualization of the dispersed sound field in fraoit a Schroeder
Diffuser, FDTD model [1]
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Schroeder diffusers work at integer multiples af ttesign frequencyf, , which is

generally set to the lowest frequency limit. Thiea tlepth of a particular well can be

obtained from the following equation;

| = Szn/No (4.2)

/, is the design wavelength corresponding to thegdefiequency.f, is not the

lowest frequency that the dispersion begins bus ithe frequency where even
distribution of scattered energy in diffraction ésb occurs. Below the design
frequency scattering also occurs up to one or twtave bands below, when

compared to a hard plane surface.

The design equations are basically constructed lanepwave propagation in the
wells. Eventually, an upper frequency limit existhere cross modes appear to
propagate in the wells. This requirement can belempnted into the theory by

arranging the width of the wells presented in thiWing equation as;

/
w=—mn 4.3
> (4.3)

where/ .. is the minimum wavelength and is the width on single well. Width

min
values lower than the determined limit can alsa$&igned. Dispersion also occurs
below this limit for defined well width, since theesare complicated structures.
However, the manner of dispersion may not be deteunwith the fundamental

theory.

The energy directed to each energy lobe is gremhendent on the repeat width or
the period of the diffuser which is designatedLas(w+h)xN, whereh is the

thickness of the fins. When the width of the wediskept small, only one major

energy lobe can appear at design frequency. Asdiffuwvith narrow wells can only
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create significant diffusion above the design featty. The great amount of energy
below this particular frequency is either speculagflected or absorbed by the

diffuser.

4.2. Absorption Theory for Schroeder Diffusers

The absorption theory for a space diffuser congguwith DLMPP is going to be
explained in two different models: A detached matagcal model and a combined
mathematical model. In both models, losses withewtiscous and thermal boundary
layers in the wells are not included in the firkige. This approximation provides a
simple calculation since the wave number of theppgating wave in the wells is
considered identical to the wave number in frekel fielowever, the model is going to
yield to an accurate prediction for large slitscsinthe boundary layer thicknesses are
very small when compared to the width of the welsherwise, the effect of the
boundary layers should be taken into account foromaslits since the boundary
layer thicknesses are considerable when comparedetovidth of the wells. This
effect of thermal and viscous losses is going toimduded for narrow slit

predictions later.

4.2.1. Micro-perforated Panel Theory

Micro perforated panels are basically known foiirtigeod absorption characteristics
even at low frequencies due to high viscous loskesugh sub millimeter size
apertures. The theory behind absorption mechanismicro perforated panels is
introduced by Maa [16]. These absorbers have mdagirdages since they are light

weight, inexpensive and remove the necessity obymmaterials which might be
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harmful to human health. Micro perforated paneloabsrs are basically composed
of a panel, which is a sub millimeter apertureidativith a low aperture ratio and an
air gap behind.

The resonance frequencies introduced by both aperand the panel are at a close
range. Due to this fact, their simultaneous effsbisuld be considered together. The
acoustic impedance of the panel system can bercotest on a parallel connection

of the impedances of the panel and apertures. Sheeonnection is parallel, the

effect of one element greatly depends on its redaitnpedance to the other. If the

impedance of the panel is greater than the apsittinen the effectiveness of the
panel absorber significantly depends on the apesturhis is true for the opposite

case. Eventually, the impedance of the micro patéol panel can be adjusted by
modifying the panel and aperture parameters.

The impedance of the panel can be constructedemtriel circuit analogy [15]. The
acoustic resistance and reactance of the pan&loargected in series. Similarly, the
acoustic resistance and reactance of the aperineesonnected in series. Resulting
acoustic impedances of both the apertures andahel mre connected in parallel as
shown in Figure 4.2.

Figure 4.2Electric circuit representation of a micro-perfedpanel impedance
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First, acoustic impedance of each element shouldebermined. For a tension free
panel, the normal specific acoustic impedance & fplanel is normalized by

characteristic acoustic impedance of air and ddfase

z, :wzrmjwm( (4.4)

R, andM,, stand for acoustic resistance and reactance ofntperforated panel

respectively.r ¢is the normalized acoustic resistance of the panéldepends on the
mounting conditionsm¢& m/¢ ¢, wheremt is the surface mass density of the panel

(kg/m?). w=2pf , where f is the interested frequency (Hz).

Secondly, the effect of apertures should be detexdhseparately. The sub millimeter
size apertures can be considered as short tubesprbipagation of sound in short
tubes is first introduced by Rayleigh, and thennapte version of it is discussed by
Crandall. Since the calculation of the propagabérsound is not simple, Crandall
proposed two solutions regarding small and largertapes. To determine the
acoustic impedance of the apertures, Maa combirgld bolutions together and
introduced an approximate solution for sub millieretsize apertures. When
compared with conventional perforated panels, Mapsroximate solution for the
aperture impedance provided a significant featuneres acoustic resistance becomes
very dominant for sub millimeter size apertures.eiitually, the use of porous

materials is not necessitated to provide good giisor.

The normalized specific acoustic impedance of fhextares can be calculated as;

q:%:rﬂwm (4.5)
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Figure 4.3Top and side views of a micro-perforated panelsviig design parameters

R andM, stand for acoustic resistance and reactance ofgheures respectively.

r andm are the normalized acoustic resistance and rea@iapertures and can be

defined as;
_gt
r==-—K 4.6
& (4.6)
m:O.294><1O3£p K, 4.7)

K. andK  are defined as;

f 2
K, = 1+X_ +X_\/§9 (4.8)
32 8 t

! +o.85‘tj— (4.9)

m 2

9+ 2
2
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and,

x=g,dy f (4.10)

As shown in Figure 4.3, is the panel thickness (mn1, is the aperture size (mm),

p is the aperture ratio which is defined by theoralfi total aperture area to the panel
area,g, and g, are constants. For non-metallic materigs= 0.147andg, =0.31¢€.

For metallic materialsg, =0.33%and g, =0.21C. When the normalized acoustic

impedance of both apertures and the panel arendieisl, the normalized specific

acoustic impedance of the panel system can bendiekl as;

_ %%
z = (4.11)
"z, ty

4.3. Prediction of Absorption for Schroeder Diffuses

The main idea in this study is to determine theogligon characteristics of a
Schroeder Diffuser where the back of the diffuseexposed to a free or reverberant
field. Since both surfaces are not restricted \aitiigid surface it is better to call it as
“Space Diffusér The theory of absorption for conventional typé $chroeder
diffusers are deeply analyzed in Mechel's work.this chapter, the mathematical
model to analyze the absorption characteristigh®{Schroeder diffusers is going to
be extended for space diffusers. In conventiorféigkrs the bottom of each well is
assumed to be rigid. Hence the pressure gradighediottom of each well becomes
zero. Unlike conventional types, this rigidity isigg to be replaced with DLMPP to
enhance low frequency absorption by adding acoustiss and introducing high
viscous losses through sub millimeter size apesturggure 4.4 shows a schematic
representation of a 1D quadratic residue spacesdiff
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Figure 4.4 A figurative representation of a one dimensiondirSeder Diffuser

To deeply understand the absorption mechanism acespiffusers, just like
conventional Schroeder diffusers, the sound prapaga the diffuser wells should
be investigated. By this approach, the sound fielffont of the diffuser surface, as
well as at the back of the diffuser should be deieed. After the boundary
conditions are set, the governing equation whiclpresses both scattered and

transmitted energy distribution can be obtained.

There are two methods to predict the reflected dantensity at a point in front of

the Schroeder diffuser. One of them is the averdaittance method where the
surface admittances of differently tuned wells averaged to end up with a single
admittance value. Average surface admittance metissdmes a uniform pressure
field in front of the diffuser, which is an appraxate method and cannot clearly
clarify the mutual interactions between the wellee second method is the Fourier
expansion method, introduced by Mechel [5]. Thighuod is capable to rigorously

model the mutual interaction and more correctlysiders the coupling between the

41



wells. The restriction in this case is that theudiér should be periodic. Infinitely
many number of Schroeder diffusers should be sfrin a periodic structure. With
Fourier expansion, the sound field in front of ffexiodic surface can be expanded
with the harmonics of the incident wave at a paféicfrequency. Later on, the use
of infinitely many numbers of diffusers is going b@ narrowed down to a finite

number since the solution is going to converge smgle value.

4.3.1. Detached Mathematical Model

To construct a reasonable mathematical model wipitedicting absorption
characteristics, pressure functions both scattaretitransmitted sound field should
be determined. To do that the prediction modelatjosollows Mechel’'s method.
Since the diffuser structure is periodic, the sratl and transmitted sound fields are
also periodic. It is less complicated to analyzehesound field when the other is not
periodic in the first place. Hence, a detached rhode be constructed on a periodic
sound field in front of the diffuser while the fielis not periodic at the back.
Similarly, the same model can be constructed incvithe field is periodic at the
back while non-periodic at front. Afterwards, thentribution of spatial harmonics

on both sides of the diffuser is going to be ineldidh the theory.

Firstly, the sound field in front of the diffuseurface is going to be assumed as

periodic. As shown in Figure 4.4, the field at thent can be decomposed into the

incident sound fieldp, (X 2) and the scattered fielg,(x, 2) . For simplicity e’

components will be neglected in the equations.
p(x2)=p(x 3+ p( x} (4.12)

p (% 2)= Pxdthkd (4.13)
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¥ .
p(xg=  Axe (4.14)

n=-¥
wherek, = k»>sing andk, = k>cosg from dispersion relation.

Since the sound field in front of the diffuser s is periodic, the wave numbers in

the x and z directions of spatial harmonics are;

b =k + nsz (4.15)

2
g, =K - =~ jk\/ sing n/E -1 (4.16)

where/ =2 /k, the wavelength of the interested frequency &ns the period

width of the space diffuser. The acoustic wave coments within the scattered field
which are propagating into far field should not édav complex wave number in z

direction. Hence, corresponding propagating harssmdicesn,can be determined

from;

2

sing + nslt £1 (4.17)

Harmonic indices that do not satisfy above requé@enhtannot propagate into far
field. Eventually, the scattered field is composétboth propagating and evanescent

waves due to the periodicity in x direction.

The non-periodic sound field at the back of théudér can be described as;
p (% 2) = pxdltoid (4.18)

When the sound propagation in a single well isisegn be expanded into the whole

structure. Therefore, sound fields and the boundangitions on diffuser boundaries
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are going to be determined for a single well. Thesgpure fields inside a single well
can be examined in two regions'{and ¥ regions) as shown in Figure 4.5. In both
regions, there are two wave components; one of tiseamtransmitted wave and the
other is a reflected wave yielding an evanescenmewagether. Since the width of
the wells is small compared to the wavelength efititoming sound wave, only the
fundamental modes can propagate into the wellswi.e // 2. Hence, the sound

propagation inside the wells is nearly one-dimemsiowave propagation on z

direction. This condition enables the cancellabbhigher modes in the wells which

are generated by the reflections from the fin waflsach well.

Figure 4.5Sound fields inside the well of the diffuser

For simplicity the sound propagation inside welsaissumed to be lossless. The
effect of viscous and thermal boundary layers msiells is going to be included
later. Since the losses are neglected the wave e@umibone-dimensional wave
propagation inside wells is a real valued numbed, identical with the wave number
in the free field. As shown in Figure 4.5, the pree fields in both regions are

defined as;
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Pu(x2)=R x @l ko kg

Pr1 ( X Z) = E)l Xéj(kxx"' k,2)

(4.19)

P2 (X, Z) R, x @l ke k.2

j(kxx" kz Z)

prz(x, Z) = E)Zxé

The corresponding velocity components in z dicecfor each pressure field
are defined as;

VIZ(X’Z):_ C/?ch Xl?xé( Ky k,2)
0
v (X’ Z) :ix ' A& >éi(bnx+gnz)
sz P 3
co " ,
thz(X, Z):- rscq xR x@l- kot k.2
0
S - (ke k,2)
Vr Z (X7 Z) - xFr) )e
1 ,,OC )
Vtz,z(xy Z) = C,c‘)sg 9 Ft)z xé(-kxﬁ k,2)
0
v (x2)= DI p, gtk
"~ (4.20)
Vt,z(x, Z) =- cosg x Ft)xé( Kyt k, 2)



Defined pressure field functions and correspondiglgcity components in z
direction are the general solutions for the waveppgation inside and outside the
diffuser. In order to determine the complex pressamplitudes, the boundary
conditions must be set. There are three boundahese medium changes occur.

At z=0, there is neither a solid boundary nor a mediurange. However, the
sound field in the %t region is a periodic field while it is not in i region. This
condition is also true for the wave numbers. Siteewave numbers in each sound
field is not the same, a boundary can be definddd®n two regions. The first
condition is that the net force on the interferen€éwo regions should be equal to
zero in Equation (4.21). The second condition aridee to the fluid contact. Since
both regions are fully in contact, the velocity qmments for both fields in z
direction should be identical at the boundary Eiquie4.22).

p(x0)+n(x0)- p(x9+ p(x9 =
(4.21)

¥ ‘nz—px

- cosgxP + A%xé' L" 4coyy R, -cog R, = (4.22)

r,l
n=-¥

At z=-1| , the propagating acoustic wave inside the welloanters the second

boundary. The contact between the air inside walld the micro perforated panel
introduces mechanical and acoustical wave couplihg. MPP thickness is set to be
very small, approximately as the size of the apesttio enhance acoustic resistance.
Since the solid thickness is comparably small wbempared to the wavelength of
the incoming acoustic wave, the propagation spdethe mechanical transverse

wave on the panel is the bar speed rather thahulkespeed of the panel. Similarly;
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a thin panel thickness makes the panel a locallgtieg absorber. Eventually, no

wave propagation occurs on the panel on z directibime mechanical wave

propagation spee\zl(x) is defined only on x direction. The first boundagndition

at z=-| can be defined as introducing the net driving guessin Equation (4.23).

dp(x)=p.(x- L)+ pa(% 1) Ro(x B Rpo(x 1) (423

Since the acoustic waves on th&" and the 3 region are coupled with the
mechanical wave on the panel, Newtor$1aw should be satisfied at the boundary
contact Equation (4.24). Since the panel thicknssgery small compared to the
depth of the diffuser, pressure variation over plamel thickness is ignored. The
second boundary condition is due to the fluid +dsobntact. Since both the micro
perforated panel and air media covering the pawmeh ifull contact, the velocity
components of the acoustic waves on z directionlshioe the same as the bar speed

V (x) Equation (4.25).

dp(X) = V(X 2,

(4.24)
Rt b, o, B P, YK 2
V()= 99 (p sk p )
r.c
(4.25)

— CO _ijIFI k}n
= 2% Jp, &k P, d )
r.c

whereZ ., is the specific acoustic impedance of the firstnmiperforated panel

p.1l

which is not normalized with the characteristic @dpnce of air.
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The third boundary which is @&= - | is similar with the boundary a=- 1| . The

driving pressure on the second micro perforatecipamow;

dp(X) =R, (x- 0+ Ro(x } p(x% ) (4.26)

Hence the boundary conditions are also the sameambte defined as;

ap()=V()3,
(4.27)
Ruet B, e PR A(X F,

V(x)= Cfsg P, &k -p, %) =-% P& (4298

whereZ , is the specific acoustic impedance of the secoicdonperforated panel at

z=-1.

When the boundary conditions are set, the linesiegy of equations can be solved.

There are 6 boundary conditions, hence 6 lineaatamys, and 6 unknowns which

are the pressure ratios of the reflected and trateshacoustic waves to the incident

wave. Therefore; 6 equations arising from the bampdonditions can be sum up to

one single equation as;

A -ejn—x
¥ (4.29)

2p
Lo+

g<8>g<1>_ g<4> g<3 x P+ dﬁ) é? - é‘) éﬁ %

¥ —'nz—px
g®g?- g d? x Aﬂ% "L =0

n=-¥

¥
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The coefficients of the incident pressure amplitadd the Fourier expansion terms

can be determined by modifying boundary conditidriey can be expressed as;

2jk,),

g¥ =(1- z,,cosg)xe

1 .

g<2> ZEX (1 -Zp,l Cow) )ekaz|n _( 1 +%’1 COQ)

@_ 1 ik (4.30)

i ucomee o102, con)

g =- %x z,,Cosg & { 2 +7,, cosy) &Nl

g<5> = - e'zjkzln

o _1 -2k,

g% = AL -e*)

(4.31)

g = Zcisq {1 457

2jkln

g® :%x (2 iz, Cosq) € ( 7., cog )ezjkzl)

z,,andz, , are the specific acoustic impedances of thenti the % MPP which are

normalized with the characteristic impedance qf/ae.

The Equation (4.30) can be modified such that theind) pressure on the whole
diffuser structure and the corresponding velociydf on z direction in front of the

diffuser surface are related with the acoustic &dimce of the diffuser surface. The

relation is simply expressed in Equation (4.32).

¥ g —jnz—px ¥ —jnz—px
cosgP - Ah?"e L =@y P+ Aet (4.32)
n=-¥

n
n=-¥

The well depthd,, are periodic with the diffuser period width. Hence the surface

acoustic admittanceG(X) is also periodic withL . Therefore; G(x) can be

expanded with Fourier transform as;
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G(x)= ge't,
n=-¥
(4.33)
+'n2—px
gn:% OLG(x)eJ L dx

2p

Equation (4.33) is inserted into Equation (4.3Zpmimultiplying bye+j L and

integration overL ;

¥
A} gm- n+dmn gn = Pi(dmocosq' grr)
n=-¥
(4.34)
m=-¥ ... +¥

whered,,  is the dirac delta function. Derivation of Equati@.34) can be found in

Appendix A.

One can obtain for the spatial spectral componefitshe admittance of one-

dimensional Schroeder Diffuser as;

N'lG( X<) & o2k N sin(pnb/T)

b
e (4.35)
T k=0 pn' T

Whenn=0, the term in the denominator becomes zero whistlt®in a singularity
in the linear equations. This can be overcome kingathe limit of the gap function
when n approaches to zero. Hence; whes 0 the spectral components can be

obtained as;

b N-1

_? G()&) e—jnp(2k+1)/N (436)
k=0

On

Equation (4.34) is a group of infinitely many numbef linear equations, where the

pressure ratio®,/ P can be obtained as the solution of the linear gopsm The
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infinite number of linear equations can be ternedaat where the solution of the
linear equation system convergesnat £2N . Then the pressure ratid!ﬁ,/l? of the
scattered pressure fiell (X 2) in front of the diffuser surface can be determined

Eventually, the reflection coefficient of the digier can be described as the intensity
ratios of the scattered and specularly reflectedrewato the incident wave as
indicated in Equation (4.37).

2 2

2
A \/1- cosq+nS/T_ (4.37)

S

P

—A 1
") ‘F? +cosqnslo

The first term is due to the reflection of the fantental mode which is the specular
reflection with an angle. The second term is the radiating spatial harnsoafdhe

incident wave which is the scattered reflection.

The reflection coefficient of the diffuser is obitad with Fourier decomposition
model, where the sound field in front of the diffuss periodic. The similar approach
is now applied to determine the periodic sounddfieéhind the diffuser while it is
non-periodic at front. To ease the calculationsrdimate axis is transformed as in
Figure 4.6.

Figure 4.6 Sound field inside the well of the diffuser
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Since the sound field in front of the diffuser issamed to be non-periodic, the

incident and the reflected acoustic waves can pesented as;

p (x 2) = Pxd ke (4.38)
p,(x 2)= P xgll k) (4.39)

The transmitted acoustic wave behind the diffuseexpressed as a periodic sound

field as;

¥ .
P, (x, Z) = B xé(- boxt gn2) (4.40)
n=-¥
The period of the diffuser in x direction is presst; therefore, the wave numbers in
x and z directions are similar as in the periotktdfdefined in Equation (4.15) and

Equation (4.16).

The formulations of the acoustic pressures withimwells in the % and & regions
can be expressed as the same in Equation (4.18)a8y, the velocity components
in z direction are expressed as in Equation (46@ept the transmitted and the

reflected acoustic wave velocities. They shouldnoelified as;

(x9SO g gl
s,z fOC s
(4.41)
-1 ¥ G (- b+ g.2)
V,(xz=—=x Bt " "%
(%7 roC n-x K

To determine the complex pressure amplitudes, kamynconditions should be set.

With respect to the new coordinate system, bouadadre defined orz=0,

z=|-1 andz=1.
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At z=0, two boundary conditions are defined. The acoystssure acting on both
sides of the micro perforated panel introducediteecondition as the force equation
on the panel which is expressed in Equation (4.#8& second boundary condition
is arisen due to the continuity of the fluid — daiedia. Since both media are fully in

contact, the velocity components of the acoustit rmechanical waves should match
the expression in Equation (4.44).

dp(X) = n,(x0)+ p.( %0 - p( %9 (4.42)

(4.43)
¥ —jnz—px
R.+R,- Be - =V(¥xZ,
n=-¥
-1 ¥ - in2Py
V(x):nx 3]%”@ L Gosq(>132 Ez) (4.44)
ovY n=-¥

Since the other micro perforated panel is presénz=al- | , similar boundary

conditions can be defined as;

dp(x)=p.(%!- 1)+ pa(xF 1)
P (%1 1)+ po(x - 1) (4.45)
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Rt 1) p, w4 [P g4 p - g1l) (4.46)

=V (X)*Z,,
V(X) = P, x6 k(1) P, sl 1) =P, < 4 1) P ) (4.47)

The last boundary is a = | where there is no solid — fluid contact. Eventyathe
boundary conditions at = | can be expressed as the continuity of the fluidioma.
The total acoustic pressures of the sound fieldeerf'and the ¥ regions as well as

the velocity components in the z direction showdcequal at the boundary.
R +R e p & p & (4.48)
Pxe’d -px¢d =p s -p ¥ (4.49)

After the boundary conditions are set, the lingatesm of equations can be solved.
There are 6 boundary conditions, hence 6 lineaatagus, and 6 unknowns which
are the pressure ratios of the reflected and trateshacoustic waves to the incident
wave. Therefore; the 6 equations arising from tnldlary conditions can be sum up

to one single equation as;

¥ -'nz—px
g% - g?d? xP+ g% 4’ - ¢? §' x 5eu +
n=¥ (4.50)

M

- nx
g%g“- g?¢? x B%¢" =0

¥y Kk
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The coefficients of the incident pressure amplitadd the Fourier expansion terms

can be determined by modifying boundary conditidriey can be expressed as;

g¥ =1- Z,, cogy
g<2> - e'zjkz(l' In) )(1 +Zp’1 Cow)

@ = _ (1, 21 (4.51)

9= 2(1+ € )
1 i
9" = 2coyy (1' Zo2 Cosq)erIKZ(l o - ( 2, 0037)
g<5> - 1
g<6> = e'zjkz(l' ln)
g? =1 1. g2t (4.52)
2
®) 1

roos (Lt Zezcosy) +e Y {1-2,, cog)

Equation (4.50) can be expressed a similar wayhithvthe acoustic admittance is
expressed in Equation (4.53).

g<6>g<1>_ g<2>g<5> o d@ 63_ d? éﬁ x¥ Bhe_jnszx
g<6>g<4>_ g<2> g<8> ' d@ 64_ diﬁ é& ey

_e =
LB (4.53)
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Since each term ig', and g®_.are composed of a periodic term which is the depth

sequence of the QRD, ; they can be expanded with Fourier decompositiandid

in the former analysis, Equation (4.32) is adamad implemented into Equation
(4.53).

(4.54)
m=-¥,...... +¥

One can obtain for the spatial spectral componehtg' . .and g°. as explained in

res

Equation (4.3.24).

Equation (4.54) is a group of infinitely many numbef linear equations, where the
pressure ratio,/P can be obtained as the solution of the linear topm The
infinite number of linear equations can be ternedaat where the solution of the

linear equation system convergesnat £2N . Then the pressure ratitfg,/Pi of the

scattered pressure fielq(x, z) in front of the diffuser surface can be determined

Eventually, the reflection coefficient of the disier can be described as the intensity
ratios of the scattered and specularly reflectedrewato the incident wave as
indicated in Equation (4.55).

N

R

2 2
\/1- sing + nS/T_ (4.55)

COSG 110

The first term is due to the transmission of thadamental mode which is the
specular transmission with an angfe The second term is the radiating spatial

harmonics of the incident wave which is the scattédransmission.
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4.3.2. Combined Mathematical Model

The previous work deals with the absorption medmarthat took place in the space
diffuser in a simple manner. This simplificationdge to the ignorance of radiating
spatial harmonics at one side of the diffuser wthke periodic spatial harmonics on
the other side are being evaluated with Fourieodgaosition method. This approach
enabled the condition in which the reflected amehsmitted sound fields are treated
and computed separately. This computation is mabalyed on the evaluation of
specular and scattered wave amplitudes and inyenagivs both in front and the back
of the diffuser. Once the intensity ratios are ot#d mathematically, the absorption

coefficient can be determined by;
a(g)=1- r(g)*+t(g) (4.56)

The reflection and transmission coefficients artaimied separately as indicated in
Equation (4.37) and Equation (4.55). In each comipat only one unknown is
apparent which is the pressure amplitudes of tbated spatial harmonics and the
mathematical model is called as the detached md¢tek, theory is going to be
extended such that the contribution of spatial lwawies on both sides of the diffuser
is included. The model can be constructed on alaireketch in Figure 4.7, where

sound fields are both periodic in front and atliaek of the diffuser.
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Figure 4.7 Sound field inside the well of the diffuser

The incident, reflected and transmitted sound $ielde now all periodic in x

direction and expressed as in Equation (4.57).

P (X, z) = |i:>xé'(- ke K, 2)

p(x 2= Axelwad (4.57)

¥

p(xg= e

n=-¥

The propagation of the sound inside the diffuseltsiare treated as did in previous
method. The wavelength of the interested maximweqguency is large compared to
the well width; hence, only plane wave propagatmecurs inside the wells.

Therefore, the acoustic wave pressures of propagataves on z direction inside the

wells can be defined as in Equation (4.19). Thati@h between the periodic wave
number b, on x direction and wave numbg}, on z direction is as similar as

expressed in Equation (4.15) and Equation (4.16).
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A set of linear equations can be defined to corstboundary conditions as did in
the previous section. Boundary conditions are ladl same; for this time, both
reflected and transmitted sound waves are compo$edfinitely many spatial

harmonics which are periodic on x direction. Evality all boundary conditions at

z=0, z=-1|, andz=-1 are defined as;

R+ Ax ' -(B+R)=0
= (4.58)
¥ g - n22
-Cosp<R+  ASEe © scogy B, -cog B,
n=-¥
R’lxejkzln +Fr)1]_ ejkin +P2 ékn _Pz 'délzn # )X FZE
V(X): COSq Fr)l ejkz|n _Pl )éQn) (459)
r.c ’ ’
= C0$ F)r2 e‘kzln _E)z ézln)
r,C ’ '
el ik ¥ i -nszxrgnl
R +P, e* + B & X &
n=-¥
cosg ik A (4.60)
V(x)= P, &k .p, £
( ) ,_OC >( r,2 EZ )
BRI I
r€ nex

Six linear equations can be reduced to two equatieliminating the complex
pressure amplitudes of the acoustic waves propapdtiside the QRD wells.
Eventually, the relation between two unknown presamplitudes of the reflected
and the transmitted acoustic waves and the pressupditude of the incident wave

can be expressed in the following equations;
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¥ - 'nz—px ¥ n——x
g¥P+d?  Axe U +¢ e\gn e
n=-¥ ¥ k
¥ .'nzlﬁ A ¥ - nox gl
+g<4> 3hlxel R +d5> a‘?(n >eJ Lo 9
n=-¥ ¥
(4.61)
¥ B -nzlx ¥ nﬁx
g<6>|?+ g<7> A e +é8> e\gn ML
n=-¥ ¥ k
¥ _'nzip)ﬂ. A ¥ -'nz—pxi- Al
n=-¥ n=-¥

The coe1‘ficient$;<"> are determined by modifying the boundary condgjosimply

eliminating the terms other tha$y, and B, and can be expressed as;

g<1> = g 2k (1_ Z, COSCI)

NG :% e*¥h(1- Z,, cogg)+ (* Z,, cog)

g<3> — ZCJC-)Sq (1+ Z,, cosq) _ @2k ( 127, COS]) (4.62)

g =- 1 g k4 deli-20)
2

o =k 1 7, com) € (4 7, cos)
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= L(q. g2k
g =51 e
g<8> - 1 (1+ e—2jkzln) (4.63)
2cosy
<9> =l ejkz(l 2 n) e ikl
J 2
(19 _ 1 gie(-2n) (1 4 cosy) + e (1 co
J 2cosy ( 22 SC/) ( 42 S7)

Since coefficients of the spatial harmonic compdseme also periodic with period
L on x axis, they can be expanded with Fourier. Ikinthe two modified boundary

conditions can be expanded to yield in the follayvaystem of linear equations;

2 gn 3) j 4 g 3 -
A] g<>+ g<>n+Be'lgn| érrzn-l-_é N _pl(él)
¥ k k

n=-

A, g@ﬁ%g@n + B cﬁr% G0, =- g (4.64)

n=-¥

m=-¥ ... +¥

In Equation (4.64) two infinitely large systemslioiear equations are formed. These
equations can be expressed in matrix form to olgpatial harmonic components.

The matrix form of the above equations is expressed
[KJ{A}+[K]{B} =- R{U}
[KJ{A} +[K]{B} =-H U,

where the coefficient vectors and matridesnd K are defined as;

(4.65)
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[Ki]=

[K.] =

[K] =

[K.] =

(Ut = o

{u} =g’
@ 19 43
gm-n+ k gm n

e_ ignl gi?? n +% g<ri0>n

(4.66)

(4.67)

Once coefficient matricek and vectorsd) are obtained, one can simply derive the

pressure ratios for reflected and transmitted sausnekes by solving Equation (4.65).

As described in Equation (4.37) and Equation (4.%8&lection and transmission
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coefficients can be obtained. The absorption coefit is then calculated due to the

energy balance introduced in Equation (4.56).

4 4. Effect of Narrower Wells

In the previous chapters, the propagation of theustic wave inside wells is
assumed to be lossless. This assumption is orgyvihen the width of each well is
large compared to the viscous and thermal bounldgey thicknesses. In this section
the effect of thermal and viscous losses at boynldaers is going to be included in

the absorption theory.

In the real case, when the sound propagation iresicl@row slit is in concern, there
are three waves that propagate into the slit: gyafag acoustic wave, thermal wave
and a shear wave. In practice, attenuation duddahermal and shear wave only
occurs in the boundary layers which are only ofza sf a millimeter thick. When
the cross-sectional dimensions of the slit aredargmpared to thermal and viscous
boundary layer thicknesses, the attenuation cabhgdtie thermal and shear waves
are incorporated with the boundary conditions efphopagating acoustic wave [11].
Otherwise, all propagating waves inside the sldusth be defined and solved with

respect to their own boundary conditions.

When no energy is absorbed while propagation inthgeslit, the wave number

k =c/wis real and is equal to the wave number in fretl fie one-dimensional

space. On the other hand, if the viscous and tHeramaluction effects are not
negligible, the wave numbde will have a positive imaginary part, correspondiag
wave attenuation nearer to boundaries. Morse agardn[11] derived the complex
wave number for a cylindrical tube. The same apgraan be adapted to the narrow

slit [11]. In order to correctly analyze the proptign of the fundamental mode in the
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narrow slit a pressure wavé, temperature ;, the tangentiali, and normalu,,

velocity components should be defined.

— pPOX ik
P r - t
p()(, Z) Ccos W e

z

tp(x,z):ﬂcos@( el

ag W
(4.68)

_k PAX ik
u Z)=—t-cos =2 ek
pZ(X' ) rck w

z

Lopag -PAN ke

upx(x,z):iwr w w

2
k?=k*- P9 s the wave number along tangential direction gmglw is the
w

wave number component along normal direction. Torestantgshould be adjusted

to fit the boundary conditions. Since the wallstbé narrow slit are rigid, the
temperature fluctuatiosn and the particle velocity on the boundary surface is

zero. After a series of calculations, the consgagtcan be defined as;
(pa)” - (+ ))K'w d+(g- I d, (4.69)

This equation is valid fow'd, 1. d, andd, stand for the boundary layer

thicknesses of viscous and thermal boundary lag@respondingly [11].
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2m 1
d = |— »0.21—— (cm
Y \er \/T( )

(4.70)
d, = 2K » 0.25i cm)
mwC, \/T

where w=2pf , m is coefficient of viscosity,K is the coefficient of thermal

conductivity andC is the heat capacity per unit mass at constasspre.

When pq is set the wave number along normal directiondieghe slitk, can be

obtained as;
k .
K+—(1- _) 4.71
k. » +2W( j) d+(g- 9d, (4.71)

On the other hand the density of the air inside rthgow slit is also a complex
number, including a reactive term. The effectivagiy in the slit can be expressed

as;

ro=r 1+(1-j)d,/b (4.72)

4.5. Scattering Characteristics of the Modified Difuser

The previous sections focus on the mathematicalemtm predict the absorption
characteristic of the space diffuser. The methosingply based on the radiation of
the spatial harmonic components of both reflectadi teansmitted sound waves into
far field. In Equation (4.37) the distribution opecular and scattered energy
densities in the reflected sound field are explir&milarly, in Equation (4.55), the

distribution of specular and scattered energy diessin the transmitted sound field
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are introduced. The latter terms in both equatienthe description of scattering

coefficient for both reflected and transmitted sbdields. They can be summarized

as;

2 2

rs (q) :i A]S \/1_ Sinq+ ns_

COSq 10| P
(4.73)
2 2
1 A _
t = > .|1- sing+ n.—
R R

where rs(q) is referring to the scattering coefficient in theflected sound field

Whereasz‘s(q) is referring to the scattering coefficient in thensmitted sound field.

Both parameters are defined to identify the rafidhe energy density reflected or
transmitted in a scattered manner with respedbdatdtal energy density within the
incoming acoustic wave. However, the main purpdsa diffuser is to scatter a
portion of the acoustic waves reflected from thdase, and transmitted through the
diffuser in this particular case of this thesisefdfore, a new parameter should be
defined to identify the amount of scattered enewgthin the total reflected or
transmitted energy. This new parameter is callethasoefficient of redistribution
which is simply the ratio of scattered energy dignsf the scattered acoustic waves
with respect to the total reflected energy denditye same is true for the transmitted
sound field which is introduced in this study. Eweslly, the coefficient of

redistribution for both reflected and transmittéelds can be defined implicitly as;

(4.74)
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The coefficient of redistribution gives informaticabout the amount of energy
carried with the spatial harmonic components ofréfeected and transmitted sound
fields. The angle of scattering or the angularrdiigtion of the spatial harmonics can
be obtained from Equation (4.75).

g, =arcsin( sir(g)+n,/ /L) (4.75)
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CHAPTER 5

SAMPLE CASE STUDIES AND RESULTS

In chapter 4, the mathematical model that represttr@ sound fields both at front
and the back of the diffuser is constructed. Furnttuge, the analytical expression for
reflection, transmission and absorption coefficgeate derived with respect to the

built model.

In this chapter, the absorption and scatteringaattaristics of the diffuser are going
to be demonstrated as a solution of the mathenhatiodel. A MATLAB code is
developed to evaluate the numerical results. Simees is no computational burden,

the frequency resolution of the simulations is kagtigh, namely 1 Hz.

5.1. Sample Scenario Results

In this section a sample scenario is evaluated noally with the developed
MATLAB Code. The first scenario is set to obserfie amount of absorption at low
frequencies with low diffuser depth. The designapagters and depth sequence

values of the diffuser wells are given in Table, 5.2 and 5.3.
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Table 5.1Design Parameters for the Sample Scenario-1

Design Frequency [Hz] 750
Prime Number Sequence 7

Well Width [m] 0.06

Fin Length [m] 0.003
Diffuser Depth [m] 0.227
Incidence Angle [degrees] 45
Interested Frequency Rang [HZz] 1:8000

Table 5.2Sequenced Well Depths for the Sample Scenario-1

Depth Sequence [m]

15" Well 2% Well 3TwWell 4" Well 57 Well 6" Well 7" Well
0 0.032 0.130 0.065 0.065 0.130 0.032

Table 5.3Micro-Perforated Panel Parameters for the Sampta@wm-1

Front MPP Rear MPP
Aperture Diameter [mm] 0.7 0.7
Aperture Ratio [%] 10 10
Surface Mass Density [kgfin 0.1 0.1
Panel Thickness [mm] 1 1

The absorption coefficient curve as a result of fire¢ scenario is demonstrated in
Figure 5.1.

In Figure 5.1, it is obvious to see that the abisompcoefficient at low frequencies,
especially below 500 Hz, is above 0.5 even if teptd of the diffuser is set to
0.227m. In a regular double-leaf micro-perforategingl absorber construction
without a rigid backing, one should notice the #ase of peaks on absorption curve

at the resonance frequencies of the absorber. Thesmances are located at

69



frequencies where the imaginary part of the surfaggedance approaches to zero
which is mainly dependent on the air cavity depthwkeen micro-perforated panels.
Since a Schroeder Diffuser is composed of a nurobevells with different depth
values, there are numerous resonance frequenctesduned. Eventually, the
absorption curve consists of many resonances wabserption can reach high

values.

The absorption provided at even lower frequenam@snely below 500 Hz for this
particular configuration, is introduced due to #estance of non-rigid backing.
Unlike conventional resonant absorbers, in whiah albsorption curve starts from
zero and increases gradually as the interesteddray reaches to the first resonance
frequency, the absorption coefficient starts froomaderate value of 0.5 for this
particular modification. This behavior of the stiw@l modification on the QRD
directly matches with the absorption behavior & ttouble-leaf panel absorber in

Sagakami and Morimoto’s work [14].

Figure 5.1 Absorption Coefficient (1 Scenario)
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The mathematical model evaluates the absorbed ¥nesigg the fact that total

energy conserved. The sound energy distributiothé reflected and transmitted
fields is also an important feature that shouldryestigated. In Figure 5.2 and 5.3,
the energy distribution in front of the diffuserdemonstrated. It is a fact that the
reflection occurs either as a specular reflectioneng the incidence angle is
preserved, or as a scattered reflection.

Figure 5.2 Specular reflection coefficient in front of thefder (£'Scenario)

Scattered reflection in the mathematical model eingd as the sum of energies
carried with the reflected spatial harmonics that propagate into the far field. The
frequency where the scattering starts to occur lwardetermined from Equation

(4.3.5). The wave numbey, of a propagating wave should not be imaginary.
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Figure 5.3 Scattered reflection coefficient in front of thdfdser (red curve, Coefficient
of redistribution blue curvg (1** Scenario)

Therefore the first spatial harmonic far=1 or n=- loccurs at 492 Hz for this
particular sample case as shown in Figure 9. The blirve represents the scattering
coefficient. The curve remains at zero until thstfspatial harmonic propagates to
far field at 492 Hz. This frequency can be calledaacut-off frequency for the
scattering. After cut-off frequency, the numberspftial harmonics increases since
the wavelength of the interested frequency decseaben compared to the period of
the diffuser. Consequently, it is an inevitabletffitat at lower frequencies only
specular reflection dominates. This behavior caly be changed by increasing the

period of the diffuser.

The red curve in Figure 5.3 indicates the ratisadttered energy density to the total
reflected energy density which is also called asffament of redistribution. One
should realize that the purpose of the diffusena$ avoiding reflection. This is

generally not possible. Its main attribute is tor@ase the portion of scattered energy
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in the total reflected energy. Therefore, the doefit of redistribution is an

important parameter in the design of diffusers.

In this sample case, the coefficient of redistitnutis also zero until the cut-off
frequency since scattering coefficient is zero. dbmer, it is convenient that the
coefficient of redistribution approaches to zeroewveh scattering coefficient also
approaches to zero. However the difference betwesncurves represents the
amount of scattering provided by the diffuser. Taeer the gap between two

curves, the more scattering is observed.

Figure 5.4 Specular transmission coefficient behind the défus™ Scenario)
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Figure 5.5 Scattered transmission coefficient bath the diffuserred curvg, Coefficient of
redistribution blue curvg (1™ Scenario)

The new feature introduced in this study is tharamsmitted sound field exists
behind the diffuser. The amount of sound energygsmitted through the diffuser is
investigated with the transmission coefficient. Timeathematical model is
constructed such that the sound fields around ifhesdr can be decomposed into its
spatial harmonics since periodicity exist. Therefahe transmitted sound field is
also analyzed by introducing specular transmitteglfgy which is in the direction of

the incidence angle and the transmitted energgaadtering.

In Figure 5.4 and 5.5 specular transmission anttesed transmission coefficients
are demonstrated. At first glance, the amount @&cslar transmission is higher
compared with the specular reflection in Figure FHis is because, the wavelength
at lower frequencies is very large compared to dbpth of the diffuser, so the
acoustic wave can penetrate through the diffuseéreaches to the transmitted sound

field. After a certain frequency limit, both speauland scattered energy decreases
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and transmission of sound becomes less signifiddatvever, the coefficient of
redistribution gradually increases and maintaisy#lue for a wide frequency range.
This behavior shows that the scattering dominatéseatransmitted field even if the
transmitted acoustic energy is insignificant. Irdlethis frequency range begins after
the transition region where specular reflectiondoees less dominant due to the

decreasing wavelength of the incoming acoustic wave

The scattering coefficient curves give informatmmy about the amount of energy
reflected as scattering. The information on the uarg distribution of spatial

harmonics which form the scattering sound can ledipted using Equation (4.5.3).
Since this is not a conventional polar directiviiagram in a frequency band, it is
more convenient to demonstrate the results for rcpar spatial harmonic in a
defined frequency domain. Figure 5.6 demonstrdiesangular distribution of the
first and second spatial harmonics between 50 H¥ EH200 Hz. The frequency

increment is set to 50 Hz.

Figure 5.6 Directivity diagram of the intensity ratios for dir(blue vectorsand secondréd
vectorg spatial harmonics with varying frequency in teélected field.

The diagram represents the angular distributiotheffirst and the second spatial

harmonics. The vectors are the sound intensityogatf the reflected spatial
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harmonics to the incident wave. The distributionresponds to the scattering
characteristic of the reflected field and the fre:gqey increases along the vectors
from right to left. The incidence angle for thisgatar distribution is set te 45° as
given in the design parameters of the first scendine acoustic energy carried with
these two spatial harmonics can be divided into: tive energy reflected with the

same angle that the specular reflection occudbatand the scattered energy which

is distributed from almost 70° to 5°. The distribution of scattered reflections is
quite interesting. Especially for very low frequeascthe angular distribution starts
with an angle even larger than the incident anghclvmeans backward scattering

Ooccurs.

This scenario does not necessarily represent tgalandistribution of the higher
spatial harmonics since the upper frequency lid20)0 Hz, does not correspond to
the wave length that the higher spatial harmonas lee scattered. The higher order

spatial harmonics are only speculary reflectedhis tase.

Figure 5.7 Directivity diagram of the intensity ratios for dir(blue vectorsand secondréd
vectorg spatial harmonics with varying frequency in trensmitted field
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In Figure 5.7, the angular distribution of the samtted sound field is demonstrated
with increasing frequency from left to right. Sianily; in the transmitted sound field,
the same scattering distribution is obtained. Slecteflection occurs in the
direction of the incident wave angle and back sci is also present at larger
angles compared to the incident angle. Althoughdik&ibution is quite similar, the
energy density transmitted to the back of the d#fuis very low with a factor of

almost a hundred.

The scattered energy both in reflected and tramsdngound fields is not too strong.
The most of the energy is reflected or transmiitethe form of specular reflection
or transmission which corresponds to the energyénspatial harmonic of order is

Zero.

Similarly, the angular distribution for all spatiahrmonics in the same frequency
range is demonstrated in Figure 5.8, 5.9 and S\L@nber of spatial harmonics is
determined with the termination number for the tgrof the summation in Equation
(4.3.53). Therefore, there ardN+1 number of spatial harmonics to be

demonstrated.

Figure 5.8 Directivity diagram of the intensity ratios congiohg whole spatial harmonics
with varying frequency fow = 0.06m
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Figure 5.9 Directivity diagram of the intensity ratios congiohg whole spatial harmonics
with varying frequency fow = 0.12m

Figure 5.10Directivity diagram of the intensity ratios congiihg whole spatial harmonics
with varying frequency fow = 0.18m

The demonstrations show that, with increasing wedth the domination of specular
reflection becomes smaller. The energy densityrafi the specular reflection in
Figure 5.8 is nearly 0.6 fow= 0.86. The value of the energy density ratio
becomes almost 0.25 fev=  0r8n Figure 5.16. This is due to the fact that the

amount of the scattered sound energy comparedthatiotal reflected sound energy
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has increased since the number of spatial harmg@rimsagating to far field has

increased.

5.2. Comparative Evaluation Scenarios

The basic absorption characteristic of the spaériséir is demonstrated in the
previous section. Absence of a rigid backing intretl an absorption curve which
starts from a moderate value and the amount ofrptiso maintains its presence for
a wide frequency range. The absorption charadeatthe diffuser can be altered
by modifying design parameters. In this sectionoamgarative evaluation of the
design parameters is going to be introduced. Tdyfamvestigate the absorption
behavior, design parameters except the one whigoirgy to be modified are fixed
and given in Table 5.4, 5.5 and 5.6.

Table 5.4Design Parameters for the Sample Scenario-1

Design Frequency [Hz] 285
Prime Number Sequence 7

Well Width [m] 0.06

Fin Length [m] 0.003
Diffuser Depth [m] 0.667
Incidence Angle [degrees] 45
Interested Frequency Range [HZz] 1:2000

Table 5.5Sequenced Well Depths for the Sample Scenario-1

Depth Sequence [m]

15" Well 2% Well 3TWell 4" Well 57 Well 6" Well 7" Well
0 0.086 0.341 0.170 0.170 0.341 0.086
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Table 5.6Micro-Perforated Panel Parameters for the Sampa&wo-1

Front MPP Rear MPP
Aperture Diameter [mm] 0.7 0.7
Aperture Ratio [%] 10 10
Surface Mass Density [kgfin 0.1 0.1
Panel Thickness [mm] 1 1

5.2.1. Effect of Narrower Wells

In Chapter 4, the additional losses due to therara viscous dissipation are
introduced, and the complex wave number as welthascomplex effective air
density is theoretically explained. In Figure 5thé& effect of narrow well widths are

demonstrated for different width values.

Figure 5.11 Absorption Coefficient for varying well widthw=0.005m (blue curve,
w=0.0Im(red curvg, w=0.05m(magenta curvg w = 0.1m(black curvé

80



It is very obvious that, while the well width deases the amount of absorption
increases. Since the depth sequence and impedhtiee micro-perforated panel are
preserved the resonance frequency distributionti@fiected from this modification.
A significant point in this analysis is that sirtbe well widths are narrowed, the cut-
off frequency for scattering also shifts to a higfrequency. This is because the
period length of the diffuser has become smallerdetailed demonstration of
narrower well widths can be investigated in thailtssof sample scenario-2 given in
Appendix B.

The 2“scenario is a detailed demonstration of a spadeseif where the well width

is fixed to 0.006m. The design parameters of thenario are given in Table B.1,
B.2 and B.3. It can easily be seen in Figure BaB, thnce the width is decreased by a
factor of 10, the cut-off frequency shifts up tdB81Hz. This condition explains the
increase in the absorption at mid to high frequesmciue to the absence of scattered
energy. However, the absorption behavior at lowgdencies is simply due to the
introduced thermal and viscous losses. These dissip mechanisms are present
inside the boundary layers which are inversely proopnal with the frequency.
Hence, as the frequency decreases the boundary kyeknesses becomes
comparable with the width of each well and the amia@if dissipation increases.

5.2.2. Effect of Number of Wells and Incidence Angl

The number of wells in each period is determinedheyquadratic residue sequence
for the particular modified diffuser in this studyhe absorption coefficient for

different sequence modifiers are demonstratedgargi5.12.
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Figure 5.12 Absorption Coefficient for varying sequence modifi® =3 (blue curve,
N =5(red curvg, N =7 (magenta curve N =11 (black curvé

The effect of sequence modifier is apparent on diséribution of the resonance
frequencies. In the mathematical model the depqluesgce is strictly preserved with
respect to Schroeder’s diffuser theory. This pnet@n leads to a fixed number of
differently tuned wells in one period for any segce modifier. The number of
differently tuned wells is simpl\N +1/2. The number of resonance frequencies of
the diffuser is proportional with the multipliers the number of differently tuned
wells. Eventually, as the sequence modifier in@eathe number of resonance
frequencies increases. For instance Nor , tH& resonance frequencies are less in
number and separated from each other when compateée other scenarios. On the
other hand forN = 11he number of resonance frequencies are high mbeu and
distribution is so close such that resonances dahaoeasily noticed in certain

frequency ranges.
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The incidence angle is another parameter that déactathe performance of
absorption. Although it's not a design parametehais a significant role since any
acoustic wave with any incidence angle can encouatdiffuser in practical

applications. Figure 5.13 demonstrates the effééh@dence angle on absorption

behavior of the diffuser.

The effect of the incidence angle is simply theslgs the energy absorbed by the
diffuser. Since the energy transmitted with theustic wave in transverse direction
decreases as incidence angle increases, the awfowtal energy transmitted to the

diffuser decreases, so as the absorbed energy.

Figure 5.13 Absorption Coefficient for varying incident angle=0° (blue curve,
g =15 (red curvg, g =30° (magenta curve g = 45’ (black curvé
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5.2.3. Effect of Panel Impedances

Another parameter that affects the absorption dbarigtic of the diffuser is the
impedance of the DLMPP. The impedance of a singRPMimply depends on the
aperture size, aperture ratio, panel thicknesssarfdce mass density. In general, the
absorption behavior of the Schroeder Diffuser nyaidepends on the mutual
interaction of the acoustic waves that interferetha surface of the diffuser in near
field. Therefore, unlike MPP absorbers, the effacaperture size, panel thickness
and aperture ratio does not alter the absorpti@nacieristic significantly. However
the effect of the surface mass density has a signif effect on the absorption since

this quantity dramatically changes the reactandeeMPP.

In Figure 5.14 and 5.15, the effect of mass surtmesity on absorption behavior is

demonstrated.

Figure 5.14 Absorption Coefficient for varying surface mass signand panel thickness,
m=0.1kg/ nt (blue curvg, m=0.3kg/ n? (red curvé
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Figure 5.15 Absorption Coefficient for varying surface mass signand panel thickness,
m=0.5kg/ nf (blue curvg, m=0.7kg/ nt (red curvé

It can easily be seen that a change in MPP reaetdn@matically changes the
absorption curve behavior. As the panel surfacesrdassity increases the number of
resonance frequencies increases. The effect istigirelated with the stiffness of the
panel since the panel thickness is preserved whige density of the panel is
increased. The effect is even larger in Figure 515e number of resonance

frequencies is even more increased in high frequesge.
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CHAPTER 6

CONCLUSIONS

6.1. Introduction

This study is conducted to investigate absorptiod scattering characteristics of a
Schroeder Diffuser modified by incorporation of rokperforated panels and
removing the rigid backing in order to increase I|dvequency absorption.
Modifications regarding perforated panel impleméaota into the diffuser were
investigated both mathematically and experimentallprevious studies. Removing
rigid backing and replacing it with another micrerorated panel to construct a
double-leaf micro-perforated panel system wherefittvet and rear surfaces of the
diffuser are exposed to air are newly released fication ideas which are

introduced in this thesis.

So far in Chapter 4, a mathematical analysis idaoted to model the absorption
mechanism of the modified Schroeder Diffuser. Thadel is simply constructed on
well-known Mechel’s model by modifying and improuwiiit in order to simulate the
effect of non-rigid backing in the theoretical aysa¢. Mechel’'s method is only for
conventional configurations of Schroeder Diffuseshere a rigid backing is
employed at the rear surface of the diffuser. Bvalht, the model only evaluates and
determines the reflected and scattered soundifidicnt of the diffuser. Hence, the
absorption coefficient of the diffuser can simply dibtained, once the reflected field

and reflection coefficient are evaluated.
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Unlike the original model, some modifications amplemented to analytically
express the sound field behind the diffuser, nartfeytransmitted sound field. As a
result, a relation can be constructed between rresmitted wave pressures and
incident wave pressure to obtain the transmissioefficient of the diffuser.
Eventually, the absorption coefficient can be aiedi by employing both reflection

and transmission coefficients.

The mathematical model which is introduced in #tisdy is decomposed into two
approaches to evaluate the transmitted sound fielklind. The first approach

constructs comparably a simple model where the ahutnteractions between

diffuser wells are partially ignored. This assuraptleads to a simplified calculation

process since the pressures of the reflected am$ritted sound waves can be
obtained distinctly. However, in the second appinoidiis assumption is removed to
obtain both pressure waves at one single calculgiocess. The mutual interaction
between each well is included when reflected amghsmitted sound fields are
modeled. In addition to the structural modificat@pplied to the diffuser, the effect
of narrow diffuser wells is also implemented intee tmodel to investigate further

increase in the amount of absorption.

The reflected and transmitted fields obtained it mathematical model are used
not only for the absorption mechanism; but alsoduse determine speculary
reflected and scattered energy distributions fothkspund fields surrounding the
diffuser. Besides the energy distribution, the arafl reflection and transmission for
both reflected and transmitted spatial harmonic paments are derived and an
angular distribution in front of the diffuser aslirgs at the back are obtained.

In this chapter, analytical results of absorptiow &cattering introduced with the
modified Schroeder diffuser are going to be disedsdhe results for absorption
coefficients are compared with the absorption doefits investigated within

previous studies.
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6.2. Comparative Evaluations and Conclusions

The main motivation in this thesis is to implemém idea of double-leaf micro-
perforated panel configuration into a Schroederfusdgr and removing the rigid
backing behind the diffuser to enable a new apptinaarea. It has been expected
that the removal of the rigid backing is going mroduce an enhanced absorption
characteristic at low frequencies while presentimgscattering characteristics at mid

to high frequencies.

The modification is implemented into the Schroe@éffuser from the study of
Sagakami, M. and Morimoto, M. [14] which is on dteikeaf micro-perforated
panels. In Figure 6.1, the absorption charactesstof a DMPP absorber in
Sagakami’'s study and the modified Schroeder Diffusethis study are compared
under normal incidence condition. Both configuraticare not terminated with a
rigid backing. The air cavity depth of the panet@iber and diffuser depth are set to
0.227m in order to correspond to the design frequexi the diffuser which is 750
Hz.

The double-leaf micro-perforated panel absorbea typical resonant absorber in
which the absorption can be maximized at reson&mecgiencies. Due to non-rigid
backing the absorption curve starts from a modevatae. However, due to the
distribution of resonance frequencies which maopends on the depth of the air
cavity between micro-perforated panels, the amotiiatsorption is not very strong
at a wide frequency range. On the other hand, e depths of the space diffuser
are differently tuned. This feature of the diffusetroduces more resonance

frequencies with an even distribution in a wideqginency range.
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Figure 6.1 Normal incidence absorption coefficient of Douldedl micro-perforated panel
absorberljlue curvg and Modified Schroeder Diffusered curvé

The advantageous property of the panel absorbepilgnbe at the first resonance
frequency. It can easily be seen that the panerbbs has more potential to absorb
sound energy at the first resonance frequency whbemrpared to the space diffuser.
However, the close distribution of resonance fregies in the space diffuser

introduces more potential to absorb sound energyiéto high frequency range.

Since the space diffuser is a modified version oégular Schroeder Diffuser, it is
reasonable to compare the absorption performantteaniegular Schroeder Diffuser
and previous modifications applied on it. In Figér@ the absorption curves of the
space diffuser and regular Schroeder Diffuser araahstrated. It is obvious that a
regular Schroeder Diffuser is not capable of akiegrisound energy since it is not
designed for it. On the other hand, the amounthsiogtion harnessed had been
increased in the previous studies by adding paddrpanels into the diffuser again

in a regular construction. The perforation involviedhot a micro-perforation but a
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regular size perforation. A micro-perforation iscanporated into the diffuser in
Huneeke’s work [22], which is a regular single-leaicro-perforated with an air
space behind. This configuration can also be agipliéc with Mechel’s theory to
investigate the reflected spatial harmonics in ffr@inthe diffuser. In Figure 6.3, the
absorption curves of a QRD with regular single-leafcro-perforated panel
configuration and space diffuser are demonstrated.

Figure 6.2 Absorption Coefficient, Space Diffuserefl curvg, Regular Schroeder Diffuser
(blue curvég

When the absorption curves in Figure 6.3 are coetpdhe only advantage that the
space diffuser enables in this study is that vewy frequency absorption is enhanced
compared to a regular Schroeder diffuser modifietl single-leaf micro-perforated
panels. In general the behavior of both configoretiis almost the same, regarding
absorption performance. Furthermore, the compartsam be carried to a further
extent where a double-leaf micro-perforated paoafiguration can be incorporated
with the Schroeder Diffuser with rigid backing.Figure 6.4, the absorption curve of
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this configuration is also introduced with a comgan with space diffuser. The
incorporation of the DLMPP into the diffuser hasacged the distribution of
resonance frequencies. This is due to the addii@ansecond panel and an air space
when compared to the configuration with single-I&#®P. Additional resonance
frequency results in a wider frequency range faoghtion. Hence the amount of
absorption in that frequency range is much mora tha space diffuser introduces.

Figure 6.3 Absorption coefficient, space diffusered curvg, regular Schroeder diffuser
with single-leaf micro-perforated panel and withidibacking blue curvé
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Figure 6.4 Absorption coefficient, space diffusered curvg, regular Schroeder diffuser
with double-leaf micro-perforated panels and wighdrbacking blue curvég

Furthermore, the reliability of the developed MATBAode should be checked. The
code is developed to investigate both reflected teartsmitted fields; however, it is
also possible to analyze the behavior of a regdifiuser with rigid backing in
several ways. The impedance of the rigid backingingply infinite where a pressure
wave cannot penetrate through. The code on the b#mel is developed to model the
double leaf panel behavior. Eventually; the impegaof the front panel can be set to
a very large value to simulate the existence oigal backing. In Figure 6.5, the
absorption coefficient results predicted with thaftware is demonstrated with
respect to increasing rear panel impedance. Thedamnxe increased by modifying
the surface mass density of the panel. Hence,ldberption coefficient results of the
software code with increasing surface mass dertsty be approximated to the

results of regular Schroeder diffuser.
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Figure 6.5 Normal incidence absorption coefficient with redptx varying front panel
surface mass densityn=0.1kg/n" (red curve),m=1kg/m’ (blue curve),m=1000
kg/m® (magenta curve)n = ¥ kg/n? (black curve)

Figure 6.6 Normal incidence absorption coefficient with redpax varying rear panel
surface mass densityn=0.1kg/m’ (red curve),m=1kg/m’ (blue curve),m=1000
kg/m® (magenta curve)n = ¥ kg/n? (black curve)
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Similarly, the impedance of the rear panel cannoeeiased gradually to demonstrate
the absorption behavior of a Schroeder diffuser ifremtiwith a single-leaf micro-
perforated panel where rigid backing exists. Theogtition coefficient result of such

configuration is demonstrated in Figure 6.6.

The red curve in Figure 6.5 and Figure 6.6 reprissire absorption coefficient of a
space diffuser with the design parameters givemahble 5.4, 5.6 and 5.7. On the
other hand black curve represents the absorptiefficent of a regular Schroeder
diffuser and a Schroeder diffuser incorporated wgthgle-leaf micro-perforated
panel with a rigid backing, respectively. It candasily noticed that with increasing
front and rear panel impedance, the software esfilboth cases gradually approach
to the results of the regular diffuser. With bothdifications in the panel parameters,
the existence of the rigid backing can be simuldtedlisregarding the transmitted
sound field behind the diffuser.

To conclude the study on absorption and scattecimgracteristics of the space
diffuser, the author would like to express someansmt aspects of the study. The
mathematical model constructed to identify the Wbedraof the sound field
surrounding the diffuser, is based on Mechel's lewuDecomposition Method. The
method requires periodicity to employ the use ddtigh harmonics that build up to
form the specularly reflected and scattered soueldst Since the system size is
infinite in theory, the diffraction that occurs tite geometrical boundaries of the
system is ignored. This feature actually enables thathematical model to
investigate only the scattering phenomenon intreduay the diffuser. However, in
practical applications the diffraction also takéacp in the scattering phenomenon
since the diffuser cannot be constructed as anitefobject. The diffracted sound

field is inevitable at the geometrical boundariéa finite size diffuser.

However, this study gives a reasonable insight atieuabsorption characteristics of

the space diffuser in a theoretical sense. Theiquely introduced studies on a
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regular Schroeder diffuser show that the absorppieriormance can be increased
with various modifications. This study shows thahew configuration beside the
conventional use of the diffuser can be employedob#ting it on space where the
back of the diffuser is also exposed to a sound.f@ince this sound field can also
be manipulated with the design parameters, ther@nisdvantage to control the
sound field in an enclosed space before the gestesatund waves reach to the room
boundaries. The transmitted sound waves from tifiesér can be thought as a sound
source with a newly introduced directivity patteadiating to far field. Besides the
directivity control, the diffuser has the potenti absorb sound energy in a

significant amount at very low frequencies.

At the end, the space diffuser can be a usefulcdet® control scattering and
directivity characteristics at mid to high frequesscwhile a great amount of sound
energy at low frequencies is absorbed. This feanedbles the diffuser to have a full
control on the sound field in an enclosed spac& frequency sound, which is hard
to be manageable, is absorbed and the mid and frégjuency sound is both
absorbed and highly scattered to the far field wheoables the control of energy

distribution within the room.
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APPENDIX A

Derivation of Equation (4.34) from Equation (4.32)

¥ - 'nz—px

¥ g in22x J
cosg>® - Ate - =G Pr Aet

n=-¥

G(x) is replaced with its Fourier expansion representain Equation (4.33).

+'m2—px
Afterwards, each term in the above equation ig¢ finsiltiplied with e "7 then

integrated over the diffuser period,

L 12—'0 L ¥ gn jnz—px +jm2—px
cosgXP & - dx - A=t e b dx =
0 0 n=-¥ k
L ¥ - jn N +jmﬁx Lo¥ gn jn—px¥ anx + jm2£x
P ge bt xe bt dx+ A= e getlt xet d:
0 n=-¥ 0 n=-¥ k F-¥
m=-¥ .. ¥

The first and the second integrals are solvedzutdi the orthogonality principle of
cosine and sine functions. Remaining terms areesolwy modifying the running

indicesn and m. Hence the transformation results in Equation4¥&3 given below.

’ 9
Ah gm— n+dmn ?n = Pi(dmocosq' gm)

n=-¥
m=-¥.,...... +¥

Derivation of Equation (4.54) and Equation (4.&43imilar as explained above.

99



APPENDIX B

Sample Case-2 Design Parameters and Software Result

Table B.1Design Parameters for the Sample Case-2

Design Frequency [Hz] 750
Prime Number Sequence 7

Well Width [m] 0.006

Fin Length [m] 0.001
Diffuser Depth [m] 0.662
Incidence Angle [degrees] 45
Interested Frequency Range [HZz] 1:8000

Table B.2Sequenced Well Depths for the Sample Case-2

Depth Sequence [m]

15" Well 2% Well 39 well 4" well 5" Well 6" Well
0 0.086 0.341 0.170 0.170 0.341

7" Well
0.086

Table B.3Micro-Perforated Panel Parameters for the SampseQa

Front MPP Rear MPP
Aperture Diameter [mm] 0.7 0.7
Aperture Ratio [%] 10 10
Surface Mass Density [kgfin 0.1 0.1
Panel Thickness [mm] 1 1
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Figure B.1 Absorption Coefficient (%' Scenario)

Figure B.2 Specular reflection coefficient {2Scenario)
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Figure B.3 Scattered reflection coefficiented curveg, Coefficient of redistributionbjue
curve (2" Scenario)

Figure B.4 Specular transmission coefficienf{Scenario)
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Figure B.5 Scattered transmission coefficiemed curvg, Coefficient of redistribution
(blue curvé (2™ Scenario)
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